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Endosome and INPP4B

Chen Li Chew, Ming Chen and Pier Paolo Pandolfi

Phosphoinositide 3-kinase (PI3K) and AKT define 
a signaling network that regulates important biological 
processes such as cell cycle, survival, metabolism and 
motility, all of which are disrupted in cancer (Figure 1) 
[1]. Hyperactivation of PI3K leads to increased production 
of phosphoinositide (PI) species such as PI(3,4,5)P3 and 
PI(3,4)P2, thereby increasing membrane recruitment 
and activation of AKT, a key mediator of the oncogenic 
effects of enhanced PI3K signaling (Figure 1) [1]. Lipid 
phosphatases, like PTEN, control the levels of PI(3,4,5)
P3 to antagonize oncogenic PI3K/AKT signaling. INPP4B 
(inositol polyphosphate 4-phosphatase type II) has 
recently emerged as an important player in the regulation 
of PI3K-AKT signaling. INPP4B was initially identified as 
a potential tumor suppressor in a shRNA-mediated genetic 
screen performed in HMEC cells, where knockdown of 
INPP4B resulted in anchorage independent growth [2]. 
INPP4B preferentially hydrolyzes PI(3,4)P2 to PI(3)P 
[3] and, because the direct interaction of PI(3,4)P2 with
the pleckstrin homology domain of AKT is required
for membrane recruitment and complete activation of
AKT [1], INPP4B, like PTEN, should act as a tumor
suppressor. The tumor suppressive role of INPP4B has
been subsequently confirmed in two independent studies
in vitro, where knockdown of INPP4B in basal-like breast
cancer cell lines was found to increase cell proliferation,
anchorage-independent growth and migration [3, 4].

Since the tumor suppressive role of INPP4B in vivo 
had not been addressed previously, we sought to further 
investigate 1) the tumor suppressive function of INPP4B 
both in vivo and in vitro with knockout mouse models, 
and 2) if Inpp4b loss cooperates with Pten heterozygosity 
in tumor progression. Our in vivo study showed that 
INPP4B is not solely epistatic to PTEN, since crossing 
Inpp4b−/− mice with Pten+/− mice did not accelerate the 
entire tumor spectrum of Pten+/− mice. Critically, we 
observed a specific acceleration of thyroid adenomas to 
metastatic follicular thyroid cancer (FTC), which resulted 
in the early mortality that occurred in the Pten+/−Inpp4b−/− 
mice [5]. Further studies using conditional Pten and 
Inpp4b knockout mice will be needed to determine the 
potential cooperative effect between PTEN and INPP4B in 
controlling tumorigenesis and metastasis in other tissues. 

The cooperative roles of PTEN and INPP4B in 
suppressing tumor growth and metastatic FTC are evident 
in both our mouse model and in FTC patients where 
these two tumor suppressors are found concomitantly 
lost [5, 6]. However, the specificity of such a phenotype 

suggests that while increased Akt activation plays a role in 
follicular-like thyroid tumorigenesis, it was insufficient in 
mediating progression and metastases, It also suggests that 
the tumor suppressive function of INPP4B was therefore 
extended beyond its role in suppressing the overall level of 
PI3K-AKT pathway activation. In this respect, a striking 
difference between PTEN and INPP4B emerged from 
our cellular fractionation experiments in their differential 
localization at the early endosome where INPP4B, but not 
PTEN, could regulate AKT2 signaling in a localized and 
specialized fashion [4]. 

Three highly homologous isoforms of AKT have 
been identified [1], however, despite their structural 
similarities, there is increasing evidence that these 
AKT isoforms are not functionally equivalent, rather, 
they promote distinct signaling outputs. Of note, AKT1 
suppresses, while AKT2 promotes invasion, migration 
and epithelial-mesenchymal transition [1]. However, the 
mechanisms underlying specific AKT isoform activation 
and the identity of isoform specific substrates remain 
poorly understood. Through cellular fractionation 
experiments, we have provided evidence for the selective 

Editorial

Figure 1: Regulation of PI3K/AKT signaling through 
phosphatases. Growth factor signaling results in the 
activation of PI3K, which produces PI(3,4,5)P3. PI(3,4,5)P3 
can subsequently be dephosphorylated by SHIP1/2 to PI(3,4)
P2. Both PI(3,4,5)P3 and PI(3,4)P2 can activate AKT, leading to 
cell proliferation, survival, migration and invasion. PTEN and 
INPP4B dephosphorylate PI(3,4,5)P3 and PI(3,4)P2 respectively, 
acting as tumor suppressors by antagonizing AKT signaling. 
Under certain circumstances, INPP4B can act as an oncogene – 
PI(3)P, the product of INPP4B action, can activate SGK3, which 
activates pathways in proliferation, cell survival, migration and 
invasion. Figure adapted from Gewinner C et al. Cancer Cell. 
2009.
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regulation of AKT2 by INPP4B through its localization at 
early endocytic membranes. 

Interestingly, PTEN has also recently been reported 
to be present on PI(3)P vesicles [7]. Although the exact 
identity and the cell type specificity of these vesicles 
remains to be determined, they could represent other 
endocytic signaling intermediates. The presence of 
tumor suppressive phosphatases on these membranes 
underscores the importance of regulating endocytic 
signaling intermediate, and provides an important link 
between endocytosis and cancer. 

Surprisingly, recent studies have also indicated 
the oncogenic function of INPP4B in leukemia, breast, 
and colon cancer. This could be largely attributed to 
the product of INPP4B phosphatase activity (PI(3)P), 
which can drive AKT-independent and SGK3-mediated 
tumorigenesis [8], [Blood PMID: 25736236, Oncogene 
PMID: 26411369]. Similar to TGFβ and Notch signaling 
pathways, the dual activity exhibited by INPP4B in cancer 
regulation highlight the complexity of lipid signaling and 
endocytosis in cancer. The paradoxical nature of INPP4B’s 
function could also potentially be attributed to differences 
in expression and localization of INPP4B isoforms in 
different tissues, and it would not be surprising if selective 
misexpression or downregulation of certain isoforms 
played a role in cancer progression.

Lastly, INPP4B did not appear to be deleted 
or mutated in human thyroid cancer, but rather, 
downregulated by gene methylation [5]. The use of 
epigenetic modifiers to upregulate INPP4B expression 
or therapeutic targeting of AKT2 may therefore present 
an effective strategy for the treatment of FTC. However, 
given the oncogenic role of INPP4B in certain cancers, 
these novel therapeutic treatments would need to be 
tailored to specific cancer types and subtypes, a key 
concept in developing precision medicine for cancer. 
Furthermore, our findings also suggest that activation of 
signal transduction pathways associated with endocytic 
trafficking is critical for tumor cell migration. As a 
consequence, selective targeting endocytic trafficking and 
signaling could potentially allow for the development of 
novel cancer therapies to prevent metastasis.
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AbstrAct
BRCA mutated ovarian cancers respond better to platinum-based therapy 

and to the recently approved PARP-inhibitors. There is the need for efficient and 
timely methods to detect both somatic and germline mutations using formalin-fixed 
paraffin-embedded (FFPE) tissues and commercially available technology. We used 
a commercial kit exploring all exons and 50bp exon-intron junctions of BRCA1 and 
BRCA2 genes, and semiconductor next-generation sequencing (NGS) on DNA from 
47 FFPE samples of high-grade serous ovarian cancers. Pathogenic mutations were 
found in 13/47 (28%) cancers: eight in BRCA1 and five in BRCA2. All BRCA1 and two 
BRCA2 mutations were germline; three BRCA2 mutations were somatic. All mutations 
were confirmed by Sanger sequencing. To evaluate the performance of the NGS panel, 
we assessed its capability to detect the 6,953 variants described for BRCA1 and 
BRCA2 in ClinVar and COSMIC databases using callability analysis. 6,059 (87.1%) 
variants were identified automatically by the software; 829 (12.0%) required visual 
verification. The remaining 65 (0.9%) variants were uncallable, and would require 15 
Sanger reactions to be resolved. Thus, the sensitivity of the NGS-panel was 99.1%. 
In conclusion, NGS performed with a commercial kit is highly efficient for detection 
of germline and somatic mutations in BRCA genes using routine FFPE tissue.

INtrODUctION

Ovarian cancer is the most deadly tumour of the 
female reproductive system with 238,700 new cases and 
151,900 deaths worldwide [1-3], of which 65,500 new 
cases and 42,700 deaths in Europe in 2012 [4]. In Italy, 
ovarian cancer accounts for 30% of all tumours of the 
female genital apparatus, and in 2013 there were 4,800 
new cases and 37,829 prevalent cases [5]. 

BRCA1 and BRCA2 are among the most frequently 
mutated genes in high-grade ovarian serous carcinoma, 
which is responsible for the vast majority of ovarian 

cancer deaths [6, 7]. BRCA1 and BRCA2 genes are key 
partners of the homologous recombination (HR) DNA 
repair system, together with ATM, BARD1, NBN and 
other genes [6]. Indeed, germline and somatic mutations 
in HR genes occur in about 30% of patients with ovarian 
carcinoma, of which up to 75% are in BRCA1 and BRCA2 
genes [6, 8].

Patients carrying a germline or somatic BRCA1/
BRCA2 mutation have been associated with a better 
prognosis and a better response to platinum-based therapy 
[8-11]. A particular class of drugs, poly(ADP-ribose) 
polymerase-inhibitors (PARPi), has been shown to be 
effective for targeted treatment of cancers harbouring 
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BRCA1 or BRCA2 mutations [12-18]. The PARP-1 protein 
is critical to the repair of single-strand DNA breaks. In 
cells with defective HR, such as the BRCA mutations 
carriers, PARP-1 inhibition is synthetic lethal and results 
in cell cycle arrest and subsequent apoptosis [15]. On 
December 2014 the European Medicines Agency (EMA) 
and the U.S.A. Food and Drug Administration (FDA) 
approved the PARPi olaparib [13-15] for treatment of 
BRCA1/BRCA2 mutated ovarian cancer. 

Investigating BRCA mutational status in ovarian 
cancer patients has thus a key role, not only for the 
identification of familial cancer predisposition but also 
to address therapeutic choices. Germline testing of BRCA 
is widespread in medical genetics laboratories, but this 
approach excludes patients with somatic BRCA mutations, 
i.e. only present in cancer cells, from the opportunity to
avail of PARPi therapies. Testing BRCA on formalin-fixed
paraffin-embedded (FFPE) samples would permit the
simultaneous assessment of both somatic and germline
mutations using an easily accessible material that is
routinely available in any pathology laboratory worldwide.

High throughput next-generation sequencing 
(NGS) technologies permit fast multiplex testing on small 
quantities of DNA with budding applications in cancer 
diagnostics as they improve both the capacity and the 
cost-effectiveness of mutational analysis compared with 
Sanger [19-23]. To assess the feasibility of using NGS in 
routine diagnostic activity for BRCA analysis, we have 
investigated BRCA1 and BRCA2 mutations in 47 high-
grade serous tumours of the ovary, using a commercially 
available kit and semiconductor NGS on FFPE tissue 
samples.

rEsULts

The results of NGS targeted sequencing are reported 
in Table 1 and an example is shown Figure 1. DNA from 
all samples was successfully amplified in multiplex PCR 
and an adequate library for NGS was obtained. The mean 
read length was 112 base pairs and a mean coverage of 
3,507x was achieved, with 99.6% target bases covered 
more than 100x.

Pathogenic variants

Pathogenic mutations in BRCA genes were found in 
13 of the 47 (28%) ovarian cancers: eight were in BRCA1 
and five in BRCA2 (Table 1). 

Of the eight mutations in BRCA1 gene, five were 
frame-shifts resulting in a premature stop codon, one 
was a nonsense mutation, one was an in-frame single 
codon deletion and one was a missense mutation. Frame-
shift, nonsense and in-frame deletion mutations are 
recorded as pathogenic in the ClinVar database; the only 
missense mutation found (c.5309C>T; p.Pro1770Leu) 

has not yet been recorded, but falls in the same codon 
where a pathogenic missense mutation (c.5309C>G; 
p.Pro1770Arg) is recorded in ClinVar (Table 1). All of
the BRCA1 mutations were germline as assessed by the
analysis of DNA from matched normal tissue.

Of the five BRCA2 mutations, four were frame-
shifts (three deletions and one insertion) resulting in 
a premature stop codon and one was a nonsense point 
mutation. Three of the BRCA2 mutations were somatic 
and two were germline as assessed by the analysis 
of matched normal tissue DNA (Table 1). One of the 
somatic (c.7069_7070delCT) and one of the germline 
(c.6202dupA) mutations are recorded as pathogenic in 
the ClinVar database. The remaining two somatic and one 
germline BRCA2 mutations have not yet been recorded but 
were considered pathogenic as they cause a premature stop 
codon, a feature of pathogenic mutations. 

All the above variants were confirmed at Sanger 
sequencing (Figure1), therefore our estimated specificity 
was 100%.

Additional variants

In the BRCA1 gene, an additional germline variant, 
c.3119G>A (p.Ser1040Asn), was found in two cases. This
variant is recorded as benign/likely benign in the ClinVar
database by eight submitters, as uncertain by one and as
pathogenic by one; its frequency in the global population
is 1% according to the 1000Genomes project database
[24]. In the BRCA2 gene, two germline single nucleotide
polymorphisms (SNP) were also detected in 29 patients:
24 harboured the c.1114A>C (p.Asn372His) SNP, three
the c.865A>C (p.Asn289His) SNP, and two patients
had both. The first SNP, c.1114A>C (p.Asn372His), has
been recorded as benign in the ClinVar database by four
submitters and as pathogenic by one; its frequency in the
global population is 25% according to the 1000Genomes
project database. The second SNP, c.865A>C
(p.Asn289His), has been recorded as benign by seven
submitters; its frequency in the global population is 7%.

sensitivity of targeted NGs

To evaluate the performance of the NGS panel, 
we assessed its capability to detect the 6,953 variants 
described for BRCA1 and BRCA2, comprising 6,106 
germline variants in the ClinVar database and 1,071 
somatic mutations in COSMIC database, of which 224 
overlap (Table 2). 

Analysis of callable/uncallable/poorly mapped loci 
was performed to discriminate between variants which can 
be automatically detected by the software from those that 
are hindered by sequencing errors due to homopolymers 
or PCR amplification artefacts. The procedure is described 
in detail in the Methods section. This analysis showed that 
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table 1: Pathogenic mutations in BRCA1 and BRCA2 detected by next-generation sequencing of 47 ovarian cancers.

case BRCA1 BRCA2 Mutation 
type

Germline-
somatic dbsNP ID clinVar class

3506 c.5329dupC
p.Gln1777ProfsTer74 - Frameshift Germline rs397507247 Pathogenic 

3513 c.676delT
p.Cys226ValfsTer8 - Frameshift Germline rs80357941 Pathogenic

3508 c.1687C>T
p.Gln563Ter - Nonsense Germline rs80356898 Pathogenic

3521 c.2405_2406delTG
p.Val802GlufsTer7 - Frameshift Germline rs80357706 Pathogenic

3528 c.2405_2406delTG
p.Val802GlufsTer7 - Frameshift Germline rs80357706 Pathogenic

3489 c.3767_3768delCA 
p.Thr1256ArgfsTer10 - Frameshift Germline rs730881440 Pathogenic

3505 c.5125_5127delGTT
p.Val1709del - In-frame 

deletion Germline rs80358344 Pathogenic

3520 c.5309C>T
p.Pro1770Leu - Missense Germline - -*

3512 - c.2813delC
p.Ala938GlufsTer22 Frameshift Somatic - -**

3523 - c.6202dupA 
p.Ile2068AsnfsTer10 Frameshift Germline rs397507833 Pathogenic

3514 - c.6574delA 
p.Met2192TrpfsTer14 Frameshift Germline - -**

3501 - c.7069_7070delCT
p.Leu2357ValfsTer2 Frameshift Somatic rs80359636 Pathogenic

3516 - c.8614G>T
p.Glu2872Ter Nonsense Somatic - -**

* This variant is not recorded on CinVar, but a variant on the very same codon, ClinVar variant :c.5309C>G (p.Pro1770Arg,
rs80357462) is recorded as Pathogenic.
** These variants are not recorded in either dbSNP or ClinVar, however they cause a premature stop codon, which is a feature
of pathogenic mutations.

table 2: somatic and Germline brcA mutation callability analysis of Hr1 Next-Generation kit vs sanger sequencing

GENE
coding 
region 
(bp)

clinVar – 
cOsMIc
Variants*

total 
variants*

N. 
sanger  
needed$

callability ° of  Hr1 Next-Generation sequencing and         
Variant caller software

Automaticcalls called
by IGV**

Uncallable*** sensitivity 
(%)

BRCA1 5,659 2,522 - 398 2,841 55 2,520 320 1 99.9

BRCA2 10,262 3,584 - 673 4,112 77 3,539 509 64 98.4

Total 15,921 6,106 - 1,071 6,953 132 6,059 829 65 99.1

° Callability analyis using the Torrent Variant Caller. 
* Germline variants listed in the ClinVar database (http://www.ncbi.nlm.nih.gov/clinvar/) and mutations in COSMIC database
(http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/). The number of total variants is less than the sum of variants from
both databases (7177) because 224 variants overlap.
$ Estimate based on one reaction per 150 bp (one per exon if <150 bp) using DNA from formalin-fixed paraffin-embedded
tissue
** Visual verification of sequences with Integrative Genomics Viewer (IGV v.2.3, Broad Institute) software.
*** Mutations within homopolymer stretches, artefact-prone regions of the genes, or not covered by the NGS panel. The
number of Sanger to solve these 65 blind spots would be 1 for BRCA1 and 14 for BRCA2.
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the HR1 NGS-kit obtained a clear sequence of the DNA 
regions harbouring 6059 (87.1%) of these variants that 
were automatically identified by the Variant Caller Plugin 
software (Torrent Suite Software v4.6; Life Technologies), 
while the regions harbouring the remaining 894 (12.9%) 
variants were challenging for automatic detection. Of 
these, 829 (12.0%) variants were automatically identified 
by the software but with low confidence due to their 
proximity to homopolymer stretches or artefact-prone 
regions and thus required confirmation/correction by 
visual inspection of the region using the Integrative 
Genomics Viewer (IGV) v2.3 (Broad Institute). In detail, 
the number of variants that required visual inspection to 

be confirmed was 320 for BRCA1 and 509 for BRCA2. 
The remaining 65 (0.9%) variants were uncallable. Of 
these 65, 13 (0.2%) were single/double base insertion or 
deletions located within homopolymer stretches, 1 for 
BRCA1 and 12 for BRCA2, and both software and visual 
inspection were insufficient to discern between an artefact 
and a true alteration. The remaining 52 (0.7%) variants 
reside in regions of BRCA2 that are difficult to amplify 
by current NGS library approaches for FFPE tissue, and 
thus could not be amplified in HR1 panel. Uncallable 
variants would require 15 Sanger sequencing reactions 
to be resolved (Table 2). In conclusion, the sensitivity of 
BRCA1 and BRCA2 NGS sequencing was 99.1%.

Figure 1: representative examples of mutations detected at next generation sequencing with the Hr1 kit and validated 
by sanger sequencing. On the left, the histological section of the primary ovarian cancer (Hematoxylin and eosin stain) from which 
DNA has been prepared after microdisection of the most cellular areas. In the middle, the representation of the results of next-generation 
sequencing where the reads (red for forward and blue for reverse) are aligned to the reference genome as provided by the Integrative 
Genomics Viewer (IGV v.2.3, Broad Institute) software. On the right, the representation of Sanger sequencing results for each cancer 
to validate the mutations (forward strand was used in A., b. and D.; reverse strand was used in c.). The BRCA1 mutations in A, B and 
the BRCA2 mutation in D are homozygous in cancer tissue as shown in both IGV and Sanger representations; these mutations were 
heterozygous in germline DNA of the respective patients. The BRCA2 mutation in C was heterozygous in tumour tissue, and its somatic 
nature was determined by its absence in matching normal DNA (not shown). 
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DIscUssION

The assessment of BRCA mutational status in 
ovarian cancer patients plays a double role. The first is the 
identification of familial cancer predisposition; the second 
is to address therapeutic choices. 

BRCA1 and BRCA2 germline mutations are known 
risk factors for ovarian cancer [2, 7, 25-33], and it has 
been reported that up to 44% of patients without a family 
history of ovarian cancer harbour a germline BRCA1 or 
BRCA2 mutation, and as such may act as first alert for 
descendants [10].

The better response to platinum and the recent 
approval of PARP-inhibitors for therapy of ovarian 
cancers harbouring mutations in BRCA genes calls for 
methods able to detect not only germline but also somatic 
mutations in these genes.

Molecular tests to analyse BRCA mutations are 
generally carried out on germline DNA from blood 
samples to identify hereditary mutations as part of risk 
assessment programs. However, in order to identify 
somatic mutations present in neoplastic cells to permit 
the patient to benefit from drugs such as olaparib, it is 
necessary to analyze DNA from the tumour tissue. 

The analysis of BRCA on diagnostic tissue is 
complex due to: 1) the type of possible mutations in these 
genes; 2) the fact that these mutations may be found in 
any part of these genes which are very large and as 
such require the entire gene to be sequenced; and 3) the 
limited quantity and low quality of DNA available from 
routine diagnostic FFPE tissue is limited. It is therefore 
important to be able to sequence the entire BRCA genes 
using minimal amounts of DNA to identify pathogenic 
mutations relevant to patient treatment.

In this study, we tested a commercially available 
NGS sequencing panel on small quantities of DNA 
purified from FFPE tissue to evaluate the use of these 
technologies for diagnostic applications.

The analysis of 47 high grade serous ovarian cancers 
identified 13 (28%) pathogenic mutations, 8 BRCA1 and 
5 BRCA2. All BRCA1 and two BRCA2 mutations were 
germline while three BRCA2 mutations were somatic. 
BRCA1 and BRCA2 mutations were mutually exclusive. 
All 13 BRCA variants were confirmed by Sanger 
sequencing, demonstrating an estimated specificity of 
100%. 

To evaluate sensitivity of the NGS panel, we 
assessed its capability to detect all 6,953 germline or 
somatic variants described for BRCA1 and BRCA2 in the 
ClinVar and COSMIC databases using the analysis of 
callable loci (details in Methods section). A total of 6,059 
(87.1%) of these variants were automatically identified 
by the Torrent Variant Caller software. A further 829 
(12.0%) were imprecisely identified by the software and 
required confirmation/correction by visual inspection of 
the region. This was due to the mutations being either 

inside or in close proximity of homopolymer stretches 
or PCR amplification artefacts. The remaining 65 (0.9%) 
variants were uncallable resulting in the sensitivity of 
the HR1 NGS-panel at 99.1%, as it would miss 65/6,953 
variants. These could be resolved, however, with 15 
Sanger sequencing reactions.

In conclusion, our study shows that next-generation 
sequencing performed with a commercial kit (HR1, 
4Bases) is highly efficient for detection of germline and 
somatic mutations in BRCA1 and BRCA2 genes using 
DNA from routinely available FFPE tissue.

MAtErIALs AND MEtHODs

cases

The study series comprised 47 samples of high grade 
serous ovarian carcinomas, diagnosed according to WHO 
classification criteria [2], from patients who underwent 
surgical resection between 2010 and 2015 (mean age 
61±12 years, median 62 years) at the Department of 
Obstetrics and Gynaecology of the University Hospital 
Trust of Verona. Five patients were diagnosed at stage IV, 
35 at stage IIIC, 4 at stage I and 3 at stage IC, according to 
FIGO staging system [34].

Ethics

The samples were acquired from the Integrated 
University Hospital Trust of Verona Pathology archives 
under the amended Program 1885, that permits the 
acquisition of FFPE samples by the ARC-Net (Applied 
Research on Cancer) biobank of the University of Verona 
and the Hospital Trust of Verona following the re-consent 
of patients or the anonymization of samples under protocol 
52438 Prog. 1885 approved 23/11/2010. The amendment 
also addresses the regulatory issue of data protection and 
disclosure in genomic studies. Subsequent approval for 
this study was presented and approved under protocol 
44541 on 29/09/2015. 

DNA extraction and qualification

FFPE samples of ovarian cancers were enriched for 
neoplastic cellularity to a minimum of 70% by manual 
microdissection of 10 consecutive 4-μm sections. DNA 
was purified using the QIAamp FFPE Tissue Kit (Qiagen) 
and qualified as previously reported [35, 36]. Briefly, DNA 
was quantified using Qubit (LifeTechnologies) platforms, 
and its quality was further evaluated by NanoDrop (Life 
Technologies) and PCR analysis using the BIOMED 2 
PCR multiplex protocol [36].
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Deep sequencing of multiplex Pcr amplicons

The HR1 kit (4bases SA, Switzerland) was 
used. This kit explores all exons of BRCA1 (n=24; 
NM_007300.3) and BRCA2 (n=27; NM_000059.3) 
and 50 bp exon-intron junctions. The kit is composed 
of three multiplex PCR primer pools, and uses 30 
nanograms of DNA, ten per primer pool, for multiplex 
PCR amplification, followed by ligation of a specific 
barcode-sequence to each sample for identification The 
quality of the obtained libraries was evaluated by the 
Agilent 2100 Bioanalyzer on-chip electrophoresis (Agilent 
Technologies) as previously described [35]. Emulsion 
PCR for clonal amplification of libraries was performed 
with the Ion OneTouch OT2 System and the Hi-Q OT2 
200 Kit (Life Technologies); libraries were processed in 
batches of eight samples per emulsion. Sequencing of the 
libraries was performed on Personal Genome Machine 
(PGM, Life Technologies) using the Ion 318 Chip and the 
Ion PGM Hi-Q Sequencing 200 Kit (Life Technologies).

Data analysis and variant calling

Data analysis, including alignment to the hg19 
human reference genome and variant calling, was done 
using the Torrent Suite Software v4.6 (Life Technologies). 
Filtered variants were annotated using a custom pipeline 
based on vcflib (https://github.com/ekg/vcflib), SnpSift 
[37], the Variant Effect Predictor (VEP) software [38] and 
NCBI RefSeq database. Alignments were visually verified 
with the Integrative Genomics Viewer (IGV) v2.3 [39].

Analysis of callable loci

Analysis of callable/uncallable/poorly mapped 
loci was performed using the Torrent Variant Caller, to 
discriminate between variants which can be automatically 
detected from those that are hindered by sequencing errors 
due to homopolymers or PCR amplification artefacts. 
SNPs and small (<100 bp) INDELs spanning the coding 
regions of BRCA1 and BRCA2 were retrieved from the 
ClinVar and COSMIC databases in VCF format, converted 
to a Hotspots file and used to guide variant calling. In this 
way, the variant caller is forced to analyse a given hotspot 
coordinate; if there is no mutation, the software outputs 
that the position is “reference”; otherwise it outputs the 
mutation detected. If there are problems in the sequence 
at that position, the software outputs a “no call” value 
indicating if variant calling failed due to strand bias, low 
quality of bases, noise in the sequence, poor mapping. All 
the “no call” positions were further inspected by visual 
verification of the alignment file to ascertain whether 
the “no call’ status was due to artefacts or homopolymer 
misalignment. This analysis was carried out for each of the 

47 samples and the frequency of “no call” status for each 
hotspot coordinate was recorded.

DNA sanger sequencing

Mutations of BRCA1 and BRCA2 were validated 
by Sanger sequencing (primer sequences available 
upon request). PCR products were purified using 
Agencourt AMPure XP magnetic beads (Beckman 
Coulter) and labelled with BigDye® Terminator v3.1 
(Applied Biosystems). Agencourt CleanSEQ magnetic 
beads (Beckman Coulter) were used for post-labeling 
DNA fragment purification, and sequence analysis was 
performed on the Applied Biosystems 3130xl Genetic 
Analyzer.
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ABSTRACT
Over the last decade, breast cancer mortality has declined. However, triple 

negative breast cancer (TNBC) remains a challenging problem mostly due to early 
recurrence and lack of molecularly driven treatments. There is a critical need to identify 
subgroups of TNBC with common molecular features that can be therapeutically 
targeted. Here we show that in contrast to Klotho and βKlotho, the third member 
of the Klotho protein family, γKlotho, is overexpressed in more than 60% of TNBCs 
and correlates with poorer disease progression. Furthermore, we find that γKlotho 
is expressed in a subset of TNBC cell lines promoting cell growth. Importantly, 
we demonstrate that in these cells γKlotho is necessary for cell survival and that 
its depletion leads to constitutive ERK activation, cell cycle arrest and apoptosis. 
Interestingly, we observe increased oxidative stress in γKlotho-depleted cells 
suggesting that γKlotho enables cancer cells to cope with an oxidative environment 
and that cells become dependent on its expression to maintain this survival advantage. 
These findings indicate that γKlotho might be a potential marker for patients that 
would benefit from treatments that alter oxidative stress and constitutes a novel drug 
target for a subset of TN breast cancers.

INTRODUCTION

Due to improved detection and therapy, breast 
cancer mortality has declined since 1990. However, it still 
remains the leading cause of cancer related deaths among 
women [1, 2]. In particular, triple negative breast cancers 
(TNBCs) defined as lacking estrogen and progesterone 
receptor expression and not harboring amplification 
of human epidermal growth factor receptor 2 (HER2), 
account for a disproportionate number of deaths from 
breast cancer and represent around 15–20% of newly 
diagnosed cases [3, 4]. TNBC tumors are generally larger 
in size, of higher histological grade and more aggressive 
with poor prognosis [5–7]. Fewer than 30% of women 
with metastatic TNBC survive 5 years, and almost all 
die of their disease despite adjuvant chemotherapy, the 

only therapy currently available for these patients [8]. 
To develop new strategies against this aggressive type of 
breast cancer, we need to gain a better understanding of 
the molecular events driving TNBC tumorigenesis.

Malignant transformation is frequently associated 
with enhanced cellular oxidative stress. Reactive oxygen 
species (ROS) mediate growth factor signaling [9–11] and 
contribute to malignant phenotypes [12, 13] by stimulating 
cell growth and proliferation, promoting genetic instability 
and helping evade senescence [14–16]. At the same time, 
high levels of and prolonged exposure to ROS can cause 
cellular damage. Therefore, the antioxidant system is 
critically important and often amplified in cancer [17, 18]. 
In addition, cancer cells may be more vulnerable to 
oxidant stress as they function at a heightened basal level 
of ROS.
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Klotho, the co-receptor for endocrine fibroblast growth 
factors, was originally found to decrease oxidative stress 
and prevent aging [19, 20]. The Klotho family comprises 
3 proteins. Klotho and βKlotho function as obligate co-
receptors for endocrine fibroblast growth factors whereas the 
physiological function of the third member, γKlotho (referred 
to also as Lctl), remains unknown [21–23]. We have recently 
shown that γKlotho also binds to FGF receptors (FGFR) 
[24]. FGF and FGFRs are proto-oncogenes often activated in 
several human cancers [25, 26]. For example, FGFR-1 and/or 
FGFs are frequently found amplified in breast cancer [27, 28]. 
FGFR-2 polymorphisms have been identified as major breast 
cancer risk factors in genome-wide association studies [29]. 
In contrast to FGFs and FGFRs, Klothos are epigenetically 
silenced in several cancers and have tumor-suppressor 
activity [30–34]. Here we found that in contrast to the bona 
fide Klotho proteins, γKlotho is upregulated in breast cancer 
compared to benign patient-matched tissue. In particular, 
γKlotho is highly expressed in a subset of TNBC patients 
where Klotho and βKlotho are significantly downregulated. 
We show that γKlotho is necessary for TNBC cell survival 
in an FGF independent manner and that its depletion leads to 
increased oxidative stress, DNA damage, and cell death. Our 
results suggest that γKlotho may be a prospective drug target 
for the treatment of a subset of TNBC patients and a bio-
marker for patients that might benefit from anticancer agents 
inducing oxidative stress.

RESULTS

γKlotho is upregulated in a subset of triple 
negative breast cancers

To determine the function of the third member of 
the Klotho family, γKlotho, in cancer we first examined 
mRNA expression of all three Klotho genes in sixty eight 
paired samples of tumor and benign tissue from breast 
cancer patients, and analyzed gene expression patterns 
in relation to clinical parameters and molecular subtypes 
(Figure 1 and Supplementary Table S1). Consistent 
with previous findings [30, 31], we found that Klotho 
is downregulated in breast cancer samples compared to 
benign controls (Figure 1A). In addition to Klotho, we also 
found significant downregulation of βKlotho expression 
in breast cancer specimens. Interestingly, γKlotho showed 
the opposite pattern of expression and was significantly 
upregulated in cancer relative to normal breast tissue 
(Figure 1A). Strikingly, the majority of samples with high 
γKlotho expression classified as triple negative breast 
tumors (TNBC) (Figure 1A). Thus, we further analyzed 
the gene expression data grouped into four major breast 
cancer molecular subtypes, luminal A, luminal B, HER2 
type and triple negative. It became evident that the three 
Klotho genes are differentially expressed specifically in 
the triple negative tumors, where γKlotho is significantly 
upregulated (in 13/19 TN samples) as Klotho and βKlotho 
are downregulated (Figure 1B). Furthermore, we found 

that γKlotho expression in tumors correlated positively 
with Ki67 proliferative index (Table 1), suggesting a 
potential role in more aggressive/higher stage breast 
cancers. This indicates that the three Klothos have distinct 
functions in tumorigenesis consistent with differences in 
their protein structure (Supplementary Figure S1A).

To validate these results, we analyzed The Cancer 
Genome Atlas (TCGA) [35, 36] and the Curtis datasets 
[37] of breast malignancies and confirmed that γKlotho
is significantly overexpressed in TN tumors also in these
two patient collections (Supplementary Figure S1B and
S1C). In line with these results, we found that patients
with higher expression of γKlotho in the breast cancer
population have a significant decrease in progression-
free survival (TCGA dataset, Figure 1C) and that γKlotho
expression correlates with higher grade and stage (Curtis
dataset, Supplementary Table S2). In our dataset, we also
found a significant correlation between higher γKlotho
expression and tumor grade (Supplementary Table
S2). In contrast to high γKlotho expression, patients
with tumors expressing high levels of Klotho showed
increased progression-free survival and overall survival
(Supplementary Figure S1C and S1D).

To determine whether this expression pattern of 
Klothos in normal vs. cancer tissue is specific for breast 
cancer, we analyzed expression data in tumors and 
corresponding normal tissue of different cancer types in 
TCGA database (Supplementary Figure S1E). Interestingly, 
we found increased expression of γKlotho accompanied 
with decreased expression of Klotho and βKlotho in 
several other cancers, including glioblastoma multiforme, 
lung squamous and lung adenocarcinomas but not in liver 
hepatocellular carcinoma. Together, our results demonstrate 
that γKlotho is overexpressed in a subset of TN breast 
tumors where Klotho and βKlotho are downregulated. In 
addition, γKlotho expression levels correlate with higher 
Ki-67, worse progression-free survival and higher grade/
stage of disease. Our data suggest that γKlotho may 
represent a novel marker and potential oncogene in a 
subgroup of triple negative breast tumors.

γKlotho is expressed in a subgroup of TNBC 
cell lines and its overexpression increases cell 
viability and clonogenic growth

To investigate the role of γKlotho in cell viability and 
on the oncogenic potential of breast cancer cells, we first 
examined the expression of γKlotho at the mRNA level 
in a panel of various breast cancer cell lines (Figure 2A). 
Consistent with our patient data (Figure 1A and 1B), we 
found that γKlotho is expressed in TNBC cell lines HCC1395 
and MDA-MB-231, but not in any non-TN line (Figure 
2A). Klotho and βKlotho were not expressed in the γKlotho 
expressing cells (Supplementary Figure S2A and S2B). To 
determine whether γKlotho can be an oncogenic driver in 
TNBC, we overexpressed γKlotho in MDA-MB-231 and 
HS578T cells (Figure 2B) and assayed the effect of γKlotho 
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Figure 1: γKlotho is up-regulated in human triple negative breast cancer. A. The expression of Klotho genes in normal/benign 
breast tissue (blue bars) and breast cancer (red bars). 68 samples of breast cancer specimens with corresponding patient-matched normal 
breast tissue were analyzed for mRNA expression of γKlotho, βKlotho, and Klotho by qRT-PCR. Expression levels were normalized 
against cyclophilin B. Each bar represents the mean ± SD of three replicates. Statistical analysis was performed on log-transformed data. 
Tumor and control groups were compared by paired t-test. p < 0.05 was considered statistically significant. B. In triple negative breast 
cancers γKlotho shows the opposite gene expression pattern than βKlotho and Klotho. Paired (benign and tumor) samples were divided 
into four groups according to the molecular subtype: luminal A (LumA; n = 13), luminal B (LumB; n = 30), HER2 (Her2; n = 6) and triple-
negative breast cancer (TNBC; n = 19). The difference in gene expression between the subgroups was tested for significance using a two-
way ANOVA followed by Bonferroni post-hoc tests on log-transformed data. Individual mRNA levels are presented on scatter dot plots 
using logarithmic scale for the y-axis. Black line denotes the mean. *p ≤ 0.05, **p .< 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. C. Kaplan-Meier 
progression-free survival curves according to the expression level with respect to the median of each Klotho gene in patients with invasive 
breast carcinoma with available triple negative status. Clinical and gene expression data were obtained from the TCGA portal. Log-rank 
(Mantel-Cox) tests were used to compare groups. Censored subjects are indicated on the curves by tick marks.
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overexpression on cell viability and clonogenic potential. 
γKlotho overexpression significantly increased viability of 
cells as measured by MTS assay in both cell lines (Figure 2B). 
Additionally, γKlotho overexpression stimulated the ability 
of cells to form colonies on a solid surface (Figure 2C–2F) 

independent of starting density and promoted growth in soft 
agar (Supplementary Figure S2C and S2D). Thus, γKlotho is 
expressed in a subset of triple negative breast cancer cell lines 
and when overexpressed promotes cell viability and drives 
colony formation indicative of features of an oncogene.

Table 1: Correlation between expression levels of Klotho genes (determined by qRT-PCR) 
and Ki67/p53 prognostic expression levels (determined by IHC) in 67 tumor samples

γKlotho βKlotho Klotho

Spearman r q-value Spearman r q-value Spearman r q-value

Ki67 0.31 0.024 −0.44 0.0006 −0.13 0.34

p53 0.062 0.62 −0.48 < 0.0001 −0.22 0.11

Significant FDR-corrected p-values (q-values) are given in bold (Spearman rank correlation test, Benjamini and Hochberg false discovery rate (FDR) 
correction).

Figure 2: γKlotho is expressed in a subset of triple negative cell lines and its overexpression promotes cell viability and 
colony formation of triple negative MDA-MB-231 and HS578T cells. A. γKlotho mRNA expression was determined by qRT-
PCR and normalized against Rplp0. Each bar represents the mean ± SD of two biological replicates. B. γKlotho overexpression promotes 
cell viability. MDA-MB-231 and HS578T cells stably overexpressing γKlotho were assayed for viability by MTS assay on day 4 after 
seeding. Viability 12 hours post seeding was used for normalization. Data are presented as mean ± SD of 6 wells from one representative 
experiment. Viability experiments were repeated at least three times for each cell line. *p ≤ 0.05 **p ≤ 0.01, ****p ≤ 0.0001; Unpaired 
t test. γKlotho mRNA levels were determined by qRT-PCR and are presented relative to control (vector). C, E. γKlotho overexpression 
promotes liquid colony formation. MDA-MB-231/HS578T cells were seeded in triplicates in 12-well plates at two different densities 
(D1=1000/500 cells/well, D2=5000/2500 cells/well). Ten (D2) and fourteen (D1) days after plating, colonies were stained with crystal 
violet and photographed. Representative images of 3 independent experiments are shown. D, F. Cell growth was quantified by determining 
the percentage of area covered by crystal violet stained cell colonies. Data are presented as mean of three replicates ± SD for each density. 
***p ≤ 0.001, ****p ≤ 0.0001; two way ANOVA.
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γKlotho is required for survival and oncogenic 
growth of triple negative breast cancer cells

To examine if γKlotho is necessary for the viability 
of HCC1395 and MDA-MB-231 TNBC cells, we 
specifically depleted γKlotho expression by siRNA. Four 
siRNAs against different regions of the γKlotho gene 
were tested, and a pool of the three most efficient ones 
(1, 3, and 4) was then used in subsequent experiments 
(Figures 3A and 3B). Knockdown of γKlotho significantly 
decreased viability of both cell lines as evaluated over 
time by MTS assay (Figure 3A and 3B, right panels) while 
not altering the expression of other Klotho genes, which 
remained undetectable. Furthermore, γKlotho knockdown 
resulted in a significant reduction of the ability of tumor 
cells to form colonies on a solid surface (Figure 3C–3F) 
and of anchorage independent growth in soft agar 
(Figure 3G and 3H). Together, our results show that 
γKlotho is necessary for the survival of γKlotho positive 
triple negative breast cancer cells implying that these cells 
become at least partly dependent on its expression.

The growth inhibitory effect of γKlotho 
knockdown is specific and can be partially 
rescued by an siRNA-resistant mouse gene

In order to ensure that the observed growth-inhibitory 
phenotype after γKlotho knockdown was specific, we 
first examined if individual siRNAs gave the same 
phenotype as the siRNA pool. Two different siRNAs with 
comparable silencing efficiencies, siKLG-1 and siKLG-3 
(Supplementary Figure S3), induced similar viability 
inhibition as the siRNA pool (Figure 4A). Importantly, 
the viability of γKlotho-negative cell line MDA-MB-157 
was not altered by siRNA treatment targeting γKlotho 
(Figure 4B). Next, we aimed to rescue the γKlotho siRNA 
growth inhibitory phenotype by the expression of a mouse 
gene that is relatively resistant to siKLG-3. First, we 
established HCC1395 cell lines stably overexpressing 
the human or mouse γKlotho-Flag gene (Figure 4C, top 
panel). siKLG-3 caused significant reduction in human 
γKlotho mRNA levels (>90%), while the expression 
of the mouse gene was decreased only by 30% (Figure 
4C, bottom panel). Knockdown of γKlotho significantly 
reduced colony formation of vector transfected and human 
γKlotho-Flag expressing cells, whereas the expression 
of the mouse γKlotho-Flag partially complemented the 
ability of cells to form colonies in the presence of siKLG-3 
(Figure 4D). In these HCC1395 stable cells, where 
endogenous human γKlotho is already expressed at high 
levels, further overexpression does not significantly alter 
cell viability or growth, suggesting a threshold level of 
required γKlotho protein is already present. As a whole, 
these results confirmed that the growth inhibitory effect 
of γKlotho knockdown is specific and further suggest 
dependence of a subset of triple negative breast cancer cells 
on γKlotho expression.

γKlotho knockdown leads to cell cycle 
arrest and apoptosis

We have shown that knockdown of γKlotho 
in HCC1395 and MDA-MB-231 cells results in 
reduced cell viability and diminished clonogenic 
growth (Figure 3). To further determine the molecular 
function of γKlotho in TNBC cells we analyzed the 
impact of γKlotho ablation on cell cycle progression 
and apoptosis. HCC1395 cells were transfected with 
control and γKlotho siRNA and analyzed by flow 
cytometry 5 days after transfection. γKlotho knockdown 
resulted in significant reduction of cells in G1 phase 
and concomitant accumulation in S and G2/M phases 
of the cell cycle (Figure 5A and 5B) compared to 
control siRNA transfected cells, suggesting a blockade 
in cell cycle progression through S/G2 phases. In 
addition, we observed an increase in the subG1 peak 
indicating increased apoptosis (Figure 5A and 5B). 
To further characterize the effects of γKlotho loss we 
used Annexin V/propidium iodide staining. γKlotho 
siRNA treated cells underwent apoptotic cell 
death as evidenced by positive Annexin V staining 
(Figure 5C and 5D). Consistent with this, we detected an 
increase in the cleaved form of PARP-1 by Western blot 
analysis (Figure 5E), indicative of apoptosis. Altogether, 
these results further confirm that in γKlotho positive 
TNBC cells depletion of γKlotho leads to cell cycle 
arrest and apoptotic cell death consistent with oncogenic 
properties for this gene.

Constitutive ERK activation induced by γKlotho 
knockdown

We have previously shown that γKlotho can bind 
to FGFRs [24]. To determine the role of γKlotho in FGF 
signaling in TNBC cells, we treated HCC1395 cells with 
the canonical FGF, FGF2, or an endocrine FGF, FGF19, 
after mock or γKlotho knockdown and overnight serum 
starvation (Figure 6A). Unexpectedly, when γKlotho 
was knocked down we observed a significant increase in 
ERK activation in the absence of any added FGF ligand 
(Figure 6A). FGF2 induced FGFR signaling as detected 
by a strong ERK phosphorylation, however, the fold 
induction was decreased in γKlotho siRNA treated 
cells, likely due to the higher basal phosphorylation 
levels (Figure 6A). In contrast to FGF2, we did not 
observe activation of the ERK pathway by FGF19 
although all FGFRs are expressed in HCC1395 cells 
(Supplementary Figure S4A). These results indicate that 
in γKlotho positive TNBC cells, depletion of γKlotho 
causes persistent activation of the ERK signaling 
pathway, also shown by increases in a direct target of 
ERK signaling [38] (Figure 6B). Forced expression of 
Klotho was previously shown to inhibit MCF7 breast 
cancer cell growth by inhibiting insulin/IGF-1/AKT 
signaling [30]. To determine whether γKlotho also 
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interferes with this signaling pathway, MDA-MB-231 
cells overexpressing γKlotho were treated with insulin 
and AKT phosphorylation was measured by Western 
blot analysis (Supplementary Figure S4B). In contrast 
to Klotho, γKlotho does not interfere with AKT 
activation by insulin/IGF-1.

γKlotho is critical for maintaining ROS balance 
in cancer cells

To begin to understand the cellular mechanisms that 
may contribute to the sensitivity of TNBC cells to γKlotho 
depletion, we performed microarray gene expression 

Figure 3: γKlotho is necessary for TNBC cell survival and clonogenic growth. A. siRNA knockdown of γKlotho decreases the 
viability of HCC1395 cells. γKlotho expression in TNBC HCC1395 cells was knocked down by a pool of 3 siRNAs (siKLG-134) and the 
efficiency of γKlotho knockdown confirmed by qRT-PCR. mRNA levels are presented relative to control. **p ≤ 0.01; one-way ANOVA. 48 
hours after transfection, cells were seeded and cell viability was monitored for 4 days by MTS assay. 12 hours post seeding-viability was 
used for normalization. Means of three independent experiments ± SD are presented. *p ≤ 0.05 **p ≤ 0.01; two-way ANOVA. B. siRNA 
knockdown of γKlotho decreases the viability of MDA-MB-231 cells. Mean of two independent experiments ± SD are presented. **p ≤ 
0.01; two-way ANOVA. C, E. Knockdown of γKlotho inhibits liquid colony formation of HCC1395 and MDA-MB-231 cells. Cells were 
seeded in triplicates in 12-well plates at two different densities (D1=1000cells/well, D2=5000 cells/well). Ten (D2) and fourteen (D1) days 
after plating, colonies were stained with crystal violet and photographed. Representative images are shown. D, F. Liquid colony formation 
was quantified by determining the percentage of area covered by crystal violet stained cell colonies using ImageJ ColonyArea plugin. Data 
are presented as mean ± SD of three replicates. ***p ≤ 0.001, ****p ≤ 0.0001; two-way ANOVA. G. Knockdown of γKlotho inhibits the 
anchorage-independent growth on soft agar of HCC1395 cells. Cells were transfected with a siRNA pool against γKlotho (siKLG-134) and 
corresponding controls and after 48 hours plated for anchorage-independent growth in soft agar. Representative images for each condition 
are presented. H. Colonies greater than 100 μm across their widest point were counted. Bars demonstrate average ± SD across triplicates. 
***p ≤ 0.001, one-way ANOVA.
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analysis of HCC1395 cells harvested 2 days after treatment 
with γKlotho siRNA or the corresponding control (n = 2). 
At this time point γKlotho mRNA expression was reduced 
by 90% (Supplementary Figure S4C). 205 genes showed 
significant differential expression having log2 fold-
change of > 1 and p < 0.05. Of these, at least 64 were 
previously shown to be involved in cancer pathogenesis 
(Supplementary Figure S4D). Indeed, 68% of identified 
oncogenes were down-regulated and 70% of identified 
tumor-suppressors were upregulated upon γKlotho 
knockdown (Supplementary Figure S4D). Among 
differentially regulated genes, genes functioning in cell 
cycle/apoptosis, cell adhesion/migration and signaling 
pathways were well represented (Figure 6C). Intriguingly, 

one of the most prevalent altered functional groups 
were genes known to be regulated by oxidative stress, 
involved in generating or protecting against reactive 
oxygen species (ROS) (Figure 6C and 6D). Several 
genes that are critical for the protection against oxidative 
damage, including STC1, GLO1, UBQLN11 and LAMP2 
[39–44] were repressed in γKlotho siRNA treated cells. 
In contrast, several genes that are typically activated by 
oxidative stress, such as HMOX-1, GGT1, UGT1A1 
and MMP13 were significantly induced in γKlotho 
knocked down cells (Figure 6D), suggesting elevated 
ROS levels in cells depleted of γKlotho. To determine 
if ROS levels were increased in γKlotho depleted cells, 
we performed flow cytometry analysis of knocked down 

Figure 4: The growth inhibitory effect of γKlotho knockdown is specific. A. Two individual γKlotho siRNAs (siKLG-1 and 
siKLG-3) decrease HCC1395 cells viability to a similar extent as the siRNA pool (siKLG-134). Cell viability was determined by MTS 
assay 5 days after transfection. Means ± SD of 4 wells are shown. *** indicates p ≤ 0.001. B. γKlotho negative MDA-MB-157 cells (as 
assessed by qRT-PCR-left pannel) are not affected by γKlotho siRNA. Cell viability was assessed as in panel A. C. Mouse γKlotho is 
partially resistant to siKLG-3. HCC1395 cells stably overexpressing mouse or human γKlotho-Flag protein were transfected with siRNA 
and mRNA levels for mouse and human γKlotho determined by qRT-PCR. Data represent mean of three replicates ± SD. D. The siRNA-
resistant mouse γKlotho gene in part rescues HCC1395 cells after γKlotho knockdown. HCC1395 cells stably overexpressing mouse or 
human γKlotho-Flag proteins were transfected with siKLG-3 against human γKlotho, 2 days later plated in 12-well plate (5000 cells/
well) and cultured for 10 days. Representative images of colony formations are shown. Cell growth was quantified by determining the 
percentage of area covered by crystal violet stained cell colonies using ImageJ ColonyArea plugin and is presented relative to control. Data 
are presented as mean of three independent experiments ± SD.
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or control cells incubated with DCF-DA or Mitosox. 
As hypothesized, we detected increased levels of ROS 
in γKlotho depleted HCC1395 and MDA-MB-231 
cells (Figure 6E and 6H). Concomitant with increased 
ROS, we observed the accumulation of DNA damage 
marker γH2AX in γKlotho depleted cells (Figure 6F). 
Furthermore, γKlotho depleted cells were less resistant to 
additional oxidative stress induced by H2O2 as shown by 
higher ROS levels upon treatment (Figure 6G and 6H). 
On the other hand, treatment of γKlotho siRNA treated 
cells with antioxidant N-acetylcysteine (NAC) caused a 
reduction in ROS levels (Figure 6I), partly rescued cell 
viability (Figure 6J and 6K) and reduced oxidative damage 
as shown by lower levels of γH2AX (Figure 6L). Our 
results suggest γKlotho confers resistance to the oxidative 
stress commonly found in cancer cells.

To further confirm the role of γKlotho in protection 
against high ROS levels, we measured ROS levels in 
MDA-MB-231 and HS578T cells overexpressing γKlotho. 
As expected, ROS levels were lower in unstressed (Figure 
7A and 7B) and H2O2-stressed cells (Figure 7C and 7D) 
overexpressing γKlotho. Importantly, γKlotho expression 
provided protection against toxicity induced by H2O2 

or doxorubicin (Figures 7E–7I and S5) as measured by 
both MTS viability assays and liquid colony formation 
upon acute oxidative stress. Furthermore, γKlotho 
provided additional protection to NAC pretreated cells 
(Supplementary Figure S5). Together, our results provide 
strong evidence that γKlotho contributes to maintaining 
reactive oxygen homeostasis thus enabling TNBC cells to 
thrive in high ROS conditions.

DISCUSSION

To date, no targeted therapy exists for the treatment 
of TNBC. Heterogeneity of TNBCs and lack of common 
drugable molecules/pathways have been major roadblocks 
in the development of efficient therapies against this 
breast cancer subtype [4]. There is a need to identify 
common molecular targets and biomarkers that can be 
used for the development of effective treatment strategies 
for patient subgroups [45]. A few pathways have been 
recently suggested as potential therapeutic targets in 
specific subsets of TNBCs, such as IGF-1R/FAK, WNT 
and VEGF [46–48]. Here, we discovered that γKlotho, 
an uncharacterized member of the Klotho family, is 

Figure 5: γKlotho knockdown leads to cell-cycle arrest and apoptosis. A. siRNA knockdown of γKlotho arrests cells in cell 
cycle. HCC1395 cells were transfected with a siRNA pool against γKlotho (siKLG-134) and corresponding controls. 2 days after transfection 
cells were seeded in 6-well plates and harvested 3 days later. Equal numbers of control and siRNA-treated cells were fixed, stained with 
PI, and analyzed for DNA content. Representative flow cytometry histograms are shown. B. The percent of cells in different phases of cell 
cycle. Data are presented as mean ± SD of 2 replicates. **p ≤ 0.01, ****p ≤ 0.0001; one-way ANOVA. C. γKlotho knockdown leads to 
apoptosis of HCC1395 cells. Cells were transfected with indicated siRNAs, 2 days after transfection seeded in 6-well plates, and harvested 
3 days later. Cells were stained for Annexin V and PI and analyzed by FACS. Representative histograms are shown. D. Quantification 
of PI-/Annexin+ cells. Data are mean ± SD of two biological replicates. E. Cells were transfected with indicated siRNAs, 2 days after 
transfection cells seeded in 6 well plates, grown for 3 days, serum-starved overnight, harvested and immunobloted for cleaved PARP-1 and 
tubulin. Representative immunoblot of two experiments is shown. Immunoblots were quantified by Li-COR Odyssey Imager.
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Figure 6: γKlotho depletion increases oxidative stress. A. Increased ERK phosphorylation level after γKlotho knockdown, but the 
response to growth factor FGF2 is blunted; FGF19 has no effect on ERK phosphorylation in HCC1395 cells. Cells were transfected with indicated 
siRNAs, 2 days after transfection seeded in 6-well plates, grown for 3 days, serum-starved overnight, and treated for 10 min with FGF2/19 or 
buffer. Cell lysates were immunoblotted for phospho- and total ERK. Immunoblots were quantified by Li-COR Odyssey Imager. B. The bona fide 
ERK target gene cyclin D1 expression is increased after γKlotho knockdown. HCC1395 cells were transfected with indicated siRNAs, harvested 
after 1–4 days and gene expression measured by qRT-PCR. Data were normalized against Rplp0 and are presented as mean ± SD of 2 replicates. 
*p ≤ 0.05, **p ≤ 0.01; two-way ANOVA. C. Gene expression signature after γKlotho knockdown. HCC1395 cells were transfected with siRNA 
pool against γKlotho and corresponding control, harvested after 2 days and RNA analyzed by the Illumina microarray. Genes that showed log2
fold-change of > 1 and p < 0.05 were considered to be differentially expressed. Using NCBI resources (Pubmed, Entrez, Unigene) the gene
list was manually categorized by gene functions integrated into the well-defined pathways and functional groups important for carcinogenesis.
The number of genes in each differentially expressed category is shown in the pie chart. D. Genes involved in the oxidative stress homeostasis
and oxidative stress responsive genes represent one of the most prominent differentially regulated functional groups after γKlotho knockdown.
E. γKlotho knockdown causes an increase in ROS levels. HCC1395 and MDA-MB-231 cells were transfected with indicated siRNAs, 2 days
after transfection seeded in 6 well plates, and harvested 3 days later. Before harvest, 10 μM DCF-DA /5 μM MitoSox was added to the cells for
45/15 minutes at 37°C, cells washed with PBS, trypsinized, and stained with PI before FACS analysis. Representative histograms are shown.
F. MDA-MB-231 cells were transfected with indicated siRNAs, 2 days after transfection cells were seeded in 6-well plates, grown for 3 days,
harvested and immunobloted for γH2AX and tubulin. Representative immunoblot of two experiments are shown. Vertical dotted line marks place
in the gel where unrelated lanes were removed for clarity of presentation. G. γKlotho siRNA transfected cells were treated with 100 μM H2O2
for 15 min, DCF-DA staining was followed by FACS analysis as in E. H. Quantification of PI -/ROS+ cells. Data are mean ± SD of 2 biological
replicates. **p ≤ 0.01, ***p ≤ 0.001; two-way ANOVA. (Continued )
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significantly upregulated in triple negative breast cancer 
(Figure 1). γKlotho expression positively correlated with 
higher Ki67 index (Table 1). Consistent with this, high 
γKlotho-expressing patients harbored higher stage and 
grade tumors and had worse progression-free survival 
(Figure 1C and Supplementary Table S2). In agreement 
with our findings, γKlotho was previously shown to be 
required for the growth of established, transformed cells 
[49] in colon tumorigenesis.

γKlotho was overexpressed in more than 60% of
all TNBC samples in our study (13 of 19 TN samples 
with fold change > 1.4). In the Curtis and TCGA 
datasets, 27–41% of TN samples highly overexpressed 
γKlotho compared to the average tumor expression 
(Supplementary Table S3). In addition to p53 loss found 
in 80% of TN breast tumors, and PIK3CA mutations, 
occurring in 11% of cases, several genes, such as EGFR, 
AR, FGFR have been found to be overexpressed in a 
significant portion of TNBC [50–52]. Some of these 
genes are being used for the development of targeted 
therapies, although the success rate is still low, potentially 
due to diverse compensatory mechanisms. Our analysis 
uncovered γKlotho as a novel marker for a substantial 
portion of TNBC patients that correlates with worse 
progression of the disease. Given its restricted expression 
profile in normal tissues [24], γKlotho may represent very 
specific potential target for treatment of TNBC.

Our finding of γKlotho overexpression in cancer 
was unexpected, because the other two members of the 
Klotho family, Klotho and βKlotho, are downregulated in 
several cancers. Klotho is an established tumor suppressor, 
epigenetically silenced in breast and other cancers [31, 
32, 53–55] since it inhibits signaling pathways, such as 
IGF-1, PI3K, WNT, and TGFβ [30, 56–58]. βKlotho 

was similarly shown to suppress tumor growth in 
hepatocellular carcinoma [33, 34]. The three Klothos 
belong to the glycosidase family 1 and share structural 
similarities to β-glycosidases. The critical residues required 
for enzymatic activity are not conserved in any of the 
Klotho proteins [59] implying their biological function 
is independent of this glycosidase activity. Interestingly, 
unlike Klotho and βKlotho, γKlotho contains only one 
β-glycosidase-like domain in the extracellular region 
(Supplementary Figure S1A), potentially differentiating 
its function. In this study we found that in TNBC γKlotho 
has the opposite expression and function than the other two 
Klotho members. Furthermore, by analyzing TCGA datasets 
we also found γKlotho overexpressed in other cancer types 
(Supplementary Figure S1E), suggesting γKlotho oncogenic 
activity is not restricted to breast cancer and might be 
linked to the specific oxidative tumor microenvironment or 
metabolic state of particular cancer types.

Our study shows that γKlotho is not solely a marker 
for a subset of TNBC but also promotes cancer cell growth 
(Figure 2) and is necessary for the survival of TN breast 
cancer cells expressing this gene (Figure 3). Both gain of 
function and loss of function experiments demonstrated 
that TNBC cells expressing γKlotho are dependent on its 
presence for viability and clonogenic growth and that this 
gene confers a growth advantage. Indeed, depletion caused 
cell cycle arrest and apoptotic death (Figure 5).

γKlotho belongs to a family of coreceptors for 
endocrine FGFs [21–23] that can also modulate signaling 
of canonical ligands [60]. Since γKlotho can bind FGFRs 
[24], we evaluated the role of FGF signaling in γKlotho-
mediated regulation of cell viability. Surprisingly, we 
found activated ERK even in the absence of any FGF 
stimulation in γKlotho depleted cells (Figure 6A). 

Figure 6:  (Continued ) γKlotho depletion increases oxidative stress. I. HCC1395 cells were transfected with indicated siRNAs, and 
from the following day maintained in the presence or absence of 1 mM NAC. Cells were seeded in 6 well plates 3 days after transfection and 
harvested 2 days later. MitoSox staining was followed by FACS analysis as in E. J. HCC1395 cells were transfected with indicated siRNAs, 
and from the following day maintained in the presence or absence of 1 mM NAC. 2 days after transfection, cells were seeded in 24-well plates 
(1000 cells/well) and cultured for 11 days, then colonies were visualized. K. Cell growth was quantified by determining the percentage of area 
covered by crystal violet stained cell colonies using ImageJ ColonyArea plugin. Data are presented as mean ± SD. L. Cells were transfected 
with indicated siRNAs, 2 days after transfection cells seeded in 6-well plates, grown for 3 days in the absence or presence of 2 mM NAC (2-1 
mM NAC media changed with 1 mM for last 2 hours before harvest), harvested and immunobloted for γH2AX and tubulin. Representative 
immunoblot of two experiments are shown.
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This result suggested increased oxidative stress in 
these cells since ERK activation is normally linked to 
proliferation and growth, but its prolonged activation 
is observed under high ROS and is detrimental to cells 

[61, 62]. We found increased ROS levels and induction 
of oxidative stress genes after γKlotho knockdown 
followed by apoptotic death (Figure 6). Furthermore, 
we show that forced expression of γKlotho confers 

Figure 7: γKlotho protects cancer cells against ROS toxicity. A. γKlotho overexpression reduces ROS levels in unstressed 
cells. Cells overexpressing control vector or γKlotho-Flag were seeded in 6 well plates, and harvested the next day. Before harvest, 
10 μM DCF-DA was added to the cells, cells were incubated for 45 minutes at 37°C, then washed with PBS, trypsinized, and stained 
with PI before FACS analysis. Representative histograms are shown. B. Quantification of ROS positive live HS578T and MDA-MB-231 
cells overexpressing control vector or γKlotho-Flag. Data are mean ± SD of 2 replicates. p ≤ 0.05, **p ≤ 0.01; t-test C. Control vector or 
γKlotho-Flag overexpressing cells were treated with 10 μM or 100 μM H2O2 when 10 μM DCF-DA was added to the cells. Staining and 
FACS analysis was performed as in A. Representative histograms are shown. D. Quantification of ROS positive live cells. Data are mean 
± SD of 2 replicates. E. HS578T cells stably expressing vector or γKlotho-Flag were seeded in 96-well plates at 6500 cells/ well. 12 hours 
later, culture media was replaced with increasing concentration of H2O2 in serum free RPMI media. 72 hours later MTS viability assay was 
performed. Data are normalized to the untreated controls (100% viability). Dose response curves are plotted using a non-linear regression 
model and IC50s were determined from the fitted curves using Hill equation. F. 100,000 HS578T cells expressing control vector or γKlotho 
were seeded in 12-well plates, next day treated with the indicated concentrations of H2O2 in serum free RPMI for 1 h at 37°C and then re-
plated into 12-well plates at low density (2500 cells /well). Two weeks after plating, cells were fixed in ice-cold methanol and stained with 
crystal violet. Representative images of 2 independent experiments are shown. Cell growth was quantified by determining the percentage 
of area covered by crystal violet stained cell colonies. Data are presented as mean of three replicates ± SD from one of the experiments. 
*p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001; two way ANOVA. G. MDA-MB-231 cells stably expressing control vector or γKlotho-FLAG
were seeded in 96-well plates at 8000 cells/well and cell viability after H202-induced oxidative stress measured as in E. H. 100,000 MDA-
MB-231 cells expressing control vector or γKlotho were treated as in F, then re-plated in 12-well plates at 5000 cells/well. Cell growth was
quantified and is presented as in F. *p ≤ 0.05, ***p ≤ 0.001; two way ANOVA. I. HS578T-vector and γKlotho-Flag cells were treated with
increasing concentration of doxorubicin as in E. J. The working model of γKlotho role in triple negative breast cancer cells.
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resistance to oxidative stress (Figure 7). Thus, we 
propose that in TNBC cells, and perhaps also in other 
cancers (Supplementary Figure S1E) γKlotho is involved 
in protection of tumor cells against increased oxidative 
stress and thus confers a survival advantage. Although 
Klotho has been shown to regulate endogenous oxidative 
balance [63], it remained undetectable in γKlotho 
knockdown cells. Klotho knockout mice have increased 
oxidative stress that underlies accelerated aging, and 
Klotho overexpression has a protective effect [64–68]. 
Intriguingly, our data suggest that although Klotho and 
γKlotho seem to both provide protection against oxidative 
stress, they have opposite roles in cancer. This may be due 
to the regulation of distinct pathways in ROS homeostasis. 
Several pathways have been already proposed for Klotho 
such as inhibition of IGF-1 signaling [64–65, 68]. We 
show that γKlotho does not interfere with IGF signaling 
(Supplementary Figure S7B), further distinguishing it 
from Klotho at the functional level. Instead, it appears 
that γKlotho provides increased protection against high 
ROS, as several antioxidant genes were downregulated 
after γKlotho knockdown, most of which are not known 
to be regulated by Klotho (Figure 6D). These include 
glyoxalase 1 (GLO1), an enzyme that reduces glycative 
and oxidative stress [69], and several genes involved in 
heme metabolism and iron homeostasis. Triple negative 
tumors have been shown to have high levels of GLO1 
indicative of this tumor’s requirement for antioxidant 
protection [70]. We found that γKlotho confers protection 
against basal and H2O2/doxorubicin induced oxidative 
stress (Figure 7), suggesting this gene is part of an anti-
oxidant network in TN tumors. Thus, we propose that 
γKlotho gives TNBC cells an advantage to survive under 
high ROS conditions (Figure 7J).

In summary, our study defines γKlotho as a novel 
marker and potential oncogene for a subgroup of TNBCs, 
necessary for protecting rapidly growing cells against 
increased oxidative damage. γKlotho may therefore be 
a potential novel therapeutic target or a biomarker for 
TNBC or other tumors with significant oxidative stress or 
low antioxidant defense which may be susceptible to ROS 
causing therapies.

MATERIALS AND METHODS

Patients and clinical samples

Sixty-eight frozen samples of breast cancer 
tissue and surrounding normal (benign) breast tissue 
(68 paired samples) were obtained from the Tissue 
Procurement Core at UT Southwestern Medical Center, 
Dallas under Institutional Review Board approval. 
Samples covered all the pathological disease stages and 
histological subtypes and were gained from patients 
diagnosed for breast cancer in the period between 
2001 and 2008. Patient clinical information (including 
race, age at diagnosis, clinical stage, pre- and post-

surgical therapy) and histopathology reports showing 
histological subtype, tumor grade and molecular 
status (ER, PR, HER2) were available for all the 
specimens. Expression patterns of ER, PR, HER2 
receptors and Ki67 proliferation index were assessed 
by immunohistochemistry and were, in addition to 
tumor grade, used for classifying tumors into molecular 
subtypes of breast cancer. Tumors were classified as 
luminal A – LumA (tumor grade 1 or 2 and ER+/PR ± /
HER2-, Ki67 ≤ 14%, N = 13), luminal B – LumB (higher 
tumor grade and ER+/PR ± /HER2-, Ki67 > 14% or 
ER+/PR ± /HER2+, N = 30), HER2 overexpressing – 
Her2 (ER-/PR-/HER2+, N = 6) and triple negative breast 
cancer subtype - TNBC (ER-/PR-/HER2-, N = 19. The 
Ki67 cut-off point was determined according to Cheang 
et al. [71].

Cell culture and transfections

Human breast cancer cell lines (gift from Dr. 
David Euhus or purchased from ATCC) HCC1954, 
HCC1428, MCF7, BT474, T47D, HCC1419, MDA-
MB-231, MDA-MB-157, HCC38, HCC1395, HCC1806, 
HS578T and BT20 were maintained in RPMI-1640 
medium (Gibco™ Life Technologies) supplemented 
with 10% FBS (Invitrogen). siRNA transfections were 
performed with Lipofectamine® RNAiMAX (Thermo 
Fisher Scientific) according to the manufacture’s 
protocol. siRNA duplexes targeting γKlotho were 
purchased from Sigma-Aldrich: siKLG-1, 5′-G 
UGAUGAGUGGAGAAUUCA-3′; siKLG-2, 5′-GAUG  
UAGCCUGUGACGGCU-3′; siKLG-3, 5′-CUAUCCAAA 
GGCUUCAGUU-3′; siKLG-4, 5′-GUUGGUACCUCAA 
AGCUUU-3′. A non-targeting control siRevL1 
(5′-ACUACAUC GUGAUUCAAACUU-3′), further 
referred as Control 1, was purchased from Thermo-
Scientific. SiLonRF pool, a siRNA control that targets an 
endogenous gene irrelevant to the gene of interest, was 
purchased from Dharmacon (Control 2: 5′-GCACUGCC 
GACAUUGAAUA-3′, 5′UCACACAGCUGU UGGAAG 
A-3′, 5′GACCAAGAAUGUUCCAAUA-3′, and 5′UCAG
AGAGCUUCAUGAUUU-3′). Expression vectors for
full-length mouse γKlotho, human γKlotho and empty
vector were introduced into HCC1395, HS578T, and
MDA-MB-231 cells using X-tremeGENE HP Trans-
fection Reagent (Roche) or Lipofectamine® 2000 Trans-
fection Reagent (Thermo Fisher Scientific) following
manufacturer’s instructions. Stable clones were selected
with 700 μg/ml of G-418 (Roche) and maintained at 400
μg/ml of G-418.

RNA preparation, cDNA synthesis, and 
quantitative reverse transcription PCR analysis 
(qRT-PCR)

RNA was extracted using RNAStat60 (TelTest) 
according to the manufacturer’s directions. Genomic DNA 
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contamination was eliminated by DNase I (Roche) treatment 
in 4.5 mM MgCl2. cDNA for qPCR assays was prepared 
from 4 μg (tissue samples) or 1 μg (cell lines) DNase-treated 
RNA using High Capacity cDNA Reverse Transcription kit 
(Life Technologies). Gene expression levels were measured 
in triplicate wells of a 384-well reaction plate with 10 ng 
cDNA per well on an Applied Biosystems 7900HT with 
SYBR Green chemistry using the following primers: human 
Klotho forward, 5′-TCAAAAAGTTCATCATGGAAACC-3′ 
and reverse, 5′-ATGAGGGACCATGCGGTAT-3′; human 
βKlotho forward, 5′-ACCACGGCCATCTACATGAT-3′ 
and reverse, 5′-CGTATTTCATCTAACCTTATTGCTTG-3′; 
human γKlotho forward, 5′-GCAGCACACCACATCAT 
TAAGG-3′ and reverse, 5′-CTGCGCCACGTGGTGTTA-3′; 
mouse γKlotho forward, 5′- AAGTTACATTGCACT 
CAGTTCTGC-3′ and reverse, 5′-CCCTTTTATATCCAC 
GCCATC-3′; human FGFR1 forward, 5′-AGGCTACAAGG 
TCCGTTATGC-3′ and reverse, 5′- TGCCGTACTCATTC 
TCCACAA-3′; human FGFR2 forward, 5′-TTAAGCA 
GGAGCATCGCATTG-3′ and reverse, 5′-GGGACCACAC 
TTTCCATAATGAG-3′; human FGFR3 forward, 5′- 
CCTCGGGAGATGACGAAGAC-3′ and reverse, 5′- 
CGGGCCGTGTCCAGTAAGG-3′; human FGFR4 forward, 
5′-TGCAGAATCTCACCTTGATTACA-3′ and reverse, 
5′- GGGGTAACTGTGCCTATTCG-3′; human cyclophilin 
B forward, 5′- GGAGATGGCACAGGAGGAA −3′ and 
reverse, 5′-GCCCGTAGTGCTTCAGTTT-3′; human Rplp0 
forward, 5′-CGAGGGCACCTGGAAAAC-3′ and reverse, 
5′-CACATTCCCCCGGATATG-3′. Primers were designed 
using Roche Universal Probe Library Assay Design Center 
and used in 150 nM concentration. For primer validation and 
efficiency determination, standard human/mouse universal 
cDNA was used. PCR efficiencies were calculated from the 
slope of the resulting standard curves. qRT-PCR data were 
analyzed by ABI instrument software SDS2.1. Baseline 
values of amplification plots were set automatically and 
threshold values were kept constant to obtain normalized 
cycle time and linear regression data. Normalized mRNA 
levels, which are expressed as arbitrary units (AU), were 
obtained by dividing the averaged, efficiency corrected 
values for mRNA expression by that for reference gene 
(cyclophilin B and/or Rplp0) [72]. The resulting values 
were multiplied by 102 for graphical representation unless 
otherwise stated.

Antibodies and plasmid constructs

Antibodies used in this study were as follows: 
anti-ERK (Cell Signaling Technology # 9102), anti-
P-ERK (Cell Signaling Technology # 4370), anti-
Tubulin (Sigma Aldrich #T6199), and anti-cleaved
PARP (Cell Signaling Technology#9541), anti-P-AKT
(S473, Cell Signaling Technology#4060P), anti-AKT
(Cell Signaling Technology#4961P), anti-γH2AX
(Milipore# 07-164). cDNAs containing the mouse
or human γKlotho were cloned into the pEF1 vector
(Invitrogen) with a Flag-epitope tag at the C terminus.

Cell viability assays, colony formation, and 
anchorage-independent growth soft agar assays

Cell viability was assessed by standard MTS assays 
using Cell Titer reagents (Promega, Madison, WI, USA) 
according to the manufacturer’s protocols. Cells were 
transfected with siRNAs, 48 hours later re-plated at 2000 
cells (1000 cells for HS578T) per well in 96-well plates and 
their viability assessed over 4-day period or in a single end 
point, on day 5 or day 6 post-transfection. Each condition 
contained 6 replicates unless mentioned otherwise. Viability of 
plasmid-transfected cells was determined in the same manner. 
Absorbance at 490 and 650 nm (reference wavelength) was 
measured by a Spectra Max (Molecular Devices, Sunnyvale, 
CA, USA) or a FlouroStar Omega (BMG Biosciences, 
Ortenberg, Germany) plate reader. For colony formation assays 
on plastic, 48 hours after siRNA transfection cells were re-
plated into 12-well plates at low density. HS578T and MDA-
MB-231 cells stably expressing vector or γKlotho-Flag were 
also plated into 12-well plates at low density. Approximately 
two weeks after plating, cells were fixed in ice-cold methanol 
and stained with crystal violet (0.5% (w/v) in 25% methanol) 
for 20 minutes, extensively washed in dH2O and then counted. 
Quantification of the results was performed with Image J 
(ColonyArea plugin). For anchorage-independent soft agar 
growth assays, 48 hours after siRNA transfection 1–5 × 104 
cells were suspended in medium containing 0.35% Noble 
agar (Difco) and overlaid on 0.5% Nobel agar in triplicate 
in 6-well plates. Cells were allowed to grow for 3–4 weeks 
before colonies were quantified. ImageJ software was used 
for robust, unbiased quantification of colony size and number 
using 33 pictures taken for each experimental condition.

Cell survival analysis upon oxidative stress

The cytotoxic effect of H2O2 and doxorubicin was 
tested in MDA-MB-231/HS578T cells stably expressing 
vector and γKlotho-Flag using the MTS viability assay. 
Exponentially growing cells were seeded in 96-well plates 
at 8000/6500 cells/well. 12 hours later, culture media 
was replaced with increasing concentration of H2O2 and 
doxorubicin in serum free RPMI media. 48–72 hours later 
MTS viability assay was performed. Each cell line was tested 
in 2–4 independent assays with 3–6 replicates per condition. 
Data were normalized to the untreated controls (100% 
viability). Dose response curves were plotted using a non-
linear regression model and IC50s were determined from the 
fitted curves. Data were fitted to the Hill equation, y=Top/
(1+10[(log(EC50/x)) × HillSlope]) using GraphPad Prism.

To further examine resistance of vector and γKlotho 
expressing MDA-MB-231 and HS578T cells to oxidative 
stress, equal number of cells (100,000/well) were 
seeded in 12-well plates, next day treated with indicated 
concentrations of H2O2 in serum free RPMI for 1 h at 37°C 
and then re-plated into 12-well plates at low density (1000, 
5000 cells/well). Two weeks after plating, cells were fixed 
in ice-cold methanol and stained with crystal violet.
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Cell cycle analysis, Annexin V apoptosis assay, 
and ROS measurements

For cell cycle analysis, apoptosis assay and ROS 
measurements, cells were transfected with siRNAs, 2 
days later re-plated into 6-well plates at density 1.5 × 
105 cells per well and harvested after 3 days. For cell 
cycle analysis, 1 × 106 cells were fixed in ice-cold 70% 
ethanol over night at −20°C, washed twice with PBS 
and stained with a solution containing 20 μg/ml PI and 
225 μg/ml RNase at room temperature for 30 min. For 
apoptosis evaluation, cells were harvested, washed with 
ice-cold PBS, suspended in binding buffer and incubated 
with Annexin V-FITC antibody and PI according to 
the manufacturer’s instructions (BD Pharmingen). 
Intracellular ROS generation was measured by staining 
the cells with 10 μM DCF-DA (Thermo Fisher Scientific) 
for 45 min at 37°C or with 5 μM MitoSox (Thermo Fisher 
Scientific) for 15 minutes at 37°C. When indicated, cells 
were pretreated with 1–2 mM NAC for 24 or 48 hours 
or treated by 10/100 μM H2O2 for 15 minutes prior to 
(HCC1935 and MDA-MB-231 after knockdown) or after 
addition of DCF-DA (HS578T and MDA-MB-231 stable 
cells). After staining, cells were washed with PBS and 
collected for flow cytometer analysis. All samples were 
analyzed by a BD FACSCalibur and data analyzed using 
FlowJo software.

Western blots

Cells were lysed in RIPA buffer (50 mM Tris, 150 
mM NaCl, 0.1% SDS (w/v), 0.5% sodium deoxycholate 
(w/v), 1% Nonidet P-40 (v/v)), with protease and 
phosphatase inhibitors (Sigma). Lysates were clarified 
by centrifugation at max speed for 10 minutes at 4°C. 
Lysates were then resolved by SDS-PAGE, transferred to 
nitrocellulose membrane (Bio-Rad), and the protein blots 
incubated with specific antibodies (1:1000). Signal was 
visualized using IRDye® secondary antibodies (1:15000) 
and the Odyssey Imager (LI-COR) was used for detection 
and quantification.

Microarray gene expression analysis

Cells were treated with siRNAs and 2 days later 
RNA was extracted using the RNAStat60 (TelTest) and 
purified by the RNeasy kit (Qiagen). RNA quality was 
evaluated with the Experion gel system (BioRad), prior to 
labeling at UTSW’s microarray core. Labelled RNA was 
hybridized to Illumina human HT-12 version 4 microarray 
chips according to the manufacture’s protocol. Microarray 
analysis was done with in-house Visual Basic software 
MATRIX 1.508, a gift of Dr. Luc Girard. Array data 
were quantile-normalized and samples were compared by 
calculating log2 ratios for each gene along with a t-test 
P-value. Oncogenes or tumor suppressor genes that showed
log2 fold-change of > 1 and p value < 0.05 are reported

in Supplementary Figure S4. The gene list was manually 
categorized by gene function using NCBI resources (Entrez, 
Pubmed, etc.). GEO accession number is GSE69082.

Statistical data analysis

RNA-Seq and clinical data of breast invasive 
carcinoma and other cancers were downloaded from The 
Cancer Genome Atlas (TCGA) data portal (https://tcga-
data.nci.nih.gov/tcga) on June 14th, 2014 and tested for 
associations as indicated [73]. Gene expression levels for 
Klotho, βKlotho and γKlotho were estimated by the RNA-
Seq Expectation-Maximization (RSEM) normalization 
method. The median of each gene was calculated for all 
available patients. Tumors with negative estrogen receptor 
(ER) status, progesterone receptor (PR) status, and HER2 
status by either IHC or FISH were considered as triple 
negatives. Tumors with undetermined or not evaluated 
status for any one of these parameters were excluded. 
Progression-free survival was calculated from the date of 
breast cancer diagnosis to the date of detection of distant 
metastasis or the date of death, whichever was earlier. 
Overall survival was calculated from the date of diagnosis 
to the date on which the patient died from any cause. 
Patients alive at the end of the study period were censored 
at the date of last follow-up or the last date the patient 
was known to be alive, whichever was later. Kaplan-
Meier survival curves and log-rank tests were calculated 
with SPSS Statistics 17. For the Curtis microarray dataset, 
the expression of Klotho genes was similarly analyzed as 
above in about 2,000 samples (n = 144 benign, 320 TN, 
1673 nonTN), with Bonferroni post-hoc test.

Other statistical analysis were performed using 
GraphPad Prism, version 6 (GraphPad Softwar,CA, USA). 
P-values were calculated using (paired) Student’s t-tests,
one-way or two-way ANOVA with Bonferroni post-hoc
tests. Correlation between two ranked variables was
assessed using a nonparametric Spearman rank correlation
test. P-values < 0.05 were considered as statistically
significant. Values that were not normally distributed
were log-transformed in order to meet the assumptions of
parametric statistical tests.
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ABSTRACT
Real-time, single-cell multiplex immunophenotyping of circulating tumor 

cells (CTCs) is hypothesized to inform diagnosis of tissue of origin in patients with 
carcinoma of unknown primary (CUP). In 20 to 50% of CUP patients, the primary 
site remains unidentified, presenting a challenge for clinicians in diagnosis and 
treatment. We developed a post-CellSearch CTC assay using multiplexed Q-dot 
or DyLight conjugated antibodies with the goal of detecting multiple markers in 
single cells within a CTC population. We adapted our approach to size-based CTC 
enrichment protocols for capturing CTCs and subsequent immunofluorescence (IF) 
using a minimal set of markers to predict the primary sites for common metastatic 
tumors. The carcinomas are characterized with cytokeratin 7 (CK7), cytokeratin 20 
(CK20), thyroid transcription factor 1 (TTF-1), estrogen receptor (ER) or prostate-
specific antigen (PSA. IF has been optimized in cultured tumor cells with individual 
antibodies, then with conjugated antibodies to form a multiplex antibody set. With 
IF, we evaluated antibodies specific to these 5 markers in lung, breast, colorectal, 
and prostate cancer cell lines and blood from metastatic prostate and breast cancer 
patients. This advanced technology provides a noninvasive, diagnostic blood test as 
an adjunct to routine tissue biopsy. Its further implementation requires prospective 
clinical testing.

INTRODUCTION

Metastasis is responsible for the majority of 
cancer-related deaths [1].  A limiting step in metastasis 
is access to circulation, thus theoretically circulating 
tumor cells (CTCs) should be present in all patients with 
metastatic tumors, which may have both diagnostic and 
prognostic values.  Enumerated by the Food and Drug 

Administration-cleared Janssen (Veridex) CellSearch® 
system, circulating tumor cells are an independent 
prognostic factor of progression-free survival (PFS) and 
overall survival in metastatic breast [2-4], colon [5] and 
prostate cancers [6]. The technology is currently being 
used in the clinic to monitor disease progression as well 
as the response to cancer therapy. There is intense effort 
in the field to identify prognostic as well as predictive 
biomarkers in CTCs [7, 8]. 
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Carcinoma of unknown primary (CUP) accounts for 
only 3-5% of metastatic tumors and presents a challenge 
for clinicians in diagnosis and therapy [9].  CUP patients 
can have early and unusually aggressive metastatic 
dissemination without a readily identifiable primary tumor 
site [9, 10].  In 20 to 50% of CUP patients, the primary 
site remains unidentified even after extensive diagnostic 
workup. Patients with CUP have a median survival of 8-11 
months and a one-year survival of only 25% [9]. Tissue 
biopsy is the standard of care for diagnosis, but there is a 
need for improved and complementary methodology [9]. 
A non-invasive blood test that takes advantage of CTC 
analysis may be a valuable adjunct to routine biopsy. 

Quantum dots (Q-dots) are nanocrystal fluorophores 
with long-term photostability and improved brightness, 
which allow simultaneous excitation of multiple 
fluorescence colors [11, 12]. DyLight fluorescent dyes are 
high-intensity, photostable fluorescent tags for labeling 
antibodies and other molecular probes. We have been 
developing a CTC analysis method using multiplexed 
conjugated antibodies with the goal of detecting multiple 
markers in each single cell within a CTC population to 
aid in the diagnosis of CUP and identification of its site 
of origin. 

Isolation of circulating tumor cells involves both 
selection and enrichment. The cell surface marker most 
commonly utilized for isolation of CTCs is the epithelial 
cell adhesion marker (EpCAM). The Janssen (previously 
Veridex) CellSearch system with the EpCAM kit uses 
EpCAM-antibody bound ferrofluid to capture EpCAM 
positive cells with the use of a magnet. The cells are 
permeabilized and subjected to further positive selection 
by immunofluorescence with DAPI, antibody staining 
with Cytokeratins 8, 18 and 19 followed by negative 
selection with CD45 antibody staining [13-15]. 

The Janssen CellSearch is utilized in this study to 
diagnose carcinoma based on the presence of CTCs as 
described above and subsequent enumeration. CTCs are 
also enriched and captured based on their size utilizing 
either the flexible micro spring array (FMSA) device [16, 
17] or the Creatv Microtech CellSieve device. The CTCs
may be fixed and stained for multiple markers directly on
either the FMSA device or the Creatv Microtech device.

Cytokeratin 7 (CK7), cytokeratin 20 (CK20), thyroid 
transcription factor 1 (TTF-1), estrogen receptor (ER) and 
prostate-specific antigen (PSA) are markers commonly 
used by pathologists in determining the site of origin from 
tissue biopsies [9, 18-24].  TTF-1 is a marker specific 
to the lung and thyroid [20], PSA is specific to prostate 
[22, 23] and ER to breast [9] and ovaries [21]. CK20 is 
particularly useful in diagnosing lower gastrointestinal 
carcinomas, whereas CK7 is expressed more commonly 
in upper gastrointestinal including pancreaticobiliary, 
respiratory and gynecological malignancies [9, 18, 21].  
Our study utilizes these markers in CTCs to demonstrate 
the feasibility of differentiating breast and prostate cancer 

from other common metastatic tumors such as lung and 
colon cancers [25-27].

RESULTS

Marker-based algorithm for CTCs

We have developed an immunofluorescence (IF) 
protocol with a minimal set of markers to predict the 
primary sites for common metastatic tumors from lung, 
colon, breast or prostate cancer (Figure 1), and this 
algorithm may be expanded to include additional cancer 
types (Supplemental Figure S1). A patient’s blood is 
tested using the Janssen (Veridex) CellSearch system and 
positive CTCs from the epithelial kit support a diagnosis of 
carcinoma. To identify the tissue origin of the carcinoma, 
we use cytokeratin 7 (CK7), cytokeratin 20 (CK20), 
thyroid transcription factor 1 (TTF-1), estrogen receptor 
(ER) in female patients or prostate-specific antigen (PSA) 
in male patients as the minimal set of markers (Figure 2). 

Marker verification process

The minimal set of markers we have chosen are 
commonly used by pathologists in identifying the primary 
site from tissue biopsies [9]. The antibodies used in 
paraffin-embedded or frozen tissue sections may or may 
not work in populations of individual cells evaluated 
by immunofluorescence. Therefore, each of the chosen 
primary antibodies was initially evaluated in cancer 
cell lines expected to be positive (Figure 3, top panels) 
or negative for the marker. When the chosen primary 
antibody coupled with a fluorescence-labeled secondary 
antibody was successful as defined by appropriate positive 
and negative staining in respective plated cancer cell lines, 
the primary antibody was subsequently conjugated to a 
Q-Dot or DyLight fluorophore. The conjugated primary
antibody was re-evaluated in the respective cancer cell
lines positive (Figure 3, middle panels) and negative for
the target marker. The cell lines were subsequently spiked
into human blood and processed through the Janssen
(Veridex) Cell Search system. The cells recovered from
blood are evaluated post-CellSearch with the Q-Dot
conjugated antibody against that marker protein (Figure
3, bottom panels). Alternatively, Q-Dot and DyLight
conjugated antibodies were used to stain the CTCs
captured on FMSA or similar devices. Finally, CTCs from
patients with known carcinomas were evaluated with
Q-dot or DyLight conjugated antibodies after FMSA,
CellSieve or similar enrichment or alternatively post-
CellSearch. If the recovered circulating tumor cells show
an immunophenotype consistent with the known primary,
the future phase of the study is to prospectively evaluate
patients with carcinomas of unknown primary. Figure 3
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demonstrates the entire marker validation process with 
images of cell lines positive for either CK7 (left panels) or 
estrogen receptor (right panels).

Marker verification of individual antibodie

Figure 4 demonstrates marker validation with a 
CK7 antibody that was subsequently conjugated to Q-Dot 
605. As predicted by the algorithm with a minimal set of
markers (Figure 1), SKBR3 breast cancer cells demonstrate
positive staining of CK7 while HT29 colon cancer cells
show no expression. The corresponding table summarizes
the results from all the cells types tested. As expected,
8505C thyroid cancer cells and SKOV3 ovarian cancer
cells demonstrate positive CK7 staining; another colon
cancer cell line, HCT 116 was negative. Q-Dot conjugated
antibodies are known to have some non-specific binding
based on the presence of some weaker signal in the
negative controls (Figure 4B, left panel). We were able
to distinguish between positive (SKBR3) and negative
(HT29) cell types both visually and through quantificatio
of the average signal intensity. The CK7 signal in SKBR3

cells was approximately 6-fold stronger than that in HT29 
cells. Using Nuance software, signal intensity in the area 
of interest was evaluated after subtracting the background 
and manually adjusting the threshold intensity. Although 
the majority of the areas of interest contained single cells, 
some had clumps of cells. Therefore, the n-value in the 
bar graph may be lower than the actual number of cells 
when clumps of cells were included in the area of interest. 
As an alternative to quantum dots, conjugating the CK7 
antibody to DyLight 488 yielded minimal non-specific
binding (Figure 4D) in a multiplexing experiment with 
CK20-DyLight 594. Supplemental Figure S2 demonstrates 
IF on cells captured on either the FMSA (CK7 conjugated 
to Q-Dot 605) or CellSieve devices after spiking SKBR3 
cancer cells into normal donor blood. Antibodies against 
other markers in our minimal set of markers (Figure 1) 
such as CK20 (Supplemental Figure S3; Figure 5), ER 
(Supplemental Figure S4), PSA (Supplemental Figure 
S5; Figure 6) and TTF-1 (Supplemental Figure S6; 
Figures 5 & 6) that are suitable for cell IF have been 
identified. In addition, antibodies to other markers such 
as alpha-fetoprotein (AFP) for hepatocellular carcinoma 
(Supplemental Figure S7) and carcinoembryonic antigen 

Figure 1: Minimal set of markers for carcinoma identification. Four of the most common carcinomas (prostate, breast, colon 
and lung) are identified by immunofluorescence determination of the presence or absence of each of four out of five marker proteins. 
Cytokeratin 7 (CK7), cytokeratin 20 (CK20), thyroid transcription factor 1 (TTF-1), estrogen receptor (ER) in females or prostate-specific
antigen (PSA) in males comprise the minimal set of markers for this algorithm. The percentages indicate the frequency of the tumor type 
showing positive staining for the markers. 
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(CEA) for colorectal cancer and some other epithelial 
cancers (Supplemental Figure S8) were identified for the 
purpose of characterizing a larger set of carcinomas.

Optimizing CEA Q-Dot 655 in strongly and 
weakly positive cells

CEA is a secreted cell-surface glycoprotein, which 
is not included in our algorithm due to its poor tissue 
specificit . Using an unconjugated primary antibody and 
fluorescence-labeled secondary antibody, CEA expression 
was found to be positive in HT29 and weakly positive 

Figure 2: Clinical blood test for carcinoma of unknown primary. A patient’s blood is tested with the CellSearch (Veridex now 
Janssen) epithelial or carcinoma kit (using EpCAM), and the presence of CTCs, which are enumerated supports a diagnosis of carcinoma. 
Second and third tubes of blood are enriched for CTCs based on size using the FMSA device or CellSieve (Creatv Micro Tech) device 
followed by immunofluorescence (IF) analysis. IF evaluation of captured CTCs detects the presence of 4 of 5 marker proteins to distinguish 
between prostate, breast, colon and lung cancer.
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in HCT 116 colon cancer cells. Specificall , HCT 116 
cells have lower levels of CEA and in some cells the 
expression levels were barely detectable. When the CEA 
antibody was conjugated to Q-Dot 655, these differences 
were more subtle, which is attributed to non-specific
binding (Supplemental Figure 8). To increase the chance 
of detecting these differences, we optimized our Q-Dot 
IF protocol. Reducing the incubation time of the primary 
antibody and using different blocking reagents allowed 
differential detection of CEA expression between the 
strongly positive HT29 and weakly positive HCT 116 
colon cancer cells (Supplemental Figure S9), which more 
closely matched the results obtained with unconjugated 
primary antibody and fluorescence-labeled secondary 
antibody (Supplemental Figure S8). However, application 
of this approach to other Q-Dot conjugated antibodies did 
not yield definitive results (data not shown) as seen with 
DyLight conjugated antibodies. In Figure 4D, the cells 

negative for CK7 (HT29) could be clearly distinguished 
from positive cells without quantification when CK7 
antibody was conjugated to DyLight 488.

Multi-marker algorithm-based analysis of patient 
CTCs

To further confirm this, we recruited a patient with 
ER-negative breast cancer based on prior pathology 
who had bone metastasis and positive CTCs (2 cells) 
by CellSearch analysis. Two additional tubes (~7.5 mL 
each) of blood were enriched for CTCs with two FMSA 
devices. The results from one of the tubes showed at least 
2 CK7-positive, Hoechst-positive, CK20-negative, TTF1-
negative cells in the blood consistent with her breast 
cancer diagnosis (Figure 5 Top panel and Bottom Panel 
A-B; Supplemental Figure S10 tube A).

Figure 3: Marker validation process. All five marker proteins (cytokeratin 7, cytokeratin 20, thyroid transcription factor, estrogen 
receptor and prostate-specific antigen) are validated using Step 1) unconjugated primary and fluorescent secondary antibodies in plated 
cells, Step 2) Q-dot conjugated primary antibodies in plated cells, Step 3) Q-dot conjugated primary antibodies in cells spiked into blood 
post-Veridex, Step 4) Q-dot conjugated antibodies in cells from cancer patient with known primary, Step 5) Q-dot conjugated antibodies in 
cells from cancer patients with unknown primary. The schematic demonstrates the first three steps in the process with DAPI nuclear stain 
included in the third panel.
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We also recruited a patient with castrate-resistant 
prostate cancer metastatic to both bone and meninges. 
Three weeks after demonstrating a serum PSA level 
of close to 1500 ng/mL, and one week after androgen 
biosynthesis inhibitor treatment, the patient had blood 
drawn for CTC enrichment and immunophenotyping. The 
first tube (~7.5mL) of blood was evaluated with antibodies 
to TTF-1, CK7, PSA (and Hoechst) whereas the second 
tube was evaluated for PSA, CK7, CK20 (and Hoechst) 
as shown in Figure 6B. Results from the first tube of 
blood are shown side-by-side with cancer cells that are 
positive and negative for each of the markers, respectively 
(Figure 6A). Two CTCs that are TTF-1-negative, PSA-
positive, CK7-positive with Hoechst-stained nuclei are 
shown in the last two columns. The CTC shown in the 
second column from the right is shown again in Figure 5F 
in a merged image of TTF-1 (negative), PSA and CK7. 
Although the majority of prostate cancer cells are CK7-
negative, some do express CK7 (Figure 1) [28, 29]. The 

observed expression of PSA and absence of TTF-1 in 
Hoechst-stained nuclei are consistent with prostate cancer. 
Collectively these CTCs enriched from this patient’s 
blood identify the patient’s cancer type as prostate. 
Merged images of negative TTF-1, positive PSA and CK7 
expression and Hoechst nuclear stain in three additional 
CTCs are shown in Figure 5 (Bottom Panel C, D & E). 
Phase microscopy of the cells in panel C and D are shown 
in panels G and H respectively with their oval shape on 
the FMSA device.

CTCs were captured from a second breast cancer 
patient with ER-positive, progesterone receptor (PR)-
positive, human-epidermal growth factor receptor 2 
(HER2)-negative breast cancer. This patient had bone 
metastasis and was treated with an aromatase (an enzyme 
in estrogen synthesis pathway)-inhibitor plus a mammalian 
target of rapamycin (mTOR) inhibitor. She had 38 CTCs 
by the clinical CellSearch test. She had blood drawn for 
this study 37 days later (referred to as the first IF/on-

Figure 4: Cytokeratin 7 marker validation. Cytokeratin 7 (CK7) demonstrates positive expression in SKBR3 cells but negative 
HT29 colon cancer cells. A. Unconjugated CK7 antibody. B. Q-Dot 605 conjugated CK7 antibody. Quantification: Regions of interest (47 
to 48) around cells was utilized to calculate average signal intensity. C. CK7 expression in all the positive and negative cell lines evaluated 
with the unconjugated primary antibody. D. DyLight 488 conjugated to CK7 antibody after multiplexing with CK20-DyLight 594 (CK20 
not shown).
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Figure 5: Metastatic breast and prostate cancer patient-derived CTCs. Top Panel: Cytokeratin 7 (CK7), 4’,6-diamidino-
2-phenylindole (DAPI) or Hoechst 33342, Cytokeratin 20 (CK20) and Thyroid transcription factor 1 (TTF1) expression in positive and
negative control cancer cells (lower power) and breast cancer patient CTCs. CK7 is conjugated to DyLight 488; CK20 is conjugated to
DyLight 594; TTF1 is used with Alexa Fluor 680 secondary antibody. Ruler with 10µm divisions below patient CTCs shown in region of
600x image. Experimental protocol shown in Supplementary Figure 9. Bottom Panel: A.-B. CK7 (green) and Hoechst (blue) positive cells
from a metastatic breast cancer patient (Figure 5). C.-F. PSA (red), CK7 (green) and Hoechst (blue) merged image of cells from a metastatic 
prostate cancer patient. G) Phase image of cell in panel C. H) Phase image of cell in panel D. Ruler with 10µm divisions above images of
patient CTCs. Images (600x): Zoom into region of image with CTC.
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Figure 6: Metastatic prostate cancer patient-derived CTCs. A. Prostate Specific Antigen (PSA), 4’,6-diamidino-2-phenylindole 
(DAPI) or Hoechst 33342, Cytokeratin 7 (CK7) and Thyroid transcription factor 1 (TTF1) expression in positive and negative control 
cancer cells and patient CTCs. PSA is conjugated to DyLight 594; CK7 is conjugated to DyLight 488; TTF1 is used with Alexa Fluor 680 
secondary antibody. Ruler with 10µm divisions at the bottom of patient CTC images. B. Two tubes of blood were evaluated for IF after 
capture on the FMSA device as shown. The results from the first tube (tube A) are shown in panel A above and Figure 7C-7H.
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study blood draw) with 167 CTCs by CellSearch (Figure 
7A) and subsequently another 26 days later (second IF/
on-study blood draw) with 46 CTCs by the CellSearch 
method (Figure 7B and Figure 8). Two additional tubes of 
blood were collected each time on the first and second IF/
on-study blood draws for enrichment with the CellSieve 
device and IF analysis (Figures 7 and 8) as shown in 
Figure 8B. Eleven of the first thirteen CK7-positive/
Hoechst-positive cells seen in a high power sampling of 
the CTCs captured on the Cell Sieve device during the first
IF blood draw are shown in Figure 7A as ER-negative. 
MCF7 (ER positive control) and SKBR3 (CK7 positive 
control) cells were spiked into normal donor blood and 
captured on the CellSieve device the same day as the 
patient sample (Figure 7A bottom right panel). Figure 
8B shows the experimental schematic with results from 
tube A shown in Figures 7 and 8A. Automated low power 
images of the entire CellSieve device were captured at the 
Penn State Imaging Core. A manual count of the resulting 
composite image yielded 164 CK7/Hoechst-positive cells, 
which is notably similar to the 167 CTCs enumerated 
by CellSearch from a different tube of blood harvested 
at the same time. None of these cells had detectable ER 
expression. Since ER expression was seen in the spiked 
positive control MCF7 cells treated simultaneously with 
the patient sample, the absence of ER signal is highly 
unlikely to be an experimental error. To confirm and track 
ER loss, a second blood draw was performed. Although 
CellSearch identified 46 CTCs on the patient’s second 
IF/on-study blood draw, by low power sampling (150x), 
we counted 69 CK7-positive/Hoechst-positive cells, 15 
(21.7%) of which were ER-positive. The most recent 
bone marrow biopsy in 2012 revealed that approximately 
5% of the metastatic cancer cells were ER positive, thus 
it is not surprising that an earlier sampling of circulating 
tumor cells yielded ER-negative CTCs. An additional 16 
ER-positive/Hoechst-positive/CK7-negative cells were 
observed. It is possible these cells may have lost CK7 
although this is infrequent. At high power (600x), we 
imaged at least 74 CK7-positive/Hoechst-positive cells 
with variable ER expression captured on this CellSieve 
device. Four of these cells are shown in Figure 7B with 
merged images of CK7/Hoechst/ER in the top panels, 
phase images of the same viable cells/ field in the middle 
panels and ER expression alone of the same cells/ field
in the bottom panel. Another 11 CK7-positive/Hoechst-
positive cells with variable ER expression are shown in 
Figure 8A with additional cells shown in Supplemental 
Figures S11 and S12. Cells captured on the CellSieve 
device from the second tube of blood (tube B; Figure 8B) 
showed no significant CK20 expression or definit  TTF-
1 expression. The absence of TTF-1 expression in the 
patient sample during the second blood draw could not be 
rigorously confirmed due to the absence of nuclear TTF-1 
signal in H441 cells tested on the same day as the patient 
sample. All other positive and negative controls were 

appropriate. The large number of CK7/Hoechst-positive 
cells with or without ER expression on the first CellSieve 
device (from blood tube A) and presence of CK7/Hoechst-
positive cells but no CK20 (and possibly no TTF-1) on 
the second CellSieve device (from blood tube B) of the 
patient after both on-study blood draws is consistent with 
the patient’s known primary breast cancer. 

DISCUSSION

Our study established a new algorithm-based 
protocol, which enabled determination of the tissue of 
origin in patients with breast and prostate cancers, two 
of the most common metastatic cancers. Our proof-of-
principle study showed that applying our algorithm in 
multiplex IF analysis of individual CTCs successfully 
identified the primary tumor in metastatic breast and 
prostate cancer patients. Future studies with more patients 
of known metastatic carcinomas (lung, colon, prostate, 
and breast) as well as CUP patients will pave the way for 
clinical application of this diagnostic blood test.

After evaluating different commercially available 
antibodies to CK7, CK20, TTF-1, ER and PSA, we have 
identified antibodies, which work well in the appropriate 
positive and negative cancer cell types. After conjugating 
various primary antibodies to Q-Dots, and reducing non-
specific binding, we determined that DyLight conjugated 
antibodies allow better distinction between positive and 
negative expression of the marker than Q-Dots. DyLights 
488 and 594 were successfully applied; However, since 
DAPI or Hoechst occupies another excitation/emission 
cube this ruled out the use of DyLight 3 The use of Alexa 
Fluor 680-labeled secondary antibody was much more 
effective than DyLight 650. Since we had no success 
with DyLights in the near IR range, this ruled out the 
simultaneous use of a fourth marker/fluorophore pair. Our 
primary antibody/fluorescent antibody pairs provided a 
feasible test to allow for interpretable results relevant to 
the goal of the study and the eventual clinical application. 
Finally we developed a protocol, which utilizes a 
combination of DyLight conjugated primary antibodies 
and primary /secondary antibody pairs for IF evaluation 
of two 7.5 mL tubes of blood from each patient. PSA 
[7, 8] and ER [30, 31] expression have previously been 
examined in CTCs but not as part of this 4-marker panel 
for the identification of the primary site in CU  patients.

ER-negative breast carcinoma poses a particular 
challenge for accurate diagnosis. Thus our algorithm 
focused the diagnosis in ER-negative breast cancer or 
previously ER-positive breast cancer with loss of ER in 
their CTCs. The CK7-positive, TTF-1-negative, CK20-
negative, Hoechst-positive signature observed in our 
ER-negative patient (Figure 4) is consistent with breast 
cancer. However, as shown in our algorithm, positive 
ER expression will rule out most bile duct, pancreas, 
esophagus, stomach, kidney and lung cancers (Figure 1). 
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Figure 7: Metastatic breast cancer patient with elevated CTC count. A. High power sampling of 11 CTCs captured from the 
blood of an Estrogen receptor (ER)/Progesterone-receptor positive metastatic breast cancer patient showing no ER expression. Merged 
images of Cytokeratin 7 (CK7)/Alexa Fluor 488 (green), ER/Cy3 (red, absent) and Hoechst 33342 nuclear stain (blue). Bottom right panel: 
positive control MCF7 cells (red, ER, short arrow) and SKBR3 cells (green, CK7, long arrow) with Hoechst 33342 nuclear stain (blue) after 
spiking into normal donor blood. B. High power images of CTCs captured during second blood draw. Top Panels: High power images of 
4 different CTCs. Merged images of Cytokeratin 7/Alexa Fluor 488 (green), ER/Cy3 (red) and Hoechst 33342 nuclear stain (blue). Middle 
Panels: Phase microscopy of the same fields in panels directly above. Arrows point to CTCs. Ruler at the bottom: 10µm divisions. Bottom 
panels: ER expression alone of the same field as the panels directly above. Arrows point to ER-positive cells. 
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Serving as an adjunct to standard biopsy, our CTC blood 
test is able to support a breast cancer diagnosis even in 
ER-negative cases. A CTC blood test has the advantage 
of being minimally invasive thus enabling us to obtain a 
second blood sample from an ER-positive breast cancer 
patient who appeared to have lost all ER expression in her 
CK7-positive/Hoechst-positive CTCs. However, results 
from the second on-study blood draw showed 21.7% of 
the CK7-positive/Hoechst-positive cells demonstrated 
ER expression. Since only a small percentage of breast 
cancer cells need to be ER-positive (or PR-positive) for 
the breast cancer to be hormone-receptor positive, it is not 
surprising that an earlier sampling of circulating tumor 
cells yielded ER- negative CTCs. Nevertheless, the CTCs 
from the two blood draws likely demonstrate dynamic 
intratumoral heterogeneity. Theoretically CTCs are 
released from either the primary tumor or the metastases. 
As this patient’s primary tumor was removed prior to both 
on-study blood draws, it would be interesting to compare 
CTC ER expression with that from the metastatic site. 
Nevertheless the presence of ER in the CTCs from the 
second on-study blood draw enabled us to make a more 
accurate assessment. A lack of ER expression in CTCs 
from patients with ER-positive primary breast cancer has 
been previously reported [30, 31] The presence of ER-

negative CTCs in ER-positive cancer patients is significant
as these CTCs may escape ER-targeted therapies, 
conferring selection pressure for their survival. This is a 
possibility for our second breast cancer patient with ER-
positive primary tumor with aromatase inhibitors as part 
of her therapy regimen. 

The presence of ER-positive, Hoechst-positive, 
CK7-negative cells in the blood of the second breast 
cancer patient could be interpreted as CK7 loss in CTCs. 
Only a subset of cytokeratins are down regulated during 
epithelial to mesenchymal transition (EMT). There is a 
dearth of information on the frequency of CK7 loss in 
breast cancer CTCs, where antibody cocktails targeting 
several cytokeratins are often utilized [32, 33]. Although 
we may speculate loss of more broadly expressed 
epithelial markers to occur more frequently during 
EMT, CK7, which is positive in upper gastrointestinal, 
respiratory and gynecological malignancies [18, 21] could 
potentially be lost during EMT in breast cancer CTCs. 

Our prostate cancer patient demonstrated a CK7-
positive, TTF-1-negative, PSA-positive profile in Hoechst-
positive CTCs which can only be diagnosed as prostate 
cancer. Moreover, PSA marker expression has been shown 
to be stable after metastasis in prostate cancer patients and 
no metastatic tumors of non-prostatic origin express PSA 

Figure 8: Metastatic breast cancer patient with elevated CTC count. High power images of unique CTCs captured during 
second blood draw. Merged images of Cytokeratin 7 (CK7)/Alexa Fluor 488 (green), ER/Cy3 (red, absent) and Hoechst 33342 nuclear 
stain (blue). Far left column, top 2 panels: CK7 and ER positive control plated cells with Hoechst nuclear stain. B. Experimental protocol 
for results shown above. 167 CTCs by CellSearch during first blood draw (Figure 7) and 46 CTCs by CellSearch during second blood draw 
(Panel A above).
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in this study [34]. CK7-positivity in prostate cancer has 
been reported [28].

A third tube of blood from each patient is used 
for FDA-cleared CellSearch analysis of the CTCs using 
the epithelial kit to enumerate the CTCs and diagnose 
carcinoma. Although our initial approach was to further 
immunophenotype the same cells captured by the 
CellSearch using 4 of the 5 markers, it was determined 
that both the FMSA and CellSieve enable superior IF 
analysis of cells captured on the device. It is important 
to note that we obtained comparable or greater numbers 
of CTCs using these size-based approaches as with FDA-
cleared CellSearch. A broader limitation of the utilization 
of EpCAM for CTC selection is that many of the CTCs 
may not express EpCAM. Cells undergoing EMT and 
poorly differentiated stem cell-like tumor cells are likely 
EpCAM negative. Our study identified metastasis of the 
four most common carcinomas (prostate, lung, breast and 
colon) from CTCs, which typically express high levels 
of EpCAM [33]. Nevertheless, if any of the CTCs have 
lost EpCAM, CK8, CK18, or CK19, our size-based CTC 
enrichment-capture approaches will enable us to capture 
these cells, which would otherwise escape detection by 
CellSearch.

CUP can have early [10] and unusually aggressive 
metastatic dissemination without readily identifiable
primary tumor [9]. It is presumed that before the primary 
tumor becomes large enough to be readily detectable, the 
tumor has already metastasized. The primary tumor may 
either be slow growing or have possibly involuted [21]. 
Developing novel techniques to determine the site of origin 
in CUP patients is crucial, since these patients who remain 
to have unknown primary after conventional detection 
method carry a poor prognosis and often have delay in 
treatment due to lack of a definitive diagnosis. Moreover, 
prognosis and treatment of metastatic adenocarcinomas is 
tied to the primary tumor. CUP patients whose primary 
cancer cannot be identified are usually treated with 
empirical platinum-based chemotherapy [9], which is 
often not as effective as treatments tailored to specific
sites. This assay is being developed due to the less specific
and often delayed diagnosis in current practice when 
evaluating CUP. Studies have shown that in 20 to 50% of 
patients, a primary site is never identified [9]. Using CTCs 
in this setting may improve the detection of this poorly 
understood cancer and it also has the benefit of being 
largely non-invasive. However, some tumors are so poorly 
differentiated that they may still be left without a clear 
diagnosis whether a traditional immunohistochemistry 
(IHC) of the biopsy or biopsy IHC with accompanying 
CTC IF blood test are employed. Genomic analysis 
with algorithm-based markers in CTCs may provide an 
alternative to this protein-antibody based approach to 
identifying the primary site. 

Our future studies involve implementation of an 
approved clinical study, which is divided into two phases/

stages. In the first stage/phase of the CUP-CTC study, we 
will recover CTCs in 20 patients with metastatic cancers of 
known primary (lung, prostate, breast, colon), and then use 
our novel assay to obtain informative marker expression 
information to aid in the diagnostic process. The primary 
site of origin as determined from the novel CTC-CUP 
assay will be verified using classical immunofluorescence
and common IHC markers as is routinely performed in the 
course of clinical care of patients. In second stage/phase 
of the CTC-CUP study, we plan to enroll 20 patients being 
evaluated for suspected CUP. 

The results of this study will not replace the standard 
diagnostic evaluation including history and physical exam, 
laboratory testing, imaging, tissue biopsy and clinical 
correlation; however, we aim to use the knowledge 
obtained to improve upon the accuracy and timing of 
diagnosing the tissue of origin in patients with CUP in 
a noninvasive manner in the future. Patients with poorly 
differentiated carcinomas may pose the greatest challenge 
in identifying the primary both in terms of biopsy of the 
metastatic site(s) and the CTCs. If this small clinical 
study is successful, further implementation will require 
prospective clinical trials. We estimate that if a simple 
CUP-CTC blood test can facilitate diagnosis in as few as 
10-20% of patients with CUP, such relatively noninvasive
and inexpensive assay would have wide appeal for clinical
use especially in the outpatient setting.

MATERIALS AND METHODS

Antibodies

The following antibodies and fluorophores were 
used: CK7 (Dako), CK20 (Dako), TTF1 (Invitrogen), ER 
clone 16660 (Abcam), PSA (Cell Signaling) and AFP (Cell 
Marque). DyLight 594, DyLight 488 (Pierce), Q-Dot 605 
and Q-Dot 655 (Life Technologies). 

CTC capture and Immunophenotyping

Blood (~7.5mL) collected in an EDTA tube was 
filtered through a single FMSA device within 4hrs of 
collection. The device was gently moved to a glass 
microscope slide and fixed with Cytofix/Cytoperm (BD 
Biosciences) for 30-45 minutes at 4 degrees Celsius, 
washed in PBS (phosphate buffered saline) and incubated 
in PBS with 0.3% Triton-X-100/0.1% BSA (modified
PBT) for 10 minutes. The samples were subsequently 
blocked for > 1hr with 1:1 mixture of serum from the 
same species as the secondary antibody and modified PBT. 
The first set of antibodies are diluted in modified PBT 
overnight at 4 degrees Celsius in a humidified chamber 
with paraffin covering the device resting on a glass slide. 
After washing with PBS, the secondary antibody diluted 
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in PBT was added at RT for 2hrs. After gentle washing 
with PBT and PBS, the device was either washed with 
deionized water for nuclear staining or incubated with 
conjugated antibody/antibodies diluted in PBT for 5.5 to 
6hr incubation at 4 degrees Celsius followed by washing 
in PBT, PBS and deionized water. DAPI or Hoechst 
freshly diluted in deionized water was added for 1 minute 
and washed with deionized water. After adding mounting 
media and a coverslip, the slides were viewed. The same 
protocol was used for the CellSieve (Creatv Microtech) 
device, which may be retained longer in the filter holder 
assembly before moving it to a glass slide. The CellSieve 
device (7micron pore diameter) is used with a syringe 
pump for gently pushing the blood through the device and 
washing with PBS. 

Plated cells positive and negative for all the markers 
were also evaluated for the presence of the marker 
proteins on the same day as the patient sample for the 
metastatic ER/PR positive breast cancer patient on both 
days that blood was drawn for CTC enrichment. MCF7 
(ER positive control) and SKBR3 (CK7 positive control) 
cells were spiked into normal donor blood and captured 
on the CellSieve device the same day as the patient 
sample for this patient’s first on-study blood draw. The 
antibodies were diluted for the positive/negative control 
plated cells, spiked positive controls and patient samples 
in one tube before aliquoting to ensure that results from 
patient samples cannot be attributed to the experimental 
execution.

Blood (7.5mL) collected in a CellSave tube was 
used run through the Janssen (Veridex) CellSearch system 
using an EpCAM-based Circulating Epithelial Cell Kit 
within 72hrs of collection.

Post-CellSearch immunofluorescence was 
performed after collecting cells by flushing the CellSearch 
cassette with PBS and cytospin of the cells onto a glass 
slide.

Imaging

Imaging was primarily performed on a Nikon 
Eclipse Ti inverted microscope and NIS Elements 
software or to evaluate Q-dots CRi Nuance software 
for multispectral imaging (El-Deiry laboratory). Some 
automated imaging was conducted using a DeltaVision 
Elite microscope system, plus an upright fluorescence
microscope with a Retiga Exi high-speed CCD camera 
with QED software for image acquisition and Huygens 
software (Penn State Hershey Imaging Core).
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ABSTRACT
The onset and progression of breast cancer are linked to genetic and epigenetic 

changes that alter the normal programming of cells. Epigenetic modifications of 
DNA and histones contribute to chromatin structure that result in the activation or 
repression of gene expression. Several epigenetic pathways have been shown to be 
highly deregulated in cancer cells. Targeting specific histone modifications represents 
a viable strategy to prevent oncogenic transformation, tumor growth or metastasis. 
Methylation of histone H3 lysine 4 has been extensively studied and shown to mark 
genes for expression; however this residue can also be acetylated and the specific 
function of this alteration is less well known. To define the relative roles of histone H3 
methylation (H3K4me3) and acetylation (H3K4ac) in breast cancer, we determined 
genomic regions enriched for both marks in normal-like (MCF10A), transformed 
(MCF7) and metastatic (MDA-MB-231) cells using a genome-wide ChIP-Seq approach. 
Our data revealed a genome-wide gain of H3K4ac associated with both early and 
late breast cancer cell phenotypes, while gain of H3K4me3 was predominantly 
associated with late stage cancer cells. Enrichment of H3K4ac was over-represented 
at promoters of genes associated with cancer-related phenotypic traits, such as 
estrogen response and epithelial-to-mesenchymal transition pathways. Our findings 
highlight an important role for H3K4ac in predicting epigenetic changes associated 
with early stages of transformation. In addition, our data provide a valuable resource 
for understanding epigenetic signatures that correlate with known breast cancer-
associated oncogenic pathways.

INTRODUCTION

Epigenetic changes in chromatin structure and post-
translational modification in response to developmental, 
environmental and hormonal stimuli, mediate changes in 
transcriptional output that ultimately define distinct cell 
phenotypes. A major component of epigenetic regulation 
is the post-translational modification of histone tails 
that affects chromatin structure by destabilizing histone 
interactions with DNA, altering nucleosome contacts, and 
forming binding sites for transcriptional regulators that 
influences gene expression. Under normal circumstances 
these shifts in histone modifications result in programmed 
phenotypic changes such as cell differentiation. However, 
there is increasing evidence that alteration of the histone 
epigenome is one of the earliest steps in oncogenic 

transformation [1, 2]. Although numerous histone post-
translational modifications contribute to chromatin and 
gene regulation, the tri-methylation of histone 3 lysine 
4 (H3K4me3) is a well-established marker of active or 
poised transcription [3] and enzyme complexes regulating 
this modification have been implicated in oncogenesis 
and cancer-related functions [4-6]. In contrast, the role 
of acetylation of H3K4 has been less studied. This is 
surprising given the importance of other acetylation marks, 
and given the implication of histone acetyltransferase 
and deacetylase enzymes in the progression of several 
types of tumors [7, 8]. In other cell systems, there is a 
coordinated interaction between H3K4me3 and H3K4ac 
modifications; however, it is unclear how these marks 
function independently to regulate gene expression and a 
detailed, global analysis of these modifications in cancer 
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has yet to be directly evaluated [9-11]. In this study, we 
tested the hypothesis that the differential enrichment of 
these specific histone marks may define the cellular and 
molecular characteristics that are hallmarks of breast 
cancer cell phenotypes.

Reliable early detection and prevention of cancer 
depend on a better understanding of the initial molecular 
events involved in driving mammary epithelial cells 
toward a transformed state. Although there has been 
a decline in breast cancer incidence in recent years, it 
remains the second leading cause of death among women 
in the US with an estimated 234,000 new cases of invasive 
breast cancer and 60,000 new cases of carcinoma in situ 
diagnosed in 2015 [12]. The most common classification 
system for breast cancer is presently based on histological 
type, tumor grade, lymph node status and the presence 
of predictive markers such as estrogen receptor alpha 
(ESR1), progesterone receptor (PGR) and epidermal 
growth factor receptor (HER2). More recently, molecular 
profiling has been used to categorize breast cancers into 
multiple subtypes with different prognoses and treatment 
responses [13, 14]. The triple negative basal-like 
subtype is the most difficult to treat due to an absence of 
therapeutic targets. Basal-like breast cancer cell lines often 
lose their epithelial characteristics and undergo epithelial-
to-mesenchymal transition (EMT) with characteristic gene 
expression changes [15]. The mesenchymal phenotype 
in breast cancer cells has been linked with increased 
invasion, metastasis, and the acquisition of stem cell 
characteristics [16-18]. In this study, three well-established 
human mammary cell lines were chosen to represent a 
normal-like subtype (MCF10A; fibrocystic disease) and 
two cancer subtypes, luminal (MCF7; ESR1/PGR+) and 
basal-like metastatic (MDA-MB-231; ESR1/PGR- HER2-
); together these provide a relatively comprehensive model 
to recapitulate the transitional differentiation observed 
in breast cancer subtypes, as it is difficult to mirror the 
heterogeneity associated with clinical samples with a 
single cell line [13, 14, 19]. By establishing changes in 
H3K4me3 and H3K4ac in these three model cell lines, we 
will be able to define an epigenetic signature of distinct 
stages of cancer and determine molecular differences 
leading to phenotypic changes during cancer progression.

Here we provide a global map of H3K4me3 and 
H3K4ac in breast cancer. Our analysis defines a pattern 
of H3K4 enrichment that correlates with breast cancer 
cell subtype, estrogen response and the EMT oncogenic 
pathway. These discoveries highlight a specific role 
for H3K4ac as an epigenetic hallmark of cellular 
transformation, provide a better overall understanding of 
epigenetic changes leading to cancer, and may identify 
new biomarkers for breast cancer surveillance and 
pharmacologic targets for treatment.

RESULTS

Specificity of histone H3K4 tri-methylation and 
acetylation patterns in breast cancer cell subtypes 

As a model of distinct stages of breast cancer 
progression, we selected three well-characterized cell lines 
(Figure 1). MCF10A is a non-cancerous cell line showing 
characteristics of epithelial hyperplasia and falls within the 
normal-basal subtype exhibiting minimal to no expression 
of estrogen or progesterone steroid receptors. The MCF7 
cell line represents the mature luminal subtype of breast 
cancer expressing both the estrogen and progesterone 
receptors. This subtype (luminal, ESR1+, PGR+) 
represents 40-75% of newly diagnosed breast cancers and 
responds well to hormone therapy. The MDA-MB-231 
cell line is an invasive metastatic adenocarcinoma that 
is ESR1-, PGR-, HER2- (triple negative). This invasive, 
basal subtype represents 10-20% of breast cancers and 
has a poor short-term prognosis primarily due to a lack 
of targeted therapies. The identity of each cell line was 
verified by short tandem repeat (STR) DNA fingerprinting 
and characterized by q-PCR for expression of key 
regulatory markers attributed to each cell type (data not 
shown).

One of the most extensively studied modifications 
of H3K4 is tri-methylation (H3K4me3), which has been 
shown to be highly regulated and tightly associated with 
active gene transcription. H3K4 acetylation (H3K4ac) is 
less well studied, but is reported to be associated with both 
promoter and transcribed regions of active genes [20, 21]. 
We also observed that a large percentage (greater than 
70%) of the H3K4me3 and H3K4ac peaks were associated 
with promoters and gene bodies (Supplementary Figure 
S1). To address the contribution of these activating marks 
in relation to each cancer cell subtype as a model of 
cancer progression, we examined the signature of these 
histone modifications in each cell line. Using ChIP-seq 
analysis we assembled a genome wide map of H3K4me3 
and H3K4ac patterns. Initially we characterized the 
distribution of these marks at the chromosome level 
(Figure 2A). The mean enrichment of H3K4me3 appeared 
relatively constant among the three cells lines, with the 
exception of elevated enrichment of chromosome 19 in 
MCF10A and MCF7 cell lines, and decreased enrichment 
in chromosome 22 in the metastatic MDA-231 cell line. 
Patterns for H3K4ac across all chromosomes showed 
the most dynamic change in MCF10A and MCF7 
while MDA-MB-231 had a relatively uniform pattern 
of distribution across chromosomes. Chromosome 19 
demonstrated the highest levels of H3K4ac in all cell 
lines. However, H3K4ac enrichment was markedly higher 
in MCF10A and MCF7 relative to the MDA-MB-231 cell 
line. This observation is consistent with the high gene 
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density of chromosome 19 and suggests a focused role of 
this modification in regulation of genes in the MCF10A 
and MCF7 cell lines. Additionally, H3K4ac levels were 
increased on chromosomes 17 and 22 in the normal-like 
MCF10A cell line compared to MCF7 and MDA-MB-231.

Although we noted distinct changes at the whole 
chromosome level we sought to define changes in 
H3K4me3 and H3K4ac modifications at gene promoters 
(+/- 1Kb from the TSS). The relative enrichment of 
both marks showed little variation among chromosomes 
within cell lines when measured at promoters (Figure 
2A, lower panel). However, overall changes in H3K4 
epigenetic marks are increased at gene promoters in the 
two breast cancer cell lines as compared to the normal-
like MCF10A cell line. Notably, H3K4me3 was highest 
in MDA-MB-231 (mean fold-enrichment (FE) of 9.3 for 
MDA-MB-231 compared to 6.1 for MCF7 and 5.7 for 
MCF10A); while H3K4ac at promoters was higher in both 
cancer cell lines MCF7 and MDA-MB-231 (mean FE of 

9.2 and 7.0 , respectively, compared to 5.5 for MCF10A). 
These trends suggest that increased H3K4ac may be an 
early cancer status epigenetic change, while H3K4me3 
may reflect a late stage epigenetic mark. In addition, we 
noted a decrease in both H3K4 modifications on the X- 
chromosome for MCF10A, as expected due to inactive 
X promoters while in both breast cancer cell lines the 
chromosome X promoters are more highly marked by both 
H3K4me3 and H3K4ac. These results suggest a degree 
of gene reactivation consistent with reports of epigenetic 
instability of the inactive X in breast cancer [22].

We further narrowed our analysis to define 
enrichment of H3K4 marks at 10,964 protein coding 
gene promoters with a 4 fold or greater enrichment (FE) 
over input for at least one histone mark in at least one 
cell line (Figure 2B-2C). Similar to our chromosome-wide 
analysis, the subset of protein-coding promoters show 
the same increased enrichment of H3K4me3 in MDA-
MB-231 when compared to the other two cell lines, while 

Figure 1: Characteristics of cell lines used to model the diverse heterogeneity observed in breast cancer. Schematic 
model of breast cancer cell lines used to assay histone modification changes. MCF10A represents a normal basal epithelial, ESR/PGR 
low-negative, MCF7 represents the luminal cell subtype, ESR1+/ESR2+/PGR+, correlative with a more favorable prognosis, and MDA-
MB-231 is representative of the metastatic basal cell subtype, ESR1-/PGR-/Her2- correlative with a less favorable prognosis.
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Figure 2: Genome-wide analysis of histone H3K4me3 and H3K4ac patterns by cell line. A. Normalized read counts for 
H3K4me3 (left) and H3K4ac (right) were calculated for each chromosome and expressed as log2 FE (upper panels) and median FE at 
promoters of each chromosome (lower panel) for the three cell lines. Chromosomes 13,17,19,22, and X (highlighted in color) fall furthest 
from the mean (thick black line). B. Gene promoters (+/- 1kb from TSS) with significant H3K4me3 or H3K4ac enrichment were determined 
by calculating relative enrichment over input (> log22 fold) and compared across the three cell lines (MCF10A: green, MCF7: orange, and 
MDA-MB-231: purple). 9,723 genes are marked by H3K4me3 in at least one cell line; likewise 10,206 are marked by H3K4ac. C. FE signal 
within +/- 2kb of TSS was plotted for each cell line. An increase in H3K4me3 enrichment was observed in the MDA-MB-231 cell line (left 
panel, purple line) and increased for H3K4ac enrichment in the MCF7 cell line (right panel, orange line).
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an increased enrichment of H3K4ac was observed in both 
the MCF7 and MDA-MB-231 cancer cell lines (Figure 
2C).

To provide insight into the unique and overlapping 
marked gene promoters among the three cell lines, we 
constructed Venn diagrams using a threshold of 4 FE; 2 
in log2 over input (Figure 2B). There are a large number 
of promoters in all three cell lines marked by either 
H3K4 tri-methylation (6502, 65%) or acetylation (5865, 
58%). However, a distinct pattern of promoters that are 
more highly marked by either tri-methylation (range of 

2-10%) or acetylation (range of 3-14%) among the three
cell lines was also observed. Overall, the two cancer
cell lines have the highest number of cell line specific
marks for both H3K4me3 and H3K4ac. MDA-MB-231
showed the highest number (1046) of H3K4me3 marked
promoters while the highest number (1377) for H3K4ac
was observed in the MCF7 cells.

After evaluating the distribution of the two histone 
modifications among the three cell lines, we next 
addressed the correlation of the two marks within each cell 
line to reveal either tight association of the two marks or 

Figure 3: Correlation of H3K4me3 and H3K4ac enrichment at gene promoters among cancer-related cell lines. A. 
Scatter plot of FE of H3K4me3 and H3K4ac at gene promoters. A strong correlation of the two marks was observed in the three cell lines 
with a large number of points clustered around the diagonal (blue dotted line) exceeding 4 fold (log22) enrichment over input. B. The top 
25% of H3K4me3 (left panel) or H3K4ac (right panel) enriched promoters were ranked by decreasing FE, log22. Corresponding mark is 
depicted (H3K4ac in green and H3K4me3 in blue) using the identical rank order (with smoothing). Black dotted line denotes the top 2% 
of marked gene promoters. There is a greater divergence of acetylation enrichment from methylation enrichment in the highest ranked 
acetylated genes.
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distinct patterns of each among the three cell lines. Using 
the same FE threshold as for the Venn diagrams, we found 
(10,964 promoters) that are marked by H3K4me3 and/
or H3K4ac in any of the three cell lines. The scatterplots 
shown in Figure 3A reveal a strong correlation of H3K4 
tri-methylation and acetylation within each cell line. 
In consideration of differences in antibody efficiency, 
we compared distribution patterns of the two cancer 
cell lines to the normal-like MCF10A cell line. MCF7 
exhibits a striking shift toward higher H3K4ac compared 
to MCF10A. In contrast the MDA-MB-231 cell line has 
a more dispersed pattern with a trend toward H3K4me3.

To further interrogate the observed shifts in the 
correlative pattern of the two marks, we ranked the top 
quartile of gene promoters (2741) based on the highest 
fold enrichment for either H3K4me3 (Figure 3B, left 
panel) or H3K4ac (Figure 3B, right panel) and plotted the 
mean signal versus the corresponding mark mean signal 
(H3K4ac or H3K4me3, respectively) in each cell line. 
Of interest, the mean acetylation signal in MCF7 was 
higher than the signal for H3K4me3 in the top quartile 
of H3K4me3 gene promoters. In contrast, in MDA-
MB-231 H3K4ac was lower than H3K4me3 (Figure 3B, 
left panel). A striking difference was observed in the top 
2% (220 genes) of H3K4ac gene promoters as compared 
to H4K4me3 in all three cell lines. In the MCF7 cell line 
this difference extended beyond the top 2% (Figure 3B, 
right panel).

To address the biological pathway or processes 
associated with H3K4 acetylated gene promoters, we 
subjected the top 2% from the ranked list to Gene Ontology 
(GO) analysis. GO terms were related to regulation of 
metabolic process, regulation of gene expression, nucleic 
acid metabolism, cellular macromolecular metabolic 
process, and chromatin organization (Supplementary Table 
S3). Although our ChIP-seq data sets for modifications 
at histone H3K4 produced the interesting observation 
of a subset of highly H3K4 acetylated promoters, there 
were no indications of specific pathways (e.g., tumor 
suppression, estrogen signaling, metastasis) that would 
define phenotypes ascribed to the individual cell lines.

Epigenetic modifications correlate with gene set 
enrichment defined datasets

To explore the biological significance of the 
dynamic changes in H3K4 modifications we used 
our data sets to interrogate gene expression lists to 
determine whether our enriched gene promoter subsets 
were associated with any defined biological processes 
or pathways within the Molecular Signatures Database 
(MSigDB). These analyses provided information from 
our histone modification signatures with specific a priori 
defined pathways associated with cancer (Figure 4). Our 
initial focus on the subset of gene promoters with at least 

a 4 fold change in enrichment between cell lines linked 
phenotypic properties of the three cell lines to defined 
curated gene sets.

Comparison of MCF10A to MCF7 at H3K4me3 and 
H3K4ac enriched gene promoters correlated with MSigDB 
gene expression sets from cancer-related curated gene sets 
(C2) and oncogenic signatures (C6). The dynamic histone 
changes between these two cell lines correlated with 
gene lists associated with endocrine response pathways, 
endocrine therapy resistance and basal versus luminal or 
mesenchymal versus luminal cell subtype comparisons 
(Figure 4A). Both MCF10A and MCF7 cell lines were 
associated with the same phenotype-specific list (e.g., 
luminal vs. basal and luminal vs. mesenchymal) down and 
up, respectively. The correlation for MCF10A was with 
both H3K4 marks while MCF7 correlated predominantly 
with H3K4ac (Figure 4A). In addition, MCF7 H3K4ac 
was associated with endocrine response pathways and 
endocrine therapy resistance which reflects the ESR1+ 
status of this cell line. Of interest, a higher number of 
H3K4ac marked gene promoters in the MCF10A cell line 
were associated with genes down-regulated after knock-
down of E-cadherin (CDH1) which plays a role in the 
dynamic epithelial to mesenchymal transition (EMT) 
response associated with cancer progression [23].

When comparing MCF10A to MDA-MB-231 
(Figure 4B) we identified MSigDB gene lists associated 
with cellular subtype classification, proliferation, serum 
response genes regulated during cell cycle, and metastasis. 
When compared to MCF10A, changes in H3K4me3 and 
H3K4ac in MDA-MB-231 were associated with basal/
luminal vs. mesenchymal down or up, respectively. 
Notably, the most significant and highest number of 
gene sets intersected with H3K4ac for MDA-MD-231 
when compared to MCF10A and were associated with 
proliferation, serum response genes regulated during the 
cell cycle and genes upregulated with advanced grade of 
invasive breast cancer.

A comparison of the two breast cancer cell lines 
(MCF7 vs. MDA-MB-231; Figure 4C) identified many 
of the same MSigDB gene expression sets as were 
previously identified when comparing each cancer cell 
line against MCF10A. This suggests that the contrast of 
H3K4ac enrichment profiles between a normal epithelial 
cell (MCF10A) and ESR1+/PGR+ luminal cell (MCF7) or 
triple negative mesenchymal (MDA-MB-231) are dictated 
by phenotypic traits. Although comparison of H3K4ac in 
MCF7 to MDA-MB-231 returns many of the same gene 
sets, we see the addition of H3K4me3 mark associated 
with the gene sets. Of interest, in the comparison of MCF7 
to MDA-MB-231 a new gene set, mammary stem cells, 
was associated with change in H3K4ac (MCF7) and 
H3K4me3.

We next wanted to determine if the same trends 
in H3K4ac and H3K4me3 would persist outside of the 
queried set of dynamically marked gene promoters by 
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Figure 4: Cell line specific over-representation of marked gene promoters in MSigDB gene sets. A.-C. Cell line comparisons 
showing the level of over-representation for gene promoters marked by H3K4me3 and/or H3K4ac (columns) within MSigDB gene sets 
(rows) with -log10 p-value indicated by color intensity. The number of marked genes and the size of each gene set are indicated in 
parentheses and the number of genes intersecting for combinations meeting significance threshold is noted in white. Each cancer cell line 
was compared to the normal MCF10A as shown in panels A. (MCF10A to MCF7) and B. (MCF10A to MDA-MB-231). C. Comparison 
of the two cancer cell lines, MCF7 and MDA-MB-231. K-means clustered heatmaps of enrichment profiles for gene promoters (+/- 2kb of 
TSS) from selected MSigDB datasets with highest (> 4 fold) differentially marked genes in each set were plotted separately. Clear patterns 
of differential localization and intensity of each mark were discovered in each MSigDB list. Analysis of selected lists from comparisons of 
MCF10A to MCF7, D.-F., and MCF10A to MDA-MB-231, G., are depicted.
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clustering all genes in the MSigDB lists (Figure 4D-4G). 
Identified highly enriched genes used to detect MSigDB 
lists were excluded and the remaining genes were 
clustered by k-means for comparison.

From the GOZGIT_ESR1_TARGETS_DN gene 
set [24], 113 genes were identified as highly acetylated 
in MCF7 compared to MCF10A, an additional 357 genes 
of the 728 total genes in this list exhibit the same trend 
but at a lower level of differential enrichment (Figure 
4D). Within the CHARAFE_BREAST_CANCER_
LUMINAL_VS_BASAL_UP gene set [25], MCF7 had 
higher enrichment than MCF10A for H3K4ac in 3 out of 
4 clusters, encompassing 204 of 305 genes (Figure 4E). 
In contrast, for the CHARAFE_BREAST_CANCER__
LUMINAL_VS_BASAL_DN gene set, MCF10A gene 
promoters showed a less distinct pattern of differential 
acetylation and methylation. However a substantial portion 
of genes (119 of 414) in the acetylation list follow the 
same trend as the query set (Figure 4F). When comparing 
MCF10A to MDA-MB-231, in the context of gene lists 
associated with SOTIRIOU_BREAST_CANCER_
GRADE_1_VS_3_UP gene set [26] we observed 112 
genes of 127 following the same trend as our 19 highly 
H3K4ac enriched in MDA-MB-231 (Figure 4G). It should 
be noted that H3K4me3 enrichment is also higher in 
MDA-MB-231 cell line for a set of genes within this list.

Overall for the lists identified, the trend exhibited 
by the highly enriched query set extended to a substantial 
number of additional genes in each list providing support 
that H3K4ac at promoters is predictive of gene sets that 
are differentially expressed in defined cancer etiologies. 
Supplementary Figure S2 contains heat maps for every 
overrepresented MSigDB gene set. Although we observed 
correlation with both H3K4me3 and H3K4ac, the presence 
of H3K4ac is more closely associated with an epigenetic 
signature of breast cancer than the more widely studied 
H4K4me3 histone modification.

We next validated the differentially marked gene 
sets used to query MSigDB with RNA-seq data generated 
using the three cell lines (Figure 5A-5C). Gene expression 
levels for promoters differentially marked by H3K4ac, 
H3K4me3, or both modifications were compared for each 
pair of cell lines. When comparing MCF7 to MCF10A 
(Figure 5A), genes which are associated with changes in 
H3K4ac (alone or with H3K4me3) have high (> 10 log2) 
average expression levels. In addition, genes associated 
with H3K4ac alone show > 6 fold increase in expression 
levels compared to H3K4me3 alone (median normalized 
counts: 617.36 versus 100.43). We observed a similar 
increase in expression levels in MCF10A when comparing 
it to MDA-MB-231, and again in MCF7 when comparing 
it to MDA-MB-231. These findings suggest that H3K4ac 
is not only associated with cancer-related genes (as 
defined by our query of MSigDB, Figure 4), but strongly 
correlates with the level of gene expression. 

H3K4ac enrichment correlates with cancer 
associated pathways

From our analysis of MSigDB gene expression and 
RNA-seq datasets, we identified two molecular pathways 
associated with cancer phenotypes. We found the ESR1 
pathway, corresponding to endocrine response (GOZGIT) 
for MCF10A to MCF7 (Figure 6A), and the breast 
cancer cell line subtype characterization (CHARAFE) 
for MCF10A to MDA-MB-231, corresponding to EMT 
related genes [25, 27], were correlated with differential 
H3K4ac enrichment (Figure 6B).

Using Ingenuity Pathway Analysis (IPA) we 
observe a large number of genes within the ESR1 and 
ESR2 pathways that are marked by increased H3K4ac in 
the MCF7 cell line relative to the normal-like MCF10A 
cell line. Several of the genes are breast cancer related, 
including growth regulation by estrogen in breast cancer 
1 gene (GREB1) that is reported to be highly expressed 
in hormone responsive tissues in cancer [28-30], the 
transcription factor GATA3, known to play a role in 
luminal breast cell differentiation and is implicated in 
breast cancer progression [31-33], and SLC7A2 a less 
well described cationic amino acid transporter known 
to exhibit moderate to low levels of protein expression 
in breast cancer with no expression observed in normal 
breast epithelium [34]. A smaller number of genes are 
differentially marked by H3K4ac in the MCF10A cell line 
including Integrin alpha 6 (ITGA6), which is involved in 
cell adhesion and cell-surface mediated signaling [25] and 
transforming growth factor alpha (TGFA) a growth factor 
ligand involved in cell proliferation, differentiation and 
normal cell development [35].

For the MCF10A to MDA-MB-231 comparison, 
MSigDB gene expression datasets defining breast cancer 
cell subtypes were used to select well-established EMT 
associated genes (VIM, CDH1, ZEB1) as central nodes 
to define an IPA gene association network (Figure 6B). 
E-cadherin (CDH1), which is expressed in epithelial
tissues, is marked by H3K4ac in the normal-like epithelial
derived MCF10A cell line as is TWIST2 and ANK3.
VIM, ZEB1, and SMAD3 show enrichment of H3K4ac
in MDA-MB-231 and are well-characterized biomarkers
in mesenchymal derived cells that have undergone EMT
[16]. In addition some genes in the endocrine response
pathways are marked by higher H3K4ac enrichment in
MCF10A, including GATA3 and its downstream target
FOXA1, again suggesting a role of H3K4ac in regulation
of endocrine related epigenetic response.

Gene by gene analysis on UCSC genome browser 
demonstrated that promoters of both estrogen-receptor 
alpha (ESR1) transcripts had visibly more H3K4 
acetylation in MCF7 cells compared to MCF10A and 
MDA-MB-231 (Figure 6C). In addition, the progesterone 
receptor (PGR) was marked by H3K4ac in MCF7 and 
not in the other cell lines (Figure 6D). GREB1 was 
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Figure 5: Genes dynamically marked by H3K4me3/ac are differentially expressed. Cell line comparisons showing normalized 
(log2) gene expression for gene promoters differentially marked by H3K4me3, H3k4me3/ac and H3K4ac. Each point represents the 
expression level and the color denotes the cell line with a ≥ 4-fold change in histone modification enrichment: green (MCF10A), orange 
(MCF7), and purple (MDA-MB-231). Pairwise comparisons are A. MCF7 versus MCF10A, B. MDA-MB-231 versus MCF10A and C. 
MDA-MB-231 versus MCF7. Diagonal (dotted) line represents log2 0 (no change) and solid (gray) lines demarcates highly expressed 
genes (> 10 log2) in each cell line.
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associated with high amounts of promoter-associated 
H3K4ac in MCF7 cells and had comparatively low levels 
of H3K4me3 (Figure 6E), suggesting that H3K4ac may be 
a primary indicator of transcriptional control of this gene.

Examination of genes associated with EMT 
demonstrated that, at the individual gene level, increased 
H3K4ac enrichment could be observed at specific genes 
in MDA-MB-231, such as vimentin (VIM) (Figure 
6F). Greater H3K4ac enrichment could be observed on 
promoters of GATA3 (Figure 6G) and FOXA1 (Figure 
6H) in MCF10A compared to MDA-MB-231. In addition, 
GATA3 and FOXA1 were associated with the ESR1 
pathway (Figure 6A) and have more enrichment of 
H3K4ac in MCF7 compared to MCF10A.

The clearly defined correlation of H3K4ac 
enrichment with endocrine responsive gene expression in 
the MCF7 luminal cell line indicates that H3K4ac should 
be considered when analyzing epigenetic changes related 
to hormone response. In addition, the identification by our 
analysis of several known genes expressed in breast cancer 
shows that H3K4ac enrichment is more dynamic at cancer-
related gene promoters and may be more closely linked to 
cellular responses such as EMT in breast cancer than the 
more widely studied H4K4me3 histone modification.

DISCUSSION

Epigenetic investigations in breast cancer have 
made it increasingly evident that post-translational 
histone modifications can provide valuable insight into 
cancer risk, onset of disease and therapeutic targets. Our 
studies provide new insight into the characterization 
of breast cancer phenotypes compared to normal 
epithelial cells. We focused on histone modifications 
associated with H3K4, a lysine residue associated with 
regulation of gene transcription, to evaluate the histone 
modifications associated with biological responses of 
epithelial and cancer cells. Several unique features were 
observed regarding modifications at H3K4, including 
our observation of the presence of both acetylation and 
methylation activating modifications in each of the cell 
lines. One of the hallmarks of cancer progression is the 
loss of epigenetic regulation leading to aberrant gene 
expression and ultimately, oncogenic transformation 
[1, 2]. In our study, we observed a global increase in 
acetylated H3K4 promoters in both cancer cell lines 
(MCF7, MDA-MB-231), and a global increase in H3K4 
tri- methylated promoters in the MDA-MB-231 metastatic 
cell line; these findings suggest that oncogenic progression 
is associated with increases in both of these marks. At 
the individual chromosome level, changes in H3K4 tri-
methylation and acetylation were observed as a function 
of cancer progression, including on the X-chromosome, 
which suggests a loss or dysregulation of X-inactivation in 
both cancer cell lines, consistent with reports of epigenetic 
instability of the inactive X-chromosome in breast cancer 

[22].
Methylation and acetylation of H3K4 are both 

associated with actively transcribed genes; this is in 
contrast to H3K9 and H3K27, where methylation and 
acetylation occur at the same amino acid with opposing 
roles in transcriptional regulation [20, 36]. While there 
has been extensive analysis of the role of methylation of 
H3K4, the implications of alternative modifications, such 
as acetylation, have not been as extensively studied. Work 
in yeast has shown that H3K4me3 and H3K4ac can be 
found in the same promoters and that methylation may 
regulate the abundance and localization of H3K4ac [9]. In 
addition, studies in drosophila have shown that H3K4ac 
is selectively enriched on akirin-dependent but not akirin-
independent promoters [37]. These authors suggest that 
replacement of H3K4me3 by H3K4ac is needed for 
full transcription at a subset of akirin-dependent genes. 
In addition, a regulator of acetylation, HDAC3, was 
identified as an important mediator of EMT by recruiting 
WDR5 to promoters of mesenchymal genes. [10]. The 
authors observed that H3K4ac at EMT-related genes 
was removed by HDAC3 during EMT, followed by the 
addition of H3Kme2/3 to the same amino acid; this result 
suggests that H3K4me3 and H3K4ac play complementary 
roles in gene regulation. Together these studies highlight 
the importance of H3K4 acetylation for support of critical 
cellular processes.

From our data, a large number of promoters are 
enriched for H3K4me3 and H3K4ac in the two cancer-
related cell lines when compared to a normal breast 
epithelial cell line. The increase in H3K4ac marks 
observed in both cancer cell lines compared to the normal-
like MCF10A indicates that H3K4ac may represent an 
early step in cancer progression, while the global increase 
in H3K4me3 at promoters was primarily observed in the 
MDA-MB-231 cell line suggesting these changes are more 
correlative with late stage metastatic cancer. For all the 
cell lines, gene promoters are differentially marked, with 
the normal-like MCF10A having fewer marked promoters 
compared to the cancer cell lines. In addition, we observe 
an increase in the number of promoters marked by 
acetylation in the MCF7 cells and an increase in H3K4 
tri-methylation in the MDA-MB-231 cells.

Examination of differential enrichment of H3K4ac/
me3 at gene promoters was also informative in defining 
specific biological pathways integrally involved in 
cancer progression. We identified a role for H3K4ac in 
the cellular ESR response pathway in the MCF7 cells, 
while H3K4ac together with H3K4me3 is more reflective 
of the EMT response pathway in the MDA-MB-231 cell 
line. These results indicate that the H3K4me3 mark in 
MDA-MB-231 late stage cells identifies cancer-related 
genes and pathways; however, we find that inclusion of 
H3K4ac provides increased confidence in association 
with pathways that correspond to the metastatic cancer 
phenotype.



Oncotarget  54www.impactjournals.com/oncotarget

Figure 6: H3K4ac is enriched at promoters of transcribed genes in regulated pathways in cancer. Changes in H3K4ac 
enrichment for genes related to endocrine response and EMT response. A. Endocrine response genes were defined by GOZGIT_ESR1 
targets up or down lists that also directly interact with ESR1 or ESR2 by IPA and demonstrate relative FC (fold change) of enrichment 
between cell lines as indicated by color and size of nodes. B. EMT response genes were defined by CHARAFE luminal/basal/mesenchymal 
cell type comparison gene sets that are also directly connected to VIM, ZEB1, CDH1, and CDH2 by IPA and demonstrate relative FC 
of enrichment between cell lines as indicated by color and size of nodes. C.-H. Examples of the localization pattern and differential 
enrichment of H3K4me3 and H3K4ac at individual genes associated with breast cancer. In MCF7 cells, higher levels of H3K4ac enrichment 
were observed near promoters (grey shading) of genes involved in estrogen response including C. ESR1 (estrogen receptor α), D. PGR 
(progesterone receptor), and E. GREB1 (growth regulation by estrogen in breast cancer 1) an early estrogen-responsive gene. Genes 
involved in regulation of critical proteins involved in EMT demonstrated cell specific patterns of H3K4ac enrichment at gene promoters. 
F. H3K4ac enrichment at the VIM (vimentin) promoter was elevated in MDA-MB-231 while G. GATA3 and H) FOXA1 demonstrate a
relative loss of H3K4ac enrichment in MDA-MB-231 cells compared to MCF7 and MCF10A cells.
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By examining sets of genes associated with 
cancer, we found that H3K4ac enrichment is more 
informative than H3K4me3 for identifying poised or 
active transcription. In addition, we found that in MCF7, 
genes that were dynamically marked by H3K4ac at their 
promoters demonstrated a higher level of expression 
with median normalized count values that were > 6 fold 
greater than MCF10A. Dynamic changes in H3K4ac 
enrichment were also observed at the individual gene 
level, specifically in cancer-related genes. For example, 
GREB1, an estrogen-responsive gene, displayed a robust 
acetylation pattern with a high level of expression, and 
no detectable H3K4me3 near the promoter of this gene 
in MCF7. Our findings highlight another important 
regulatory dimension that acetylation may represent a 
more dynamic and readily reversible mark, modulating 
transcriptional responses to external stimuli, such as 
ESR signaling. The inclusion of H3K4ac enrichment 
as an indicator of epigenetic changes more accurately 
defines both genes and pathways involved in specific 
phenotypes of cancer, providing a more comprehensive 
picture of regulatory events that contribute to the onset 
and progression of cancer.

Our findings indicate that H3K4ac is a predictor 
of deregulated cancer related pathways and that it is a 
strong indicator of progression from initial transformation 
to aggressive metastatic phenotypes. Our studies 
establishing the biological importance of H3K4ac provide 
a compelling rationale for H3K4ac as a therapeutic target 
for cancer intervention; however to date no enzymes have 
been identified that specifically acetylate or de-acetylate 
H3 lysine 4. An important consideration is the dynamics 
of acetylation and methylation of H3K4 in supporting 
gene expression in cancer cells which would involve 
the activity of several different enzyme complexes. 
However our results indicate that the gain of acetylation 
is associated with cancer pathways, and suggest that the 
role of histone acetyltransferases (HATs) should be further 
explored. HAT inhibitors are currently in various stages 
of clinical trials and may prevent cancer progression from 
the earliest stages.

MATERIALS AND METHODS

Cell culture and reagents

MCF10A cells were grown in DMEM: F12 
(Hyclone: SH30271), 5% (v/v) horse serum (Gibco: 
16050) + 10 μg/ml human insulin (Sigma: I-1882) + 20 
ng/ml recombinant hEGF (Peprotech: AF-100-15) + 
100 ng/ml cholera toxin (Sigma: C-8052) + 0.5 μg/ml 
hydrocortisone (Sigma: H-0888) 50 IU/ml penicillin/50 
μg/ml streptomycin and 2 mM glutamine (Life 
Technologies: 15140-122 and 25030-081, respectively). 

MCF7 cells and MDA-MB-231 were grown in DMEM: 
F12 + 10% (v/v) FBS (Atlanta Biologicals: S11550). 
Cell lines were validated by short tandem repeat (STR) 
analysis using the Promega GenePrint® 10 System at the 
UVM Cancer Center DNA Analysis Facility according 
to manufacturer’s instructions (Promega: B9510). STR 
profiles were confirmed to be identical to known STR 
fingerprints in ATCC STR Profile (http://www.atcc.org/
STR_Database) and/or Cell Line Integrated Molecular 
Authentication database (CLIMA) database version 
0.1.200808) (http://bioinformatics.istge.it/clima/) [38].

Chromatin immunoprecipitation

Cells were seeded at 1.5x106 cells per 100 mm 
dish and grown to 80% confluence before harvesting. 
For fixation, cells were washed twice with 10 ml of 
warm PBS and formaldehyde (Sigma: F8775) added 
to final concentration of 0.8%. Cells were cross-linked 
for 10 minutes at room temperature and formaldehyde 
neutralized with excess glycine (0.125M) for 5 
minutes. Cells were then washed with ice-cold PBS + 
Roche-Protease cOmplete Inhibitor Cocktail (Roche: 
04693132001), dissociated by scraping, collected by 
centrifugation, flash frozen and stored at -80°C. Nuclei 
extraction was performed using a protocol modified from 
Dignam et al. [39] and previously described in detail [40]. 
Isolated nuclei were sonicated using a Covaris S-220 
ultrasonic processor to shear chromatin to an average 
fragment size of 500 bp. A total of 30 μg of sheared 
chromatin was used for immunoprecipitation with 10 μg of 
anti-H3K4me3 (Abcam: ab1012) or anti-H3K4ac (Active 
Motif: 39381) antibody. Immune complexes were then 
isolated by addition of 50 μl of pre-washed (0.5% BSA/
PBS solution) Protein-G Dynabeads (Life Technologies: 
10004D) for 4 hours with constant rotation at 4°C. The 
immunoprecipitated complexes were then sequentially 
washed with 3 x 1 ml cold RIPA buffer (150mM NaCl); 
2 x 1 ml cold high-salt RIPA buffer (500mM NaCl); 
and 1 x 1 ml TE + NaCl (10mM Tris, 1mM EDTA, and 
50mM NaCl). Protein-associated DNA fragments were 
recovered by heating overnight at 65°C, treated with 
0.2 mg/ml RNase A (Life Technologies: AM2269) for 
2 hours at 37°C, followed by treatment with 0.2 mg/ml 
proteinase K (Life Technologies: AM2548) at 55°C for 2 
hours. Samples were then phenol extracted, precipitated 
with ethanol, with final re-suspension in 10 mM Tris-
HCl. DNA was then quantified by Qubit fluorimeter 
(Life Technologies) prior to proceeding to the library 
preparation.

Library and sequencing preparation

Sequencing libraries were prepared using either 
TruSeq ChIP sample preparation kit (Illumina: IP-202-
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1024) or TruSeq Stranded Total RNA LT with Ribo-
Zero Gold Kit (Illumina: RS-122-2301) following the 
manufacturer’s instructions. RNA was isolated using 
Qiagen RNeasy Plus kit (Qiagen: 74134) following 
manufacturer’s directions, analyzed for RNA integrity 
and then, amplified and adaptered. Briefly for ChIP 
libraries, samples were processed for end-repair, A-tailing 
and adapter ligation using ChIP-DNA at a concentration 
of 120-160 pg/μl in a volume of 50 μl in a 96-well 
microplate. DNA was recovered between each enzymatic 
treatment step using AMPure XP beads (Beckman Coulter: 
A63881) at a 1:1 (DNA: bead) ratio. After adapter ligation, 
excess adapters and adapter dimers were removed using 
DNA:AMPure XP beads at a 1:1 ratio. Adaptered DNA 
was then recovered by elution in 30 μl volume of 10 mM 
Tris-HCl, pH 8.5. Libraries were then amplified by PCR (1 
x 98°C - 30 seconds; 14-16 x 98°C - 10 seconds, 60°C - 30 
seconds, 72°C - 30 seconds; 1 x 72°C - 5 minutes). ChIP-
Seq libraries were size selected by resolving 300-400 bp 
products on a 2% agarose gel, gel purified on MinElute gel 
extraction columns (Qiagen: 28604). Final concentrations 
for all libraries were quantified using the Qubit fluorimeter 
(Life Technologies), Agilent 2100 Bioanalyzer, and 
by KAPA library quantification kit (Kapa Biosystems: 
KK4408) prior to sequencing.

Bioinformatics analysis

Sequencing base calls were generated on the HiSeq 
1500 instrument in the Advanced Genome Technologies 
Core Massively Parallel Sequencing Facility. For the 
ChIP-Seq analysis Fastq conversion and demultiplexing 
were done by bcl2fastq (Ilumina, v1.8.4), evaluated 
(Fastqc) and processed to remove low quality reads (FastX 
toolkit). Reads were mapped to the human genome (hg38) 
using STAR aligner (version 2.4) with splicing disabled 
(—alignIntronMax 1) [41]. Wig tracks and enriched 
regions (peak calls) for each replicate were generated 
by MACS2 [42] and replicates were then evaluated by 
wigCorrelate [43] and IDR [44]. Biological replicates 
were then combined and wig tracks regenerated for the 
combined signal. Values for read alignments and replicate 
analysis are provided in Supplementary Table S1. All 
raw data were deposited at the NCBI Gene Expression 
Omnibus (GSE69377). For RNA-Seq analysis, raw 
sequences were filtered using cutadapt/fastq quality 
trimmer [45, 46], aligned to hg38 Tophat (version 
2.0.9) [47] with GENCODE v21 supplied as a reference 
annotation [48]. Reads were quantified using HTSeq-count 
(version 0.6) [49] and genes with very low expression (< 
3 counts) were removed from the analysis. Differential 
expression was calculated using DESeq2 version 1.4.5 
package in R 3.1.0 using the mean value of gene-wise 
dispersion estimates [50]. RNAseq values for averages 
across the 3 replicates are provided in Supplementary 
Table S2. All raw data were deposited at the NCBI Gene 

Expression Omnibus (reference series - GSE75169).
For analysis of gene promoter regions, annotations 

were generated by defining the TSS for each protein coding 
ENSMBL gene (GENCODE release 21) and extending 
by +/- 1Kb. Enrichment profiles at gene promoters for 
each cell line was calculated by RPKMtreatment/RPKMinput 
where input was minimally limited to the 5th percentile 
of all calculated RPKM (RPKMtotal) using HTseq [49]. 
Fold enrichment (FE) of chromosomes was determined 
by calculating RPKM based on total aligned reads and 
chromosome length, and calculating fold increase over 
input. Relative enrichment of histone-associated DNA 
at gene promoters between cell lines was defined by 
calculating FE (log2 B - log2 A). Values for all detected 
gene promoters are provided in Supplementary Table S2. 
To ensure that signal was quantifiably different between 
two cell lines a FE value of > 4 was used as a minimum 
cutoff. For aggregate plots and heatmaps, NGSplot 
(version 2.47) [51] was used to generate FE profiles 
from alignment files. In contrast to the +/- 1Kb promoter 
definition used to calculate values, plot profiles were 
adjusted to +/- 2Kb from each TSS to better capture the 
pattern of histone marks at each promoter.

The resultant lists of differentially enriched gene 
promotors was then used to query 4914 MSigDB gene 
sets [52] in order to define over-represented gene sets 
using a binomial test (probability of success = MSigDB 
list size / 21439 total unique genes in all MSigDB lists; 
number of trials = size of dynamically marked genes list; 
number of success = size of intersection of dynamically 
marked genes list and MSigDB list). Significance of over-
representation was determined with a p-value threshold of 
4.9x10-9 after Bonferroni correction.

Heatmaps of each MSigDB list were generated with 
a k-means method (R v 3.2.1) initialized with 4 random 
centers and allowed to run for 10 iterations or until 
convergence. Cluster centers were then individually sorted 
in decreasing order of total FE. Genes used to define 
MSigDB lists were excluded from clustering and plotted 
in a separate group presented at the top of each heatmap.

To evaluate molecular pathways associated with 
differential enrichment of histone marks between cell 
lines, Ingenuity® Pathway Analysis (IPA) (Qiagen, www.
qiagen.com/ingenuity) was used to query interactivity 
networks. Seed genes (ESR1, ESR2, VIM, ZEB1, CDH1, 
and CDH2) were used to establish central nodes and 
related genes (directly interacting molecules from the IPA 
database) were added and limited to genes also associated 
with individual, discovered MSigDB lists. The resulting 
interacting network was then overlaid with FE data 
(mapped to node size and color) in Cytoscape [53].
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ABSTRACT

KIF3A, a component of the kinesin-2 motor, is necessary for the progression of 
diverse tumor types. This is partly due to its role in regulating ciliogenesis and cell 
responsiveness to sonic hedgehog (SHH). Notably, primary cilia have been detected 
in human glioblastoma multiforme (GBM) tumor biopsies and derived cell lines. Here, 
we asked whether disrupting KIF3A in GBM cells affected ciliogenesis, in vitro growth 
and responsiveness to SHH, or tumorigenic behavior in vivo. We used a lentiviral 
vector to create three patient-derived GBM cell lines expressing a dominant negative, 
motorless form of Kif3a (dnKif3a). In all unmodified lines, we found that most GBM 
cells were capable of producing ciliated progeny and that dnKif3a expression in these 
cells ablated ciliogenesis. Interestingly, unmodified and dnKif3a-expressing cell lines 
displayed differential sensitivities and pathway activation to SHH and variable tumor-
associated survival following mouse xenografts. In one cell line, SHH-induced cell 
proliferation was prevented in vitro by either expressing dnKif3a or inhibiting SMO 
signaling using cyclopamine, and the survival times of mice implanted with dnKif3a-
expressing cells were increased. In a second line, expression of dnKif3a increased 
the cells’ baseline proliferation while, surprisingly, sensitizing them to SHH-induced 
cell death. The survival times of mice implanted with these dnKif3a-expressing cells 
were decreased. Finally, expression of dnKif3a in a third cell line had no effect on 
cell proliferation, SHH sensitivity, or mouse survival times. These findings indicate 
that KIF3A is essential for GBM cell ciliogenesis, but its role in modulating GBM cell 
behavior is highly variable.

doi: 10.18632/oncotarget.6854
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INTRODUCTION

Less than 5% of patients diagnosed with GBM 
survive over five years following diagnosis, despite 
resection, chemotherapy, and radiation treatment [1]. 
Extending this survival period is dependent on improving 
our understanding of the cellular and molecular pathways 
that enable GBM cells to survive and thrive within the 
tumor environment [2, 3]. Multiple studies have reported 
that the growth of some GBM tumors and glioma-derived 
stem cells is activated by the SHH signaling pathway [4–9]. 
A subset of GBM tumors display enhanced SHH signaling, 
and this can be recapitulated in vitro, where some GBM 
cell lines proliferate in response to SHH treatment [9]. In 
some tumor types, SHH-driven tumorigenesis is sensitive 
to the disruption of KIF3A, a subunit of the kinesin-2 motor 
whose anterograde function is required for ciliogenesis 
[10–12]. In particular, one of the first reports that studied 
the function of Kif3a in mouse medulloblastoma showed 
that constitutively active SMO-driven tumor formation 
is inhibited by loss of KIF3a [13]. A more recent study 
confirmed this finding, showing that KIF3a is necessary 
for medulloblastoma initiation and maintenance and that 
conditional ablation of Kif3a levels during tumor formation 
in vivo is followed by tumor regression [14]. A similar 
observation was reported in basal cell carcinoma in mice, 
whereby conditional ablation of Kif3a blocked hedgehog-
driven tumorigenesis [15]. Though not SHH driven, 
silencing of KIF3a expression in advanced prostate cancer 
was also reported to suppress cell proliferation and invasion 
[16]. Despite its observed roles in the previous tumor types, 
little is known about the roles of KIF3A in GBM.

KIF3A is required for ciliogenesis in certain cell 
types, and canonical SHH signaling is known to be mediated 
by the primary cilium (for review see: [17]). SHH binds to 
its ciliary membrane receptor, Patched, which induces an 
influx of smoothened (SMO) and Gli transcription factors 
into the cilium. These proteins trigger the activation of 
other downstream Gli transcription factors that can, among 
other effects, increase mitogenesis [18–20]. Despite the 
known continued synthesis of SHH in the adult brain and 
by some GBM cells [4, 21, 22], it remains unclear whether 
ciliary SHH signaling contributes to GBM tumor growth. 
The reported percentages of cells that possess primary cilia 
in tumor biopsies and in different GBM cell lines are quite 
variable [23, 24]. For instance, less than 1-2% of the widely 
studied astrocytoma and GBM cell lines (U-87MG, T98G, 
U-373MG, U-251MG) have been reported to assemble
fully formed primary cilia in some studies [23]. In our
recent analyses of 23 GBM patient biopsies and 5 primary
derived cell lines, we identified well-formed primary
cilia on ~8-25% of the GBM cells examined at any given
point in time [24]. The functional significance of the cilia
associated with these subpopulations of GBM cells has
not yet been determined. A previous study reported that
knockdown of Kif3a in U251-MG cells by siRNA slightly

reduced the percentage of ciliated cells (from 2% to 1%), 
but did not have an appreciable effect on cell proliferation 
or cell cycle phase distribution in vitro [25]. Thus, we 
wondered whether our patient-derived GBM cell lines, 
which display a significantly higher frequency of cilia than 
the commonly studied U-lines, would be more sensitive to 
the disruption of KIF3A.

The purpose of this study was to first disrupt KIF3A 
in primary GBM cell lines through lentiviral expression of 
dnKif3a [26, 27] and characterize the resulting effects on 
ciliogenesis. We also determined whether these modified 
cell lines showed altered proliferation and/or sensitivity 
to SHH in vitro, and whether disrupting KIF3A function 
affected mouse survival following xenotransplantation.

RESULTS

The majority of patient-derived GBM cells give 
rise to ciliated progeny

The formation of cilia depends on the kinesin-2 
motor, which includes KIF3A, in various cell types (for 
review see: [10, 28]). It is not clear what percentage of 
GBM cells have the capability to form cilia. We previously 
reported that ~8-25% of the cells from GBM cell lines 
which we derived from patient tumors were ciliated at any 
given point in time in our cultures [24]. Here, we asked 
whether those percentages accurately reflect the fraction 
of cells capable of generating cilia, that is, are only 8-25% 
of GBM cells capable of ciliogenesis, or can more cells 
give rise to ciliated offspring? To answer this question, 
spheres of L0 and S3 GBM cells were dissociated, plated 
as single clones, and expanded. We then quantified the 
number of clone-derived populations containing ciliated 
cells (Fig. 1A). Cilia were visualized using antibodies 
recognizing acetylated alpha-tubulin (aa-tubulin) and 
PCM1, both of which are enriched in the axoneme and 
in the region surrounding the basal bodies of most cilia, 
respectively (Fig 1B) [24, 29–31]. We found that 64.4% 
(29/45) of L0 clones and 93.6% (44/47) of S3 clones gave 
rise to ciliated cells (Fig. 1C), the numbers of which varied 
between clone-derived populations (Fig. 1D). Thus, these 
results suggest that the majority of L0 and S3 GBM cells 
are capable of generating ciliated progeny.

Expression of dnKif3a ablates ciliogenesis in 
three primary GBM cell lines

Because the majority of GBM cells that we examined 
gave rise to ciliated cells, we next determined whether the 
formation of these cilia depended on KIF3A. In previous 
studies, our group and others showed that cilia formation 
could be blocked by interfering with the function of 
Kif3a through the expression of its dominant negative 
form (dnKif3a), a motorless form of the molecule that 
inhibits ciliogenesis [26, 27]. We infected three of our 
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GBM cell lines that are able to elaborate cilia (L0, S2, 
and S3) with lentiviral constructs expressing mCherry or 
mCherry and dnKif3a. About ten days after transduction, 
cilia immunostained for aa-tubulin were easily detected 
on both mCherry-positive and non-infected cells (Fig. 
2A), but were not observed on mCherry-positive cells 
expressing dnKif3a (Fig. 2B). Using FACS, we selected 
mCherry-positive L0, S2, and S3 cells that had been 
infected with either of these viruses, expanded the selected 
cells, and examined their ability to form cilia using both 
ultrastructural and immunocytochemical techniques. Using 
electron microscopy (EM), we found that the mCherry-
positive L0 control cells extended well-formed cilia (Fig. 

2A’). In contrast, mCherry-positive L0 cells that had 
been infected with the mCherry and dnKif3a-expressing 
lentiviral construct either failed to elaborate cilia (Fig. 2B’) 
or developed cilia with aberrantly formed axonemes arising 
from their basal bodies (Fig. 2B’’). These observations 
with EM confirmed our immunocytochemical analyses. 
Quantification of immunostained infected cells revealed 
that 29±4.9%, 11±2.3%, and 16±1.1% of the L0, S2, and 
S3 mCherry-positive cells expressing the control transgene 
were ciliated, respectively (Fig. 2C). However, very few (≤ 
1%) of the sorted mCherry-positive cells expressing dnKif3a 
elaborated cilia (Fig. 2C), which, if present, were similar to 
the short buds observed in our EM analyses of these cells 

Figure 1: A majority of isolated patient-derived GBM cells produce ciliated progeny. (A) Spheres of Line 0 (L0) and 
S3 GBM cells were dissociated, sorted as single cells into 96-well plates, and further expanded onto coverslips in 24-well plates prior 
to immunostaining for cilia markers after 24 hours. (B) Confocal maximum projection images of L0 clones (1 and 15) immunostained 
for PCM1 (green) and acetylated alpha-tubulin (aa-tubulin; red). The merged images (right panels) show aa- tubulin-positive axonemes 
(arrows) projecting from PCM1-positive basal bodies (arrowheads) in Clone 15 but not in Clone 1. (C) Percentage of all clones in L0 or S3 
cell lines that gave rise to ciliated progeny. (D) Percentage of L0 or S3 cells with aa- tubulin-positive cilia derived from individual clones. 
Scale bar in B = 10 μm.
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(Fig. 2B’’). Thus, the expression of dnKif3a disrupted the 
ability of L0, S2, and S3 GBM cells to assemble cilia. 
It is also noteworthy that the inability to synthesize cilia 
persisted across cell passages, indicating that integration of 
the transgenes were stable in these modified cell lines.

Next, we examined the effects of persistent 
expression of mCherry alone or mCherry and dnKif3a 

on endogenous human KIF3A levels in GBM cells, as 
our dnKif3a transgene was derived from mouse Kif3a 
[27]. Based on our results above, we expected that the 
human KIF3A levels would have been altered, since 
the expression of the mouse dnKif3a protein disrupted 
ciliogenesis. Western blots were prepared using protein 
lysates extracted from each sorted cell line and were 

Figure 2: The expression of dnKif3a potently inhibits cilia formation in three GBM cell lines. L0, S2 and S3 cell lines were 
infected with lentiviral vectors encoding either mCherry alone or mCherry and dominant negative Kif3a (dnKif3a) and their cilia examined 
using immunocytochemistry and EM. Next, we used FAC-sorting to select mCherry-positive L0, S2, and S3 cells, expanded the sorted cells, 
and assessed whether they were able to form cilia using ultrastructural and immunocytochemical techniques. (A) Confocal image shows L0 
cells (prior to sorting) with aa-tubulin-positive cilia on infected mCherry-positive cells (arrows) and non-infected mCherry-negative cells 
(arrowhead). (A’) Sorted mCherry-positive cells were fixed and analyzed by EM. The example shows a cilium with a docked basal body 
(arrow) and a long ciliary axoneme (arrowheads) projecting outside the cell. (B) L0 cells (prior to sorting) revealed aa-tubulin-positive cilia 
but only on non-infected (mCherry-negative) cells (arrowheads) and not on infected mCherry and dnKif3a-positive cells. (B’, B’’) By EM, 
sorted L0 mCherry and dnKif3a-positive cells revealed basal bodies (arrows) that lacked a clear axoneme (B’; arrowhead)or displayed an 
abnormally assembled/poorly formed axoneme (B’’; arrowhead). (C) Percentage (+/- SEM) of aa-tubulin-positive ciliated cells among sorted 
mCherry-positive and sorted mCherry and dnKif3a-positive cells for the indicated cell lines. (D) Endogenous KIF3A levels are reduced in 
L0, S2 and S3 GBM cell lysates after dnKif3a expression. Thirty µg of total protein lysates from L0, S2 and S3 cells expressing mCherry or 
mCherry and dnKif3a were separated by SDS-PAGE and western blotted with an antibody against human KIF3A protein. Although KIF3A 
(~ 85 kDa) was detected in all groups, lysates from mCherry and dnKif3a-expressing cells consistently displayed reduced KIF3A levels 
compared to those expressing mCherry alone. We also observed a smaller band (~ 40 kDa, arrowhead) in lanes with dnKif3a-expressing cell 
lysates, which might either represent degraded endogenous KIF3A or possibly a sequence associated with the expression of dnKif3a. ß-actin 
was run as a loading control. Scale bars for A and B = 10 μm; A’ = 500 nm; B’ and B’’ = 250 nm. ***p<0.005 (Student’s t-test).
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probed with an antibody to KIF3A. We found that the 
levels of human KIF3A in L0, S2, and S3 cells expressing 
dnKif3a were consistently lower than those detected in 
control cells (Fig. 2D). Thus, the disruption of ciliogenesis 
could arise from either outcompetition of endogenous 
KIF3A by dnKif3a or reduced levels of human KIF3A 
in our GBM cells expressing mCherry and dnKif3a. At 
this point, we do not know the exact mechanism that 
is responsible for the disruption of ciliogenesis in our 
dnKif3a-expressing cell lines; however, whatever the 
mechanism, our results are consistent with practically 
every other study in which targeting KIF3A function and/
or expression levels interferes with cilia formation [14, 15, 
19, 20, 26, 27, 32].

Disruption of KIF3A has cell line-specific effects 
on SHH sensitivity and GBM cell proliferation

Since we had found that KIF3A was critical for GBM 
cilia formation, and other studies had shown that KIF3A 
was essential for cilia-mediated SHH signaling in some 
tumors and SHH pathways are active in GBM, we next 
examined whether loss of cilia in dnKif3a-expressing cells 
would change these cells’ responsiveness to SHH. First, 
to examine the sensitivity of our GBM cell lines to SHH, 
we exposed dissociated control and dnKif3a-expressing/
cilia-ablated L0, S2, and S3 cells to vehicle or recombinant 
human SHH (1 μg/ml) in growth media in the absence 
of bFGF, EGF, and serum for five days and assessed the 
levels of cell proliferation. Analyses of the effects of SHH 
on the proliferation of the L0 and L0-dnKif3a cell lines 
revealed that SHH treatment significantly increased (p 
< 0.001; one-way ANOVA) the proliferation of the L0 
cells in vitro, which was blocked by pretreatment of the 
cells with cyclopamine (1 μmol/l), a drug that binds to 
and blocks SMO entry into the cilium [33]. On the other 

hand, SHH treatment did not affect the proliferation of 
the L0-dnKif3a cells (Fig. 3A). Pretreatment of the L0 
cells with cyclopamine did not alter the proliferation of 
L0 cells treated with vehicle alone, a result showing that 
the increase in proliferation observed in response to SHH 
treatment was due to the addition of SHH and not an 
autocrine pathway (Fig. 3A). As canonical SHH signaling 
is known to be mediated by the primary cilium, leading to 
increased mitogenesis in certain cell types (for review see: 
[17]), we examined the ability of cilia on L0 cells to recruit 
components of the SHH signaling pathway. We found 
that both endogenous SMO and endogenous GLI3 were 
recruited to the cilia of L0 cells 24 hours following SHH 
treatment (Supplemental Fig. S1), observations consistent 
with previous reports of SHH signaling pathway activation 
[33–35]. Together, these data strongly suggest that L0 
cells engage their cilia in response to SHH, stimulating the 
proliferation of these cells.

In contrast, SHH treatment of S2 control cells did 
not stimulate their proliferation (Fig. 3B). On the other 
hand, we found that pretreatment of these control cells 
with cyclopamine reduced total cell numbers when cells 
were subsequently treated with SHH (Fig. 3B). Total 
S2-dnKif3a cell numbers were also reduced when these 
cells were treated with SHH (Fig. 3B). Interestingly, 
exposure of S2-dnKif3a cells to SHH or cyclopamine 
reduced cell viability and, in the case of SHH, increased 
apoptotic cell death as assessed by MTT, Trypan blue 
exclusion, and activated caspase-3 staining assays, 
respectively (Supplemental Fig. S2). Thus, SHH exposure 
following blockade of ciliary SMO with cyclopamine or 
expression of dnKif3a/ablation of cilia decreased overall 
S2 cell proliferation. Intriguingly, we found that dnKif3a 
expression/cilia ablation in S2 cells correlated with a 
significant increase in their baseline proliferation, in the 
absence of SHH treatment (Fig. 3B). Thus, for S2 cells, 

Figure 3: The effects of dnKif3a expression and SHH on GBM cell proliferation are cell-line dependent. Mean cell 
numbers (+/- SEM) per well for L0 (A), S2 (B) and S3 (C) mCherry-positive and mCherry and dnKif3a-positive cells five days after 
exposure to vehicle or recombinant human SHH (1 μg/ml), with or without prior addition of cyclopamine (1 μM). Groups were compared 
using a one-way ANOVA followed by Tukey’s posthoc analysis. *p<0.05, ***p<0.005.
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our data suggest that KIF3A, and possibly primary cilia, 
play a role in restraining cell proliferation.

Finally, analyses of the S3 cell line revealed that 
neither SHH treatment, cyclopamine pretreatment, nor 
dnKif3a expression had any appreciable effects on cell 
proliferation (Fig. 3C). These results suggest that S3 cells 
are either insensitive to SHH stimulation, or that their 
ability to respond to SHH through their cilia is defective, 
possibilities that would warrant further investigations. 
Taken together, our data suggest that the presence of 
KIF3A, and possibly primary cilia, has heterogeneous 
effects on the proliferation and survival of GBM cells.

SHH signaling pathway gene expression in 
the absence or presence of SHH is cell line-
dependent

The different cell line responses to SHH treatment in 
our cultures prompted us to directly measure whether SHH 
pathway components’ level and activity were different 
between cell lines. We assessed the basal and SHH-induced 
expression levels of seven major SHH pathway members 
(GLI1, GLI2, GLI3, PTCH, SMO, SHH, SUFU), 24 hours 
after cells were treated with either vehicle or SHH. In the 
L0 cells, we found significant increases in transcript levels 
for all SHH pathway components, except SHH, after SHH 
treatment compared to vehicle-treated control (all p < 
0.05) (Fig. 4A). For the S2 and S3 cell lines, no changes 
in SHH pathway components’ expression occurred after 
SHH treatment (Fig. 4B, C), a result that is consistent with 
the unchanged cell proliferation observed following SHH 
addition in culture (Fig. 3B, C). These data suggest that 
the SHH-induced proliferative response in L0 cells might 
be due to SHH pathway activation in those cells, which 
doesn’t occur in S2 or S3 cells. It is noteworthy that SHH 
was not expressed in L0, S2, or S3 cells before or after 
SHH treatment, suggesting these cell lines are not using 
autocrine SHH signaling to proliferate, consistently with 
our in vitro data showing that treatment with cyclopamine 
alone had no effect on GBM cell proliferation.

Expression of dnKif3a in transplanted GBM 
cells affects mouse survival times in a cell line-
dependent manner

In this series of experiments, we examined whether 
expressing dnKif3a, which ablated GBM cell cilia, 
influenced the ability of GBM cells to form tumors within 
the brain tumor milieu. The right striata of adult male 
NOD/SCID mice were injected with 200,000 control or 
dnKif3a-expressing L0, S2 or S3 cells, all of which were 
also expressing mCherry. The mice were cared for in the 
vivarium until they appeared moribund, at which time they 
were perfused and their brains processed for histological 
analyses. We found that the average survival time of 
mice transplanted with L0-dnKif3a cells (n = 9) was 

significantly longer than that of mice transplanted with 
control L0 cells (n = 8) (log rank test; p = 0.003; Fig. 5A). 
In contrast, the average survival time of mice transplanted 
with S2-dnKif3a cells was significantly shorter than that 
of mice transplanted with S2 control cells (n = 7 control, 
7 dnKif3a; log rank test; p = 0.0002; Fig. 5B). Similar 
survival times were observed in mice transplanted with 
either S3-dnKif3a cells or S3 control cells (n = 7 control, 
10 dnKif3a; log rank test; p = 0.66) (Fig. 5C).

Histological analyses of the brains of all of the 
injected mice carried large mCherry-positive tumors 
(data not shown) that displayed characteristic features of 
typical GBM tumors such as pseudopalisading necroses 
and hyperplastic blood vessels (Supplemental Fig. S3). 
Sections of the cores of each tumor were immunostained 
for Arl13b, a GTPase that is enriched in the axonemes 
of most primary cilia [36–38], and gamma (G)-tubulin, 
a protein that is abundant in basal bodies, to verify 
that the mCherry-positive L0, S2 and S3 control cells 
remained ciliated and that the mCherry-positive L0, S2, 
and S3 cells expressing dnKif3a were not. As expected, 
numerous mCherry-positive cells in tumors generated 
from control L0, S2 or S3 cells possessed Arl13b- and G 
tubulin-positive cilia, whereas those generated from L0, 
S2, and S3 cells expressing dnKif3a lacked Arl13b- and 
G tubulin-positive ciliated cells (Fig. 5D-F). We were 
also unable to detect aa tubulin-positive cilia axonemes in 
tumors generated from the cell lines expressing dnKif3a, 
confirming the Arl13b- and G-tubulin staining results 
(Supplemental Fig. S4).

Our finding that the average survival time of 
mice transplanted with L0 control ciliated cells was 
significantly shorter than that of mice transplanted 
with L0-dnKif3a/cilia-depleted cells, together with the 
observation that SHH treatment of L0 control ciliated 
cells increased their proliferation in vitro, prompted us to 
examine whether ciliated cells were capable of migrating 
beyond the periphery of the primary tumor mass, where 
they could potentially receive and respond to SHH 
signals present in the adult brain environment [21, 22]. 
Indeed, we found ciliated L0 cells that had migrated 
or appeared to be migrating away from the core and 
were associated with satellite tumor growths (Fig. 6A-
D). Next, we immunostained the brain tumor sections 
with antibodies against gamma-tubulin, a marker of 
ciliary basal bodies, and SMO, a key component of 
the ciliary SHH signaling pathway that is transported 
into the cilium when the cilium responds to SHH, to 
determine whether there was any evidence that the 
cilia of distally located L0 cells had been responding to 
SHH prior to brain fixation. In rare instances, we found 
scattered mCherry-positive L0 control cells that were 
located outside of the primary tumor mass and stained 
positively for gamma-tubulin and SMO (Fig. 6E), 
observations suggesting that the cilia of these L0 cells 
were responding to SHH within the brain environment.
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Figure 4: SHH treatment induces changes in SHH signaling pathway gene expression in L0, but not S2 and S3 cell 
lines. (A-C) The mRNA expression levels of GLI1, GLI2, GLI3, PTCH, SMO, SHH, and SUFU were estimated by real-time qPCR. 
Increases in SHH pathway gene expression were observed in the L0 (A) but not S2 (B) or S3 (C) cell line (n = 3 biological replicates/gene). 
The expression of each target gene was quantified relative to β-actin mRNA. Data are expressed as means ± SEM. *p<0.05, **p<0.01, 
***p<0.005 (Student’s t-test).
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DISCUSSION

Our results show that targeting KIF3A by lentiviral 
delivery of dnKif3a in GBM cells is a potent method for 
disrupting ciliogenesis. However, the effects of expressing 
dnKif3a on cell proliferation, sensitivity to SHH, and 
tumor-associated survival in mice are all cell-line specific 
(summarized in Table 1). Our findings raise the possibility 
that the progression of GBMs for which SHH stimulates 
cell proliferation (e.g., L0) may be inhibited by the 
disruption of KIF3A. Alternatively, our findings with S2 
and S3 cells suggest that the rate of GBM progression may 
be accelerated or unchanged by the disruption of KIF3A.

Our studies provide the first account of the high 
prevalence of GBM cells capable of generating ciliated 
progeny in patient GBM-derived cell lines. At any given 
time, only 30% of GBM cells may be observed to harbor 
cilia, most likely because the rest of the cells are actively 
dividing and not in the G0/G1 phase, when cilia are 
typically present. It is also possible that our estimates of 
the percent of clones capable of forming cilia were lower 
than the actual percentage since, over time, some of the 

non-ciliated cell populations could have started to form 
cilia. Therefore, treatments aimed at affecting ciliary 
functions in our experiments, such as SHH/cyclopamine 
and dnKif3a expression, most likely affected most/all 
of the GBM cells during the ciliated stage of their cell 
cycle. The ability of dnKif3a expression to ablate these 
cilia is a useful readout for our successful interference 
with one function of KIF3A. However, caution must 
be taken before concluding that the effects of dnKif3a 
expression on GBM cells are solely attributable to cilia 
dysfunction, as extra-ciliary roles for KIF3A have also 
been described [39–42]. It is notable, though, that previous 
studies have reported that Kif3a ablation in fibroblasts 
does not affect their baseline proliferation, although their 
response to cilia-mediated SHH agonists is impaired [14]. 
Thus, it is likely that some of the effects we observed are 
heavily influenced by cilia depletion following dnKif3a 
expression, and not by extra-ciliary functions of KIF3A.

The results of our experiments with the L0 cell line 
may provide the first evidence that the effects of SHH on 
some GBM cells are mediated by primary cilia. We found 
that inhibiting ciliogenesis by expressing dnKif3a in these 

Figure 5: The relationship between dnKif3a expression and mouse survival following intracranial xenograft is cell-
line dependent. (A-C) Kaplan-Meier curves for mice xenografted with mCherry-positive control (red) or mCherry and dnKif3a-positive 
(blue) L0 (A), S2 (B) and S3 (C) cells. n = number of mice per group. (D-F) Sections through the mCherry-positive primary tumor mass 
immunostained for Arl13b, a marker of primary cilia. In L0 (D), S2 (E) and S3 (F) cell lines, we detected numerous Arl13b-positive cilia 
(arrowheads) in mCherry-positive control tumors, but not in tumors comprised of cells expressing mCherry and dnKif3a. Boxed regions in 
D-F are enlarged in the right panel insets to show that, in conjunction with staining for gamma-tubulin (gtub), Arl13b-positive cilia extend
from gamma-tubulin-positive basal bodies (red) in mCherry control but not mCherry and dnKif3a-positive cells. Scale bars in D-F = 10 μm.
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cells, or blocking SMO entry into the cilia by pretreating 
them with cyclopamine [33], disrupted the ability of 
SHH to induce these cells’ proliferation. Importantly, 
we found that the survival times of mice that received 
xenotransplants of L0-dnKif3a cells were significantly 
prolonged compared to those of mice transplanted with 
control cells, which displayed evidence of ciliary SHH 
signaling in vitro as well as in vivo. The prolonged 
survival times observed in the mice that received 
dnKif3a-expressing/cilia-depleted L0 cell implants may 
partly be due to the reduced responsiveness of these 

cells to endogenous SHH and/or reduced tumor stem cell 
proliferation, a possibility supported by studies showing 
that cyclopamine pre-treatment of certain GBM cell lines 
ablates the glioma stem cell pool, blocks its self-renewal, 
and inhibits tumorigenesis [4, 5]. Future studies, however, 
will need to thoroughly examine whether the prolonged 
survival of mice carrying dnKif3a-expressing cells is 
attributable to the ciliary and/or non-ciliary roles of KIF3A 
during the tumorigenesis process.

In contrast with the L0 cell line, the S2 cell line did 
not show any increase in cell proliferation in response 

Figure 6: Ciliated, SMO-positive L0 cells are found in sites distal to the tumor mass. (A) Image of mCherry and Arl13b-positive 
cells (arrowheads) in satellite growths that formed outside of the primary tumor core in L0 control cell-derived tumors. (C) mCherry-positive 
cell displaying a migratory profile with a short trailing process (arrow) and long leading process (arrowheads). (B, D) Gamma-tubulin (gTub) 
(red) was substituted for mCherry in A and C, respectively. Arrows point to Arl13b-positive cilia with G-tubulin-positive basal bodies enlarged 
in insets. (E) Example of an mCherry-positive cell observed away from the primary tumor mass displaying gamma-tubulin positive basal bodies 
(arrowheads) and harboring a SMO-positive cilium (arrows). Scale bars for A and C = 10 μm; E = 5 μm.
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to SHH. It is noteworthy that, in other studies, only a 
minority of GBM cell lines were observed to be SHH-
sensitive [4, 5, 9, 43] and SHH treatment of other tumors, 
such as lung adenocarcinoma A549 and lung squamous 
H520 carcinoma cells [44], also had no effect on cell 
proliferation. On the contrary, and surprisingly, SHH 
exposure of dnKif3a-expressing/cilia-depleted S2 cells 
significantly reduced total and viable cell numbers and 
increased cell death/apoptosis. SHH exposure of S2 
control cells that were pre-treated with cyclopamine also 
significantly reduced total and viable cell numbers. The 
mechanisms underlying this phenomenon are unclear 
and differ from other findings reporting that SHH’s 
interaction with its receptor Patched inhibits apoptotic 
cell death [45]. In addition, cyclopamine treatment of 
dnKif3a-expressing S2 cells resulted in decreased viable 
cell numbers. Interestingly, previous studies have shown 
that cyclopamine can have off-target effects by inducing 
apoptosis in human medulloblastoma cells [46]. Thus, our 
data raise the possibility that ciliary SMO may promote 
S2 cell proliferation/survival. In contrast, we found that 
the baseline proliferation of dnKif3a-expressing S2 
cells was significantly increased compared to S2 control 
cells in vitro, a response that may have contributed 
to the decreased survival times observed in the mice 
xenotransplanted with S2 dnKif3a-expressing cells. These 
results suggest that, in the absence of KIF3A and/or cilia, 
these cells may possess increased tumorigenic activity, 
a phenomenon that has been observed in other cancers. 
For example, in basal cell carcinoma, loss of Kif3a and 
cilia has been reported to accelerate Gli2-activated tumor 

growth [15]. The opposite phenomenon has been observed 
when ciliogenesis is induced. For instance, in U251 GBM 
cells that mostly lack cilia [23], reducing the expression 
of cell cycle-related kinase increased the frequency of 
ciliated cells and slowed the proliferation of these cells 
in vitro [25]. Thus, disrupting KIF3A appears to have a 
dual effect on S2 cells: on one hand, KIF3A disruption 
sensitizes the cells to SHH-mediated cell death while, on 
the other hand, it causes cell proliferation to become less 
restrained, triggering the cells to expand more rapidly and 
resulting in decreased animal survival in vivo.

The S3 cells did not exhibit any proliferative 
changes, whether baseline or in response to SHH 
stimulation, regardless of their ciliated state. There were 
also no differences in survival times between the mice 
xenotransplanted with S3-dnKif3a cells and those that 
received control cell implants. Therefore, compared to 
L0 and S2 cells, disruption of KIF3A in S3 cells did not 
noticeably alter the growth patterns of the tumor cells, in 
vitro or in vivo.

Surprisingly, despite the expression of a majority 
of SHH signaling pathway components in S2 and S3 
cells, SHH treatment failed to induce an increase in the 
expression levels of these components. It is possible that 
this response is significantly delayed in those two cell 
lines or that there are mutations in key pathway members/
receptors, which resulted in the failure to induce any 
response. It is noteworthy that the commonly studied 
U-87MG, T98G, U-373MG, U-251MG cell lines do not
display GLI activity in response to exogenous SHH [47].
Whether the lack of responsiveness to SHH treatment in

Table 1. Cell line-dependent effects of SHH treatment and/or dnKif3a expression on cell proliferation, SHH 
sensitivity, cell survival and tumor-associated survival

GBM Cell Line

Treatment L0 S2 S3

Addition of SHH Increased proliferation

Increased expression of 
SHH signaling pathway 

components

No effect

No effect

No effect

No effect

Expression of dnKif3a Cilia ablation

Inhibition of SHH-induced 
proliferation

Cilia ablation

Sensitization to SHH-
induced death

Increased baseline 
proliferation

Cilia ablation

No effect

Inhibition of SMO Inhibition of SHH-induced 
proliferation

Sensitization to SHH-
induced death

No effect

Intracranial implantation of 
dnKif3a-expressing cells

Prolonged mouse survival Shortened mouse survival No effect
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these cell lines is due to cilia-dependent or independent 
processes will require further investigation.

Collectively, our results shed new light on the 
heterogeneous effects of targeting KIF3A in GBM cells. It 
is possible that screening patients’ GBM cell responses to 
cilia-associated mitogens such as SHH could help predict 
which patients may respond to treatment modalities that 
would interfere with the KIF3A/ciliary pathway.

MATERIALS AND METHODS

Cell culture and treatment

Three primary cell lines, Line 0 (L0) (43 yo male), 
Line SN179 (S2) (50 yo male), and Line SN186 (S3) (75 
yo male) that were developed from cells isolated from 
human patient GBM tumors were used in this study [24, 
48–51]. The cells were grown as floating spheres and 
maintained in DMEM/F12 medium that was supplemented 
with 2% B27, 1% penicillin-streptomycin, 20 ng/ml 
human EGF, and 10 ng/ml human bFGF. DMEM/F12 
medium, B27, EGF, bFGF, and antibiotics were obtained 
from Gibco (Life Technologies, CA). All cells were grown 
in a humidified incubator at 37°C with 5% CO2. When the 
spheres reached approximately 150 μm in diameter, they 
were enzymatically dissociated with Accumax (Innovative 
Cell Technologies, Inc.) for 10 min at 37°C. Cells were 
washed, counted using Trypan blue to exclude dead cells, 
and re-plated in fresh medium supplemented with hEGF 
and bFGF. For cells grown on glass coverslips, DMEM/
F12 medium was supplemented with 5% fetal bovine 
serum (FBS).

For single cell clonal analyses, spheres of L0 
and S3 cells growing in T25 flasks were enzymatically 
dissociated (Accumax) and individual cells were seeded 
into 96-well plates containing 250 μL of DMEM/F12 
medium supplemented with hEGF and bFGF using a BD 
FACS Aria II Cell Sorter (BD Biosciences, San Jose, CA). 
Cell debris were excluded prior to seeding by forward- 
and side-scatter gating. When the spheres formed from 
the singles cells were >100 μm in diameter, they were 
mechanically dissociated, and cells were reseeded into 
24-well plates on glass coverslips in DMEM/F12 medium
supplemented with 5% FBS. After 2-3 days, the cells
were fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer (4% PFA) for immunohistochemical analyses as
described below.

For SHH and cyclopamine experiments, spheres of 
L0, S2, and S3 control and dnKif3a- expressing cells were 
dissociated and plated at densities of 50,000 cells per ml 
in 24-well plates in serum-free medium lacking hEGF or 
bFGF. Twenty-four hours later, cyclopamine (1 μmol/l; 
EMD Chemicals) was added to each culture, followed 
by the addition of either recombinant human SHH (1 μg/
ml; R&D Systems) dissolved in vehicle (PBS containing 

0.1% bovine serum albumin) or vehicle alone 30 min 
later. The number of cells in each well was counted five 
days after treatment (12 wells per group/experiment). This 
experiment was repeated 2-3 times for each cell line.

Generation and characterization of lentivirus-
treated GBM cells

To deliver a transgene encoding dnKif3a to cells, 
we generated a lentivirus carrying a bicistronic transgene 
encoding AU1-tagged mCherry and dnKif3a driven 
by an EF1a promoter. Co-expression of AU1-tagged 
mCherry and dnKif3a in this transgene was facilitated 
by insertion of a porcine Teschovirus (pTV1) 2A-like 
cleavage peptide between the two ORFs encoding the 
proteins [52]. We transduced our ciliated GBM cell lines 
(L0, S2, and S3) with this lentiviral construct, and control 
cells were transduced with a lentivirus encoding mCherry 
(AU1) alone under the control of the same promoter. Two 
microliters of either lentiviral vector were added to T25 
(5 ml flasks) containing L0, S2 and S3 cells immediately 
following passage (~50-100 passages from original 
harvest). Approximately 10 days after transduction, the 
infected cells were fixed and immunostained for acetylated 
alpha (aa)-tubulin-positive cilia and analyzed by EM.

Antibodies

Primary antibodies used for immunocytochemistry 
(ICC) or immunohistochemistry (IHC) included mouse 
anti-acetylated alpha-tubulin (1:3000 (ICC/IHC); Sigma 
(cat # T6793; lot # 088K4829)), rabbit anti-Arl13b (1:3000 
(IHC); Proteintech (cat # 17711-1-AP; lot # 00017960)), 
mouse anti-gamma- tubulin (1:2000 (ICC/IHC); Sigma 
(cat # T6557; lot # 072M4808)), rabbit anti-Gli3C (1:1000 
(ICC); gift from S. Scales) [35], rabbit anti-PCM1 (1:1000 
(ICC/IHC); Bethyl Laboratories (cat # A301-150A; 
lot # A301-150A-1)), rabbit anti-SMO (1:1000 (ICC/
IHC); Abcam (cat # ab38686; lot # GR198520)). Cells 
and sections stained sequentially with mouse antibodies 
against gamma- and acetylated alpha-tubulin were blocked 
with anti-mouse Fab fragments (20 μg/ml; Jackson 
Immunoresearch (cat # 715-007-003; lot # 114326)) as 
previously described [24]. Secondary antibodies were 
species-specific and were conjugated with fluorescent 
tags (1:400 (ICC/IHC); Jackson Immunoresearch). Stained 
sections and cells were coverslipped with Prolong Gold 
antifade media containing DAPI (Invitrogen).

Immunostaining and quantification of 
ciliated cells

Stained sections and cells were examined and imaged 
using an Olympus IX81-DSU confocal microscope fitted 
with a 60x water objective. All images were captured as 
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z-stacks (0.5 μm steps). The number of ciliated mCherry 
and mCherry/dnKif3a-positive cells and clones derived from 
single cell sorting was determined by counting the number 
of DAPI-labeled nuclei and aa-tubulin-positive cilia in each 
field/z-stack of randomly selected 4–6 microscopic fields per 
coverslip (3–5 coverslips/cell line and one coverslip/clone). 
The number of ciliated cells was expressed as a percentage 
of the total number of DAPI-labeled nuclei for each field. 
The mean background-corrected fluorescence intensity per 
pixel of Gli3C signal associated with aa-tubulin-positive 
cilia (n = 40 per group from 3 coverslips) was quantified 
using Image J software.

Electron microscopy

As described previously [24], spheres of L0 
or S3 cells grown in standard DMEM/F12 medium 
supplemented with hEGF and bFGF were pelleted at 600 
G for 5 min, fixed, and resuspended in a mixture of 3% 
PFA and 2% glutaraldehyde for 1 h. The fixed spheres 
were washed in 0.1 M phosphate buffer (PB), post-
fixed in 1% osmium tetroxide, dehydrated in ethanol, 
and embedded in resin. Ultrathin sections (70 nm) were 
collected onto grids, stained with uranyl acetate and lead 
citrate, and viewed using a Hitachi H-7600 transmission 
electron microscope at 80 kV. Images were captured with 
a Hitachi digital camera and proprietary software.

RNA extraction, cDNA synthesis, and real-time 
quantitative PCR

RNA was extracted from cells 24 hours after vehicle 
or SHH treatment using the RNeasy Plus Universal Mini Kit 
(Qiagen cat # 73404) following manufacturer’s instructions. 
On column DNase treatment was included in the extraction 
protocol (Qiagen cat # 79254) to remove residual genomic 
DNA carryover. cDNA synthesis was carried out using 
iScript Reverse Transcription Supermix for RT-qPCR kit 
(Bio-Rad cat #170-8840) per manufacturer’s instructions, 
and input RNA for cDNA synthesis was 100 ng. RT reaction 
was carried out as follows: 5 min 25°C, 30 min 42°C, and 
5 min 85°C. For real-time PCR, TaqMan primer probe 
assays (Life Technologies; all FAM-labeled) for human 
GLI1, GLI2, GLI3, PTCH, SMO, SHH (cat # 4453320), 
SUFU (cat # 4448892), and β-actin (cat # 4333762) were 
used, and amounts of each assay were used according 
to manufacturer’s recommendations. KiCqStart® Probe 
qPCR ReadyMix (Sigma cat # KCQS04) was used for gene 
expression analysis per manufacturer’s instructions. Real-
time reaction was run on a Bio-Rad CFX96 Touch PCR 
system as follows: 1 cycle 95°C 30 sec, 45 cycles 95°C 15 
sec 60°C 30 sec. Data was normalized to β-actin using the 
2-ΔΔCt methodology and the fold change between vehicle and
SHH-treated samples was plotted.

Intracranial xenografts

Male NOD/SCID mice (7-15 weeks old; Charles 
River) were used for our in vivo experiments. All 
procedures involving mice were performed according 
to NIH and institutional guidelines for animal care and 
handling. Mice were deeply anaesthetized using USP 
grade isoflurane (Halocarbon, North Augusta, SC). 
For each mouse, the scalp was reflected and a hole 
was drilled in the skull ~2 mm lateral to Bregma. A 
Hamilton syringe was lowered 2.5 mm into the cortex, 
and 200,000 GBM cells, suspended in 2 μl of sterile 
culture medium, were slowly injected into the cortex 
over the course of 5 min. The syringe needle remained 
in place following delivery of the cells for an additional 
5 min before it was removed. When they recovered 
from the surgery, the mice were returned to their home 
cages. Injected, tumor-bearing mice were monitored 
regularly and evaluated for tumor-related symptoms. 
Moribund animals were euthanized by CO2 inhalation 
and transcardially perfused with saline followed by 4% 
PFA. The brains were removed, post-fixed in 4% PFA 
overnight at 4°C, washed in PBS, and submerged in 30% 
sucrose. Once equilibrated, the brains were immersed 
in a 1:1 mixture of 30% sucrose:OCT overnight at 4°C. 
The brains were then frozen over liquid N2 in OCT and 
stored at -80°C until processing for histological analysis 
as described above.

Data analyses

Statistical analyses were performed using 
GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA). 
In all analyses, p-values less than 0.05 were considered 
significant. Comparisons of groups were done either using 
a one-way ANOVA or Student’s t-test. Data that showed 
significant differences with ANOVA were further analyzed 
using Tukey’s posthoc test. The Kaplan-Meier method and 
log rank test were used to analyze cell survival and create 
survival plots.
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AbstrAct
Malignant peripheral nerve sheath tumors (MPNSTs) are highly aggressive 

sarcomas that arise sporadically or in association with the Neurofibromatosis type 
1 (NF1) cancer predisposition syndrome. In individuals with NF1, MPNSTs are 
hypothesized to arise from Nf1-deficient Schwann cell precursor cells following the 
somatic acquisition of secondary cooperating genetic mutations (e.g., p53 loss). To 
model this sequential genetic cooperativity, we coupled somatic lentivirus-mediated 
p53 knockdown in the adult right sciatic nerve with embryonic Schwann cell precursor 
Nf1 gene inactivation in two different Nf1 conditional knockout mouse strains. Using 
this approach, ~60% of mice with Periostin-Cre-mediated Nf1 gene inactivation 
(Periostin-Cre; Nf1flox/flox mice) developed tumors classified as low-grade MPNSTs 
following p53 knockdown (mean, 6 months). Similarly, ~70% of Nf1+/- mice with 
GFAP-Cre-mediated Nf1 gene inactivation (GFAP-Cre; Nf1flox/null mice) developed low-
grade MPNSTs following p53 knockdown (mean, 3 months). In addition, wild-type and 
Nf1+/- mice with GFAP-Cre-mediated Nf1 loss develop MPNSTs following somatic p53 
knockout with different latencies, suggesting potential influences of Nf1+/- stromal 
cells in MPNST pathogenesis. Collectively, this new MPNST model system permits the 
analysis of somatically-acquired events as well as tumor microenvironment signals 
that potentially cooperate with Nf1 loss in the development and progression of this 
deadly malignancy.

INtrODUctION

MPNSTs are an aggressive subtype of soft-tissue 
sarcoma that develops in association with peripheral 
nerves or nerve roots. Composed of neoplastic 
Schwann cells, these malignancies are thought to arise 
from benign nerve sheath tumors, termed plexiform 
neurofibromas. Plexiform neurofibromas are frequently 
detected during early childhood, raising the possibility 
that they are congenital tumors that initiate during fetal 
or early postnatal life. While transformation of these 

plexiform neurofibromas in childhood is uncommon, the 
development of pain or motor weakness associated with 
a pre-existing plexiform neurofibroma in a teenager or 
young adult should prompt evaluation for a MPNST. In 
patients with these malignant tumors, overall survival is 
poor, and successful treatment options are limited. Even 
when surgery is employed in combination with radiation 
or chemotherapy, ~50% of individuals will experience 
local recurrence as well as distant metastases, and the 
majority will succumb to their cancer within 5 years [1-3]. 

MPNSTs occur most frequently in the setting of 
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the Neurofibromatosis 1 (NF1) tumor predisposition 
syndrome, affecting approximately 8-13% of people with 
NF1 [4]. Individuals with NF1 are born with a germline 
mutation in one copy of the NF1 gene, such that all 
cells in their bodies have one dysfunctional NF1 allele. 
However, tumorigenesis requires somatic loss of the other 
NF1 allele in the appropriate cell of origin. Consistent 
with a key role for the NF1 gene in both NF1-associated 
and sporadic MNPST pathogenesis, bi-allelic NF1 gene 
inactivation has been reported in approximately 60-90% 
of NF1-associated MPNSTs and 40-60% of sporadic 
cases [5, 6]. While loss of NF1 gene expression is 
required for MPNST development, it is not sufficient. As 
such, MPNST formation requires additional cooperating 
genetic events, the most frequent of which is mutational 
inactivation of the TP53 tumor suppressor gene, occurring 
in approximately 75% of cases [7-9].

In this regard, genetically-engineered mouse (GEM) 
lines with conditional Nf1 gene inactivation in Schwann 
cell precursors do not develop MPNSTs [10-14] unless 
coupled with concomitant Trp53 loss [15, 16], epidermal 
growth factor receptor (Egfr) amplification [7, 17], Pten 
loss [18], or Ink4a deletion [19, 20]. In each of these GEM 
strains, the cooperating genetic mutation was introduced 
simultaneously with Schwann cell precursor Nf1 gene 
inactivation throughout the body. While each of these 
models has been informative for understanding MPNST 
pathogenesis, they do not permit temporal (timing of the 
cooperating somatic genetic change) or spatial (specific 
nerve location) control over MPNST development. 
To generate a model in which temporal control of the 
transforming genetic alteration can be achieved in a single 
nerve location, we employed two GEM strains in which 
Cre-mediated Nf1 inactivation occurs in Schwann cell 
precursor cells during embryogenesis and p53 knockdown 
is somatically acquired at 6-8 weeks of age in cells 
within the right sciatic nerve. Using this approach, 60-
70% of mice develop sciatic nerve MPNSTs associated 
with focal neurological dysfunction. The coupling of 
somatic retroviral knockdown and embryonic Nf1 gene 
inactivation establishes an experimentally-manipulable 
platform to evaluate other cooperating genetic changes in 
MPNST pathogenesis as well as preclinical mouse strains 
in which clinical symptomatology can be used to monitor 
tumor progression.

rEsULts AND DIscUssION

Leveraging whole exome sequencing 
methodologies, a recent study from our laboratory 
revealed a temporal sequence of genetic changes in a 
single patient with progression of an NF1-associated 
plexiform neurofibroma to MPNST over a 14-year period. 
Analysis of these pathological specimens demonstrated an 
increasing proportion of cells with a somatic NF1 gene 
mutation (second hit) as the tumor progressed from a 

benign plexiform neurofibroma to a MPNST. In addition, 
loss of one copy of the TP53 gene was only detected at the 
MPNST stage [21]. These observations in a single patient 
support a model in which NF1 gene inactivation precedes 
TP53 mutation in the pathogenesis of NF1-associated 
MPNST.

To model this temporal sequence in mice, we 
leveraged two different GEM strains in which bi-allelic 
Nf1 gene inactivation occurred in Schwann cell precursors 
during embryonic development. For these experiments, 
Nf1flox/flox mice were intercrossed with either Periostin-Cre 
[22, 23] or GFAP-Cre [24] mice to eliminate Nf1 protein 
(neurofibromin) expression in Schwann cell precursors. 
We first sought to generate mice with a germline null 
Nf1 gene mutation and a conditional Nf1 allele; however, 
the majority of Periostin-Cre; Nf1flox/null mice did not 
survive to weaning age (~3-4 weeks), as previously 
reported by others [23]. As such, Periostin-Cre; Nf1flox/flox 

mice and GFAP-Cre; Nf1flox/null mice, were used for these 
experiments. Importantly, neither strain develops MPNSTs 
without the introduction of additional genetic alterations 
(e.g., somatic p53 knockdown). 

In the Periostin-Cre model, promoter activity is 
detected as early as embryonic day 10 (E10) within 
post-migratory Schwann cell progenitor cells. Based on 
published reporter activity studies, recombination occurs 
in the enteric nervous system, peripheral nervous system 
(including Schwann cells), and within a subpopulation of 
cardiac outflow tract mesenchymal cells [22]. As expected, 
intercrossing Periostin-Cre mice with a Rosa-GREEN 
reporter strain [25] revealed green fluorescent protein 
(GFP) expression in sciatic nerves (Figure 1a). Similarly, 
in the GFAP-Cre model, where promoter activity has been 
reported as early as E13.5 in the brain [24], we observed 
robust GFP expression in the sciatic nerves of adult GFAP-
Cre mice following intercrossing with Rosa-GREEN 
reporter mice (Figure 1a).

To determine whether Cre-mediated excision might 
also occur in the hematopoietic cells that populate the 
tumor microenvironment [12, 26-28] (e.g., mast cells and 
macrophages), both Cre driver lines were intercrossed 
with Rosa-GREEN reporter mice [25]. Whereas GFP 
expression was observed within the adult sciatic nerve, 
there was no GFP labeling within the bone marrow (Figure 
1a). The lack of GFP expression in the bone parenchyma 
demonstrates that Cre-mediated excision is largely limited 
to the Schwann cell precursors within the sciatic nerve, 
rather than infiltrating bone marrow-derived stromal cells 
in the tumor microenvironment. 

Western blot analysis of the sciatic nerves 
of Periostin-Cre; Nf1flox/flox mice revealed loss of 
neurofibromin expression, but intact p53 expression 
(Figure 1b). The absence of neurofibromin expression 
demonstrates that early Nf1 gene inactivation in Schwann 
cell precursors occurs prior to the induction of shRNA 
retrovirus-mediated p53 knockdown. Similar to Periostin-
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Cre; Nf1flox/flox mice, no neurofibromin expression was 
detected in the sciatic nerves of GFAP-Cre; Nf1flox/null mice 
by western blot (Figure 1b). 

Next, to introduce p53 knockdown specifically in 
cells within the sciatic nerve, we leveraged a lentiviral 
approach in which Nf1 and Trp53 knockdown occurs 
following p53 shRNA virus injection (Figure 2a). This 
construct has previously been employed to reduce Nf1 and 
Trp53 gene expression in the brain in vitro and in vivo, 
resulting in high-grade gliomas [29]. In this regard, we 
observed 40% and 70% reductions in neurofibromin and 
p53 expression, respectively, in NIH-3T3 cells 96 hours 
post-lentiviral infection in vitro (Figure 2b). The choice 
to employ a lentivirus containing shRNAs targeting both 
the Nf1 and Trp53 genes reflected a lack of reproducible 
knockdown (KD) when the identical Trp53 shRNA was 
employed alone (data not shown). Importantly, since Nf1 
expression has already been silenced in GFAP-Cre; Nf1flox/

null, GFAP-Cre; Nf1flox/flox, and Periostin-Cre; Nf1flox/flox 
mice, the effects of shRNA Nf1 KD on the preneoplastic 
Schwann cell component should be negligible. 

For all MPNST induction experiments, adult sciatic 
nerves were surgically isolated and injected with p53 
shRNA lentivirus when the mice reached 6-8 weeks of 
age. Mice were then monitored by serial examination until 
they demonstrated neurological abnormalities (e.g., right 
leg weakness), at which time they were euthanized for 
gross pathological and histological analyses (Figure 2c). 

Initial experiments used mice in which 
neurofibromin expression was ablated in periostin-
expressing cells, including Schwann cell precursors within 
the peripheral nerves (Periostin-Cre; Nf1flox/flox mice), 
consistent with previous lineage tracing studies [30]. 
While the precise cell of origin is not known in this model, 
Cre-driven reporter expression has been observed in brain 
lipid binding protein (BLBP)-immunoreactive cells, which 
represent Schwann cell precursors or immature Schwann 
cells [30]. To induce MPNSTs, pTomo-shNf1;shp53 
lentivirus or vehicle was injected into the right sciatic 
nerves of 6-8 week old Periostin-Cre; Nf1flox/flox mice, 
resulting in GFP expression following Cre-mediated 
recombination (Supplemental Figure 1a). Following the 

Figure 1: Murine MPNst model system employed. a. Representative images of sciatic nerves and femurs (bone) from GFAP-Cre 
(FVB-Tg(GFAP-cre)25Mes/J) and Periostin-Cre mice crossed to Rosa-Green reporter mice. Green fluorescent protein (GFP)-positive cells 
were observed in the sciatic nerve and bone periosteum (white arrows), but not in the hematopoietic cells within the bone parenchyma. 
Scale bar, 50µm. b. Western blotting reveals complete loss of neurofibromin expression and intact p53 expression in Periostin-Cre; Nf1flox/

flox and GFAP-Cre; Nf1flox/null sciatic nerves compared to intact neurofibromin and p53 expression in the wild-type sciatic nerve. 
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Figure 2: Lentiviral introduction of ptomo-shNf1;shp53 into the sciatic nerve. a. Schematic of the pTomo-shNf1;shp53 
lentivirus construct used in these studies [29]. b. Western blotting demonstrates a 40% reduction in neurofibromin expression and a 70% 
reduction in p53 expression 96 hours after pTomo-shNf1;shp53 lentiviral infection of NIH-3T3 cells. c. Schematic of study design. d. 
Western blotting reveals complete loss of neurofibromin expression coupled with a 60% reduction in p53 expression within the sciatic 
nerves of Periostin-Cre; Nf1flox/flox mice injected with pTomo-shNf1;shp53 virus relative to uninjected control nerves. e. Western blotting 
reveals complete loss of neurofibromin expression coupled with an 80% reduction in p53 expression within the sciatic nerves of GFAP-Cre; 
Nf1flox/flox mice injected with pTomo-shNf1;shp53 virus relative to uninjected control nerves.
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injection of this lentivirus into the right sciatic nerves 
of 6-8 week old mice, the pre-existing complete loss 
of neurofibromin expression in these nerves was now 
accompanied by a 60% reduction in p53 protein expression 
within the tumors (Figure 2d). With an average latency of 
183 days post-injection (Table 1), ~60% of the pTomo-
shNf1;shp53 lentivirus-injected Periostin-Cre; Nf1flox/flox 
mice exhibited paresis of the affected leg, as evidenced 
by pronounced right-sided lower extremity limping. At 
this time, these mice were euthanized and their sciatic 
nerves evaluated for the presence of a malignant tumor. In 
10/18 of these mice, grossly-appearing mass lesions were 
appreciated in the nerves of lentiviral-injected animals, but 
not in the vehicle-injected controls (Figure 3a). 

Neuropathological analyses of the resulting tumors 
revealed striking hypercellularity, mild to moderate 
nuclear pleiomorphism, reduced S100β immunopositivity, 
increased Ki67 labeling (Figure 3b), infiltration of 
adjacent fibroadipose tissue, and mitotic figures 
(Supplemental Figure 1b), as seen in their human low-
grade MPNST counterparts. Additionally, these murine 
MPNSTs retained basement membrane staining (Collagen 
4A; Col4a immunoreactivity) and demonstrated mast cell 
infiltration visualized by tryptase staining, as reported in 
other murine MPNST-like tumors [31] (Figure 3b). Based 
on the observed increased cellularity, nuclear atypia, and 
mitotic activity, these lesions are most accurately classified 
as low-grade MPNST, as suggested by the Comparative 
Pathology of Nerve Sheath Tumors in Mouse Models 
and Humans Committee Consensus Report [32]. The 
remaining 8 mice exhibited hyperplasia only, similar to 
some of the vehicle-injected mice.

The development of MPNSTs in mice without 
complete loss of p53 expression (Figure 2d) suggests that 
bi-allelic (complete) inactivation of the Trp53 gene might 

not be necessary for malignant transformation. While 
we cannot exclude the acquisition of additional genetic 
changes that effectively abrogate p53 signaling, previous 
reports in both mouse models and human pathological 
MPNST specimens have likewise support the concept 
that TP53 haploinsufficiency may be sufficient for 
MPNST formation [7, 9]. Similarly, our recent whole 
exome sequencing analysis of a single patient with NF1-
related plexiform neurofibroma malignant transformation 
revealed only heterozygous TP53 loss [21]. 

The development of MPNSTs in Periostin-Cre; 
Nf1flox/flox mice raises the intriguing possibility that 
malignant transformation does not require heterozygous 
Nf1 loss in cells within the tumor microenvironment. 
While previous studies from one of our laboratories 
(D.W.C.) have clearly demonstrated a critical role for 
infiltrating Nf1+/- stromal cells in benign murine plexiform 
neurofibroma formation and growth [12, 27, 28], the 
apparent stromal independence in MPNST pathogenesis 
could reflect differences between low-grade tumor growth 
requirements and those operative in malignant cancers. In 
this respect, similar differences have also been reported 
for murine Nf1 brain tumors: Nf1+/- stromal cells are 
required for low-grade murine optic glioma formation 
and continued growth in vivo [33-35], but high-grade 
glioblastoma development can occur following Nf1 and 
p53 inactivation in nestin+ neural stem cells alone in vivo 
[36]. 

Since the early lethality (pre-weaning) observed 
in Nf1+/- mice with periostin-Cre-mediated Nf1 gene 
inactivation precluded an examination of the contribution 
of the Nf1+/- tumor microenvironment to MPNST biology, 
we sought to reduce the latency of MPNST development 
by coupling somatic retrovirus-mediated p53 knockdown 
and embryonic Schwann cell precursor Nf1 gene 

table 1: MPNst development in Nf1 mutant mice following p53 knockdown

Mouse genotype (injection) Hyperplasia MPNst MPNst latency, mean 
days (range)

Periostin-Cre; Nf1flox/flox (vehicle) 2/11 0/11 No tumors: 83-304d*
Periostin-Cre; Nf1flox/flox (pTomo-shNf1;shp53) 8/18 10/18 183d (144-278d)
GFAP-Cre; Nf1flox/null (vehicle) 2/6 0/6 No tumors: 49-217d*
GFAP-Cre; Nf1flox/null (pTomo-shNf1;shp53) 3/11 8/11 91d (25-211d)
GFAP-Cre; Nf1flox/flox (vehicle) 0/4 0/4 No tumors:129-153d* 
GFAP-Cre; Nf1flox/flox (pTomo-shNf1;shp53) 2/5 3/5 176d (117-298d)
Wild-type (pTomo-shNf1;shp53) 0/4 0/4 No tumors: 182-365d#

Nf1+/- (pTomo-shNf1;shp53) 0/4 0/4 No tumors: 182-365d#

*Vehicle mice were euthanized and analyzed at time points equivalent to those when p53 shRNA-injected mice were
euthanized or at a time when they became ill due to non-tumor-related issues (rectal prolapse or hydrocephalus). The details
are provided below:
Vehicle-injected GFAP-Cre; Nf1flox/null mice: 2 mice at 49 days, 2 mice at 154 days and 2 mice at 217 days.
Vehicle-injected Periostin-Cre; Nf1flox/flox mice: 1 mouse at 83 days, 3 mice at 144 days, 2 mice at 154 days, 2 mice at 230 days,
2 mice at 259 days, and 1 mouse at 304 days.
Vehicle-injected GFAP-Cre; Nf1flox/flox mice: 2 mice at 129 days, 1 mouse at 138 days, and 1 mouse at 158 days.
Wild-type and Nf1+/- mice:  2 mice at 183 days and 2 mice at 365 days for each group.
#Wild-type and Nf1+/- mice were euthanized and analyzed at 6 month or 12 month time points, as no mice developed
symptoms or non-tumor-related issues.
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Figure 3: MPNst development in mice with embryonic schwann cell precursor Nf1 loss and postnatal somatic Trp53 
reduction. a. Gross images of the sciatic nerves from Periostin-Cre; Nf1flox/flox mice injected with vehicle or pTomo-shNf1;shp53 virus. 
Low-grade MPNSTs were only observed in the sciatic nerves of Periostin-Cre; Nf1flox/flox mice injected with pTomo-shNf1;shp53 virus. Scale 
bar, 1000µm. b. Sciatic nerve sections from Periostin-Cre; Nf1flox/flox mice injected with pTomo-shNf1;shp53 virus demonstrate increased 
cellularity, nuclear pleiomorphism, and mitotic figures, consistent with low-grade MPNST (H&E). Induced MPNSTs exhibit reduced S100 
β-staining, increased Ki67 labeling, increased mast cell infiltration (tryptase staining), and collagen-4A (Col4A) basement membrane 
immunoreactivity. Scale bar, 40µm.
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Figure 4: MPNst formation is accelerated in Nf1+/- mice harboring embryonic Nf1 loss and somatic Trp53 reduction. 
a. Gross images of the sciatic nerves from GFAP-Cre; Nf1flox/null mice injected with vehicle or pTomo-shNf1;shp53 virus. Low-grade
MPNSTs were only observed in the sciatic nerves of GFAP-Cre; Nf1flox/null mice injected with pTomo-shNf1;shp53 virus. Scale bar, 1000µm.
b. Sciatic nerve sections from GFAP-Cre; Nf1flox/null mice injected with pTomo-shNf1;shp53 virus demonstrate increased cellularity and
nuclear pleiomorphism, consistent with low-grade MPNST (H&E). Induced MPNSTs exhibit reduced S100 β-staining, increased Ki67
labeling, increased mast cell infiltration (tryptase staining), and collagen-4A (Col4A) basement membrane immunoreactivity. Scale bar,
40µm.
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inactivation in the setting of an Nf1+/- microenvironment. 
For these experiments, we employed GFAP-Cre mice [24], 
in which Cre-mediated recombination occurs in the sciatic 
nerve (Figure 1a). In contrast to the Periostin-Cre; Nf1flox/null 
mice, the majority of which die by 4 weeks of life, Nf1flox/

null; GFAP-Cre mice are viable into adulthood. Similar to 
the experiments performed with the Periostin-Cre; Nf1flox/

flox mice, pTomo-shNf1;shp53 lentivirus or vehicle was 
injected into the sciatic nerves of 6-8 week old GFAP-Cre; 
Nf1flox/null mice. Following the injection of this lentivirus 
into the right sciatic nerves of 6-8 week old mice, the pre-
existing complete loss of neurofibromin expression in 
these nerves was now accompanied by an 80% reduction 
in p53 protein expression within the tumors (Figure 2e). 
While none of the vehicle-injected mice exhibited any 
neurological deficits, eight of eleven GFAP-Cre; Nf1flox/

null mice injected with pTomo-shNf1;shp53 lentivirus 
exhibited right leg weakness. Following euthanasia, gross 
morphological features of MPNST were observed (Figure 
4a). As observed with the pTomo-shNf1;shp53 lentivirus-
injected Periostin-Cre; Nf1flox/flox mice, MPNSTs in the 
GFAP-Cre; Nf1flox/null mice with somatic p53 knockdown 
exhibited striking hypercellularity, mild to moderate 
nuclear pleiomorphism, reduced S100β immunoreactivity, 
increased Ki67 labeling, mast cell infiltrates (Tryptase 
staining), infiltration of adjacent fibroadipose tissue, and 
Col4A immunoreactivity (Figure 3b). However, in contrast 
to pTomo-shNf1;shp53 lentivirus-injected Periostin-Cre; 
Nf1flox/flox mice, the average time to MPNST formation was 
only ~90 days as opposed to ~183 days. 

It is possible that the shortened MPNST latency 
observed in injected GFAP-Cre; Nf1flox/null mice reflected 
growth-promoting contributions from the heterozygous 
tumor microenvironment. Support for this idea derives 
from early findings in GFAP-Cre; Nf1flox/flox mice (harboring 
wild-type stromal cells) injected with pTomo-shNf1;shp53 
lentivirus. In this respect, the 3 mice that developed 
MPNSTs exhibited longer latencies than observed in 
GFAP-Cre; Nf1flox/null mice (average of 176 days, Table 
1). However, in striking contrast, 50% of the GFAP-Cre; 
Nf1flox/null mice injected with pTomo-shNf1;shp53 lentivirus 
had developed a limp and exhibited low-grade MPNST 
on pathological examination by 50 days post-injection. 
Coupled with the results obtained using Periostin-Cre; 
Nf1flox/flox mice, it is most likely that cells in the Nf1+/- 
tumor microenvironment provide additional growth 
factors or chemokines (e.g., CXCL12 [37]) that accelerate 
the growth of the newly-formed MPNST, leading to a 
reduced time to clinical symptomatology.

Since the lentivirus employed contained shRNAs 
that targeted both the Trp53 and Nf1 genes, we next 
sought to determine whether Nf1 shRNA-mediated 
KD was sufficient to generate MPNSTs in wild-type or 
Nf1+/- mice. Following injection of pTomo-shNf1;shp53 
lentivirus at 6 weeks of age, mice were examined 6 
months or 12 months later. No mice developed a limp 

and no tumors were appreciated on gross or histologic 
examination (Table 1). These findings lend further 
support to the hypothesis that loss of Nf1 gene expression 
in embryonic Schwann cell precursors is required for 
plexiform neurofibroma development and subsequent 
MPNST formation, as previously demonstrated by others 
[38-40]

The high frequency of MPNSTs in individuals with 
NF1 coupled with genetic analyses of human MPNSTs 
argues that NF1 loss is an obligate genetic event in MPNST 
development. Moreover, the fact that bi-allelic inactivation 
of the NF1 gene is observed in most NF1-associated [5, 
6, 41] and sporadic [42] MNPSTs supports a critical role 
for this tumor suppressor gene in MPNST pathogenesis. 
While neurofibromin loss in cells of the Schwann cell 
lineage is required for MPNST formation, it is clearly 
not sufficient. This lack of sufficiency is nicely illustrated 
in Nf1 GEM strains, where mice with conditional Nf1 
gene inactivation in Schwann cell precursors alone also 
do not develop MPNSTs [10-14], including the GFAP-
Cre; Nf1flox/null and Periostin-Cre; Nf1flox/flox mouse strains 
used in the current study. However, the co-existence of 
other cooperating genetic events in combination with Nf1 
loss does result in MPNST formation (summarized in 
Supplemental Table 1). In most of these mouse models, 
complex intercrosses of transgenic and conditional 
knockout strains are required, and there is no control over 
the timing of the acquired somatic genetic event or the 
location in which the malignancy will arise [7, 15-20, 
43-45]. Using a combination of conditional knockout
mice and lentivirus-mediated somatic p53 inactivation,
we describe an efficient platform for the generation of
MPNSTs. As such, this model is ideally suited to define
the biological importance of somatically-acquired
cooperating genetic events to MPNST pathogenesis,
thus allowing investigators to compare the effects of
known somatic genetic alterations (e.g., p53 versus p16
inactivation) or those identified in large-scale genomic
discovery efforts [46]. In addition, this experimental
system provides both spatial and temporal control. Future
uses of this platform provide opportunities to determine
the impact of introducing cooperating genetic mutations as
a function of mouse age or in different peripheral nerves.
Moreover, since somatic p53 knockdown is directed to
the sciatic nerve, these mice develop a neurologic deficit
(limp), similar to some patients with MPNSTs. The ability
to monitor clinical signs will be important if these models
are employed for preclinical studies.

In summary, the implementation of this 
experimental MPNST model system has allowed us to 
make two important observations. First, we demonstrate 
that somatic reduction, but not absence, of Trp53 
expression following Nf1 gene inactivation is sufficient for 
MPNST formation. Second, we demonstrate that MPNST 
formation can occur in the absence of a microenvironment 
composed of cells heterozygous for a germline Nf1 gene 



Oncotarget  83www.impactjournals.com/oncotarget

mutation. Future studies employing this platform may 
facilitate more rapid analyses of the contributions of other 
cooperating events to MPNST pathogenesis, the role of 
the tumor microenvironment in MPNST growth, and the 
development of radiologic and molecular biomarkers of 
malignant transformation.

MAtErIALs AND MEtHODs

Mice

GFAP-Cre (FVB-Tg(GFAP-cre)25Mes/J) and Rosa-
Green reporter mice were purchased from the Jackson 
Laboratories [24, 25]. Periostin-Cre [22] and Nf1flox/

flox [47] mice have previously been described. All mice 
were maintained on a C57Bl/6 background and used in 
accordance with approved animal studies protocols at the 
Washington University School of Medicine. 

Lentivirus generation

The pTomo-shNf1;shp53 lentivirus construct used 
has been previously described [29]. Viral particles were 
produced by the Viral Vectors Core Facility of the Hope 
Center for Neurological Diseases at the Washington 
University School of Medicine.

sciatic nerve injections

The right flanks of 6-8 week old mice were shaved 
and prepped with betadine. The right sciatic nerves were 
surgically isolated while mice were under anesthesia. 
10μl of pTomo-shNf1;shp53 lentivirus (5x106 IU) or 10μl 
vehicle was injected into the right sciatic nerves of mice 
using a10μl Hamilton syringe equipped with a 33-gauge 
needle. The surgical incision was closed with Vetbond and 
sutured. Mice were followed and examined three times per 
week until right-sided limping was observed. At this time, 
mice were euthanized with carbon dioxide and the sciatic 
nerves isolated for gross and histologic analysis.

tissue preparation

For eight-week-old GFAP-Cre; Rosa Green and 
Periostin-Cre; Rosa Green mouse nerves and bones 
were Formalin-fixed and paraffin-embedded. 5 micron-
thick sections were generated for analysis. Tissues 
were subsequently dehydrated and coverslipped with 
Vectashield mounting media containing DAPI (Vector 
Laboratories). 

Immunohistochemistry

Nerves were processed as described above 
using primary (Supplemental Table 2) and horseradish 
peroxidase-conjugated secondary antibodies (Vector 
Laboratories, Burlingame, CA, USA) in combination with 
Vectastain Elite ABC development. 

Microscopy

For eight-week-old GFAP-Cre; Rosa Green and 
Periostin-Cre; Rosa Green mouse nerves and bones, 
images were acquired at 100x magnification on a 
Nikon Eclipse TE300 fluorescence inverted microscope 
equipped with an optical camera (Leica DFC 3000G) 
and analyzed using Leica Application Suite Advanced 
Fluorescence 3.20.9652. Seven day post-injection images 
were acquired at 200x magnification on a Nikon Eclipse 
TE300 fluorescence inverted microscope equipped with an 
optical camera (Leica DFC 3000G). Images from tumor 
bearing mice were acquired at 400x magnification using 
an Olympus BX51 camera.

Western blotting

Cell pellets, sciatic nerves, or tumors dissected 
from sciatic nerves were lysed in buffer containing 1% 
NP-40 (nonylphenoxypolyethoxylethanol) supplemented 
with protease inhibitors. Western blotting was performed 
as previously described [48]. Antibodies used included 
neurofibromin (Santa Cruz Biotechnology; dilution 1:100), 
p53 (Cell Signaling; dilution 1:1000), and α-tubulin 
(Sigma; dilution 1:10000). Densitometry was measured 
using Life Science Software from UVP VisionWorks LS 
Version 8.1.1 Image Acquisition and Analysis Software 
system. α-tubulin serves as an internal protein loading 
control. 
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ABSTRACT
Chronic muscle diseases are highly prevalent in the elderly causing severe 

mobility limitations, pain and frailty. The intrinsic molecular mechanisms are poorly 
understood due to multifactorial causes, slow progression with age and variations 
between individuals. Understanding the underlying molecular mechanisms could 
lead to new treatment options which are currently limited. Shoulder complaints are 
highly common in the elderly, and therefore, muscles of the shoulder’s rotator cuff 
could be considered as a model for chronic age-associated muscle degeneration. 
Diseased shoulder muscles were characterized by muscle atrophy and fatty infiltration 
compared with unaffected shoulder muscles. We confirmed fatty infiltration using 
histochemical analysis. Additionally, fibrosis and loss of contractile myosin expression 
were found in diseased muscles. Most cellular features, including proliferation rate, 
apoptosis and cell senescence, remained unchanged and genome-wide molecular 
signatures were predominantly similar between diseased and intact muscles. 
However, we found down-regulation of a small subset of muscle function genes, 
and up-regulation of extracellular region genes. Myogenesis was defected in muscle 
cell culture from diseased muscles but was restored by elevating MyoD levels. We 
suggest that impaired muscle functionality in a specific environment of thickened 
extra-cellular matrix is crucial for the development of chronic age-associated muscle 
degeneration.

INTRODUCTION

Aging-associated muscle degeneration leads to 
functional impairments of daily activities of the elderly 
due to immobility and frailty. Muscle degeneration is 
prominent in neuromuscular disorders [1] and acute 
muscle disuse conditions [2]. In these conditions discovery 
of the associated molecular mechanisms have led to better 
understanding of the pathophysiological processes of these 
disorders [3]. However, the molecular changes occurring 
in muscle degeneration in chronic conditions are still 
not fully understood. This is partly due to multifactorial 
etiologies, slow progression with aging, variation between 
individuals and unavailability of suitable models. Shoulder 

complaints are common in the general population [4-6], 
and their prevalence progresses during aging to more than 
40% [7, 8]. Disease in the shoulder’s rotator cuff (RC) 
muscles is characterized by disability of the shoulder 
joint, leading to pain and functional impairment in daily 
activities. The four RC muscles function as intricate 
motor units that dynamically stabilize the shoulder joint 
and provide arm mobility [9, 10]. Initially, studies focused 
on the tendon degeneration [11-15], but recently muscle 
degeneration has been suggested to be primarily involved 
in affected RC muscles [16, 17]. Importantly, muscle 
degeneration in the shoulder is considered as a clinical 
determinant for surgical and non-surgical treatment 
outcomes [16, 18-20]. However, variable and non-
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sustained outcomes call for better understanding of the 
intricate balance of shoulder pathology and functionality 
[21, 22]. 

Within the spectrum of chronic muscle disease 
tearing of the shoulder’s RC is common. In RC tears 
the supraspinatus muscle (SSp) is initially affected 
and as the disease progresses, the subscapularis muscle 
(SSc) can tear as well [23]. In chronic RC diseases the 
deltoid muscle (DM) is clinically not affected, and can be 
considered a reference muscle [17]. Previously, we showed 
that while atrophy in the SSp and SSc continuously 
increase throughout adulthood, atrophy in the other RC 
muscles and the DM starts only from midlife onwards 
[17]. Furthermore, we found that torn RC muscles are 
characterized by an increase in extracellular matrix, and 
fatty droplets [17]. Despite high Pax-7 positive cells in 
torn muscles, their regeneration is limited [17]. Yet, the 
molecular mechanisms associated with these pathological 
conditions remain unknown. 

Shoulder surgery provides a unique opportunity 
for ex-vivo investigations of functionally impaired 
muscles compared with unaffected muscles. Here we 
report a multidisciplinary study integrating radiological, 
histological, cellular and molecular investigations of 
diseased SSc and unaffected DM. We show that the SSc 
is highly degenerated and fibrotic but in contrast, viable 
muscle cell cultures were generated from both SSc and 

DM. Muscle cell cultures of SSc were predominantly 
indifferent from DM. However, reduced myogenesis in 
SSc cultures was associated with down-regulation of genes 
regulating muscle development as well as up-regulation of 
extracellular region genes. 

RESULTS

Clinical characteristics

Clinical features of diseased RC muscles were 
assessed from radiological imaging from 28 patients who 
underwent shoulder surgery. We compared RC muscle 
atrophy and fatty infiltration from patients with a diseased 
SSc with control subjects having an intact RC (Figure 1). 

Patients with diseased SSc showed smaller cross-
sectional area (CSA) of the SSc and SSp (28% and 32% 
lower, (p < 0.001 in both) respectively), whereas the RC 
muscles infraspinatus (ISp) and teres minor (Tmi), and 
the adjacent DM were not significantly different in size 
compared with subjects with an intact RC. In the patient 
group fatty infiltration was present in all four RC muscles, 
with highest fatty infiltration in the SSc. Among all four 
RC muscles, the largest contrast of atrophy and fatty 
infiltration between the patient group and control subjects 

Figure 1: Clinical description of deltoid and subscapularis muscles. Anatomical landmarks of shoulder muscles in intact and 
torn conditions. Representative MRA images from the control group (panels A. and D., transversal and coronal view, respectively) and from 
torn SSc muscle (panels B. and E., transversal and sagittal view, respectively). A schematic illustration of muscle cross-sectional surface 
area (CSA) is shown in panels C. and F. (transversal and coronal view, respectively). Muscle atrophy is indicated by the dashed line of 
the SSc. The long head of the biceps tendon is dislocated out of the bicipital groove, medially (black arrow). Subscapularis muscle (SSc), 
glenoid (Gl), humeral head (HH), infraspinatus (ISp), deltoid (DM), clavicle (cla), coracoid (cor), acromion (Acr), supraspinatus (SSp) and 
the teres minor (Tmi). Box plot (G) shows CSA of the DM and SSC between control subjects (n = 52) and patients with a diseased SSc (n 
= 28). Statistical significance between DM and SSc using unpaired t-test: ** p < 0.001. 
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Figure 2: Histological analyses in deltoid and subscapularis muscles. A. Representative images of deltoid (DM) and 
subscapularis muscle (SSc) stained with: a. H&E; b. Nile red (in red) for fatty droplets; c. C12-resazurin (in red) for oxidative metabolic 
activity. Nuclei are counterstained with DAPI in b and c ; d. Immunofluorescence with an antibody mix for MyHC-2b (green),-2a (red),-1 
(blue) and laminin (white). For the SSc two conditions are shown: tissue containing myofibers (middle column) and highly fibrotic tissue 
without myofibers (right column). Images were taken with light microscope (a), fluorescence microscopes (b and d), or with a confocal 
microscope (c). Scale bars are 200 (a), 100 (b and d) or 50 (c) μm. B. and C. Analyses in paired samples for DM and SSc in two patients. 
B: Bar charts depict proportion of myofibers expressing MyHC-isotypes and those that were unstained. C: Cumulative distribution plot of 
the CSA in SSc, DM and vastus lateralis (VL) reference.
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was found in the SSc (Table 1). In the DM, no fatty 
infiltration was found and CSA was similar in both groups 
(Table 1). Therefore for ex-vivo analyses we compared 
SSc with DM.

Muscle histopathology of the SSc and DM

Muscle tissue was first investigated with H&E 
staining revealing that three out of five SSc samples were 
highly fibrotic and nearly no myofibers were present 
(Figure 2 and Table 2). In contrast, myofibers were 
found in all DM sections (Figure 2 and Table 2). Anti-
laminin immunohistochemistry confirmed the presence of 
myofibers in all DM samples, however only 2 out of 5 SSc 
samples contained myofibers (Figure 2 and Table 2). Nile 
red staining showed the presence of large fatty droplets 
in the SSc, which were less common in the DM (Figure 
2 and Table 2). This staining confirmed fatty infiltration 
found in radiological imaging. 

Defects in metabolic activity, including glycogen 
catabolism, fatty acid oxidation, or mitochondrial 
oxidative phosphorylation often affect muscle function 
due to high energy consumptions [24]. In muscle 
wasting conditions oxidative metabolic activity can be 
changed [24]. Oxidative metabolic activity and oxidative 
phosphorylation can be monitored by an irreversible 
conversion of C12-resazurin to fluorescent resorufin, the 
fluorescent resorufin can record metabolic activity in the 

cell [25]. In undamaged deltoid muscles fluorescent foci 
of resorufin were scattered across the fibers, indicating 
active myofibers (Figure 2). However, in SSc muscles 
the distribution of fluorescent foci across myofibers 
was profoundly reduced (Figure 2). This indicates that 
oxidative metabolic activity and oxidative phosphorylation 
in the SSc are reduced.

We further investigated muscle pathology using the 
expression of myosin heavy chain (MyHC) isotypes. We 
applied an immunohistochemistry procedure with a mix of 
antibodies to MyHC-2b, -2a and -1 isotypes to record fiber 
type distribution [26, 27]. In both muscle tissues we found 
MyHC type-2a and type-1, but less frequent expression of 
MyHC-2b (Figure 2 and Table 2). In this immunostaining 
procedure non-stained fibers are regarded as MyHC-2x. To 
assess unstained myofibers, we then added an antibody to 
MyHC-2x. In DM samples all myofibers expressed one of 
the four MyHC isotypes (Figure S3), of which over 80% 
of the myofibers expressed either MyHC-2a or MyHC-
1 (Table 2). In the SSc muscles, however, over 50% did 
not stain for any MyHC isotype. Of the myofibers that 
expressed MyHC, the majority expressed MyHC-1 (Table 
2). Histological differences between diseased SSc and 
intact DM were further revealed in a paired analysis in 
the two patients with myofibers in the SSc. Above 50% 
of myofibers lost MyHC expression (Figure 2B) and 
myofiber size was dramatically increased compared with 
DM in the same patient (Figure 2C). 

Figure 3: Cellular activities in deltoid (DM) and subscapularis (SSc) -derived muscle cell culture (CC). A. Nile red 
staining in deltoid (DM) and subscapularis muscle (SSc) cell culture (CC), nuclei are counterstained with DAPI (blue). Bar chart shows 
the percentage of cells containing fatty droplets. B. Bar chart shows the percentage of proliferating cells. C. Box plot shows the percentage 
of apoptotic cells. D. Box plot shows cell senescence (normalized to the reference vastus lateralis cell culture). E. Box plot shows the 
mitochondrial metabolic rate (normalized to the reference vastus lateralis cell culture). F. Representative images of fused cell cultures. 
Myoblasts are stained with Desmin (red) and fused cells are stained with MyHC (green). Nuclei are counterstained with DAPI (blue). 
Box plot shows the percentage of fused cells. Averages and standard deviations are from n = 5 (DM-CC) and n = 8 (SSc-CC). Statistical 
significance between DM-CC and SSc-CC using unpaired t-tests: * p < 0.05, *** p < 0.001. 
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Table 1: Clinical characteristics

Condition Control subjects 
(n = 52)

Patients with diseased 
SSc (n = 28) p-value

Age, years 46.0 (11.2) 58.7 (9.5) <0.001
Female, N (%) 27 (52.9) 11 (39.3) 0.25

DM
 CSA, cm2 35.9 (7.9) 38.3 (11.6) 0.27
 Fatty infiltration, N (%) 0 (0) 0 (0) NA
SSc
 CSA, cm2 11.9 (3.1) 8.6 (2.8) <0.001
 Fatty infiltration, N (%) 0 (0) 22 (78.6) <0.001
SSp
 CSA, cm2 5.0 (1.7) 3.4 (1.5) <0.001
 Fatty infiltration, N (%) 8 (15.7) 20 (71.4) <0.001
ISp
 CSA, cm2 7.2 (1.8) 7.0 (2.3) 0.61
 Fatty infiltration, N (%) 8 (15.7) 19 (67.9) <0.001
Tmi
 CSA, cm2 3.7 (1.2) 3.6 (1.2) 0.68
 Fatty infiltration, N (%) 0 (0) 6 (21.4) 0.001

Means (standard deviations) are provided unless otherwise stated. Deltoid (DM), cross 
sectional area (CSA), subscapularis (SSc), supraspinatus (SSp), infraspinatus (ISp), teres 
minor (Tmi). The p-values are calculated with unpaired t-tests, or chi-squared tests where 
appropriate.

Table 2: Histological observations in deltoid and subscapularis muscles
Deltoid (n = 7) Subscapularis (n = 5)

Myofibers in muscle 7/7 2/5

Fatty droplets 2/7 5/5

Fiber CSA, ^µm2 62.1 (17.5) 105.8 (22.6)

MyHC-2b, ^% 8.1 (6.9) 5.0 (3.7)

MyHC-2x, ^% 9.6 (7.2) 7.0 (3.0)

MyHC-2a, ^% 42.9 (13.8) 12.5 (10.6)

MyHC-1, ^% 40.1 (12.2) 20.0 (7.1)

Unstained fibers, ^% 0 (0) 55.0 (6.0)

Analysis per sample shows the number of positive samples out of total muscle 
samples. Analyses carried out only from myofiber-containing sections in the 
subscapularis are depicted with ^. Fully degenerated muscles, as shown in Figure 2, 
were excluded from these analyses. Means (standard deviations) are provided unless 
otherwise stated. Cross sectional area (CSA), myosin heavy chain (MyHC).
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Cellular analyses of SSc- and DM-derived 
myoblasts

To uncover the intrinsic molecular and cellular 
mechanisms underlying pathophysiological changes in 
chronic RC muscles, we generated muscle cell cultures 
from SSc muscles and Del as control. We applied this 
approach as the histology of chronically degenerated SSc 
muscle indicated that the tissue is highly fibrotic. Fatty 
droplets were prevalent in the SSc muscle cell cultures but 

were absent in the DM muscle cell cultures (Figure 3A). 
Within the desmin-positive cell population, myoblasts 
from the SSc and DM muscle cell cultures did not 
differ with respect to cell proliferation, apoptosis or cell 
senescence (Figure 3B-3E). The mitochondrial metabolic 
rate of the SSc myoblast cell cultures was higher than 
the DM myoblast cultures (Figure 3F). Moreover, we 
found that cell fusion in SSc derived cell culture was 
significantly lower compared with DM cultures (Figure 
3G). 

Figure 4: RNA expression profiles in deltoid and subscapularis muscle-derived cell cultures. A. Volcano plot shows log2 
fold change (FC) versus -log10 of the p-value of all genes found in the RNA-seq (pair-wise analyses, n = 7). Red dots indicate significantly 
dysregulated genes (p < 0.05 FDR). Blue dots indicate dysregulated genes with a nominal p-value < 0.01. Positive or negative FC indicates 
higher or lower expression in subscapularis (SSc) compared with the deltoid (DM) cell cultures (CC). B. Functional gene ontology (GO) 
of dysregulated genes (p < 0.01), daughter GO clusters are connected with a line. GO clusters of muscle development are depicted in 
blue, in red the extracellular region, in green the inflammatory system and in yellow calcium binding. N indicates the number of genes. 
C. Box plot shows expression levels in SSc-CC or DM-CC for the most significantly dysregulated genes (p < 0.05 FDR). Fold changes
between DM and SSc are depicted. Genes of the GO muscle development are marked in blue and those of the extracellular region in red. D.
Representative images of fused SSc cell cultures transduced with either mock or MyoD lentivirus (LV). Myoblasts are stained with MyHC
(white) and segmented in green. Nuclei are counterstained with DAPI (blue) and segmented in blue. Nuclei within segmented MyHC
objects are marked in red. Scale bar is 200 µm. E. Plots show paired analyses of % of fused cells and total fused area between mock and
MyoD LV in 4 SSc cell cultures. *: p-value < 0.05, using a paired T-test.
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RNA expression profiles in myoblasts

Next we assessed molecular differences between the 
SSc and DM derived muscle cell cultures using RNA-seq 
in seven patients. A paired analysis of RNA-seq data from 
the two muscles of the same patient revealed only few 
molecular differences between the SSc and DM myoblasts 
(Figure 4A). Ultimately, using a false discovery rate (FDR) 
of 0.05, only 14 genes were identified as differentially 
expressed between the SSAC- and DM- derived cultures 
(114 with nominal p-value < 0.01) (Figure 4A). The 114 
dysregulated genes were clustered into four functional 
gene-ontology groups: the extracellular region (N = 18) 
and focal adhesion (N = 7), calcium ion binding (N = 10), 
inflammatory response (N = 7) and four genes clustered 
in skeletal muscle development (Figure 4B). The most 
significantly dysregulated genes (p < 0.05 FDR) affecting 
muscle cell development were down-regulated, while 
genes within the extracellular region, were up-regulated 
in the SSc myoblast cultures (Figure 4C). The expression 
level of muscle stem cells genes did not differ between 
these two myoblast cultures (Figure S4). 

To confirm that reduced expression of myogenic 
genes causes reduced cell fusion in SSc myoblasts 
cultures, we elevated MyoD expression levels using 
lentivirus transduction into SSc cultures, and mock virus 
was used as control. We assessed the myogenesis using 
expression of MyHC. We found that overexpression of 
MyoD restored myogenesis in the SSc cultures (Figure 
4D). In average myogenesis was restored with an increase 
of 4.2% of fused cells (p < 0.05, paired T-test) and a 3.1 
fold larger fused area (p < 0.05, paired T-test) (Figure 4E).

DISCUSSION

Chronic muscle degeneration is highly prevalent 
in the elderly, characterized by loss of muscle mass 
and muscle strength, and leads to immobility and 
abrogates functionality and independence. In contrast 
to muscle waste in acute conditions, such as muscle 
disuse in denervation conditions [28] or starvation stress 
[29], the molecular mechanisms that are affected in 
chronic conditions are poorly understood. We present 
a multidisciplinary study revealing the most affected 
molecular mechanisms in degenerated muscles of chronic 
conditions, focusing on shoulder muscles. We chose to 
study shoulder muscles as the mechanical stresses on 
muscles around this joint are comparable. Furthermore, 
during shoulder surgery we could obtain two muscles, 
diseased and healthy, from each patient and those were 
paired analyzed. 

We show that diseased SSc muscles are loaded 
with fatty infiltration, fibrosis, low metabolic activity, 
and reduced expression of MyHC isotypes. This is in 
agreement with our recent study showing that torn ISp 

muscle show similar histological marks including fatty 
infiltration, fibrosis and reduced expression of MyHC 
isotypes [17]. Reduced oxidative metabolism can suggest 
impaired mitochondrial activity [25], which is often found 
in degenerated muscles [24]. Moreover, in torn ISp we 
found a profound increase in collagen I staining, marking 
thickening of the extracellular matrix. This observation 
agrees with up-regulation of the extracellular matrix 
functional group we report here in torn SSc. Extracellular 
thickening is among the histological marks of chronic 
muscle degeneration and fibrosis [17, 30, 31]. In addition, 
we found that genes of the muscle functional group, 
specifically myogenesis genes, are down-regulated in cell 
culture from SSc compared with DM cell culture. This 
observation is in agreement with reduced myogenesis in 
the SSc cell culture. Moreover, overexpression of MyoD 
in SSC culture, which was found to be down-regulated, 
caused an increase in cell fusion. Restoring levels of 
additional genes from the muscle development group, and 
supressing expression of ECM genes could potentially 
lead to enhance muscle regeneration in chronic conditions. 

Despite the pronounced histological changes in 
diseased SSc muscle, generation of myoblast cell culture 
from the diseased SSc was as successful as from the 
DM. Myoblasts cultures from degenerated SSc differed 
from DM cultures by only limited cellular and molecular 
signatures. We found no differences in cell proliferation, 
senescence and apoptosis between cell cultures from 
diseased SSc and DM. This observation is in agreement 
with a recent study showing no differences in cell 
proliferation between SSp and DM muscles [32]. In the 
torn SSp cell fusion was unaffected [32]. We, however, 
found reduced myogenesis in the torn SSc. This difference 
can be explained by differences in RC pathology between 
these two studies. A tear limited to the SSp is considered 
less severe RC disease, compared to tears also involving 
the SSc [8, 9, 33]. We therefore suggest that in more 
severe RC disease, muscle pathology worsens and cells 
have reduced myogenic capacity. 

In chronically diseased SSc or ISp muscles [17] 
reduced expression of MyHC isotypes was complemented 
with an increase in CSA of myofibers. Genetic loss of 
MyHC expression causes an increased myofiber CSA [34]. 
This suggests that in chronically degenerated muscles 
reduced expression of MyHC isotypes could cause loss 
of myofibers construction and hence muscle weakness. 
It remains to be investigated how torn muscle conditions 
lead to loss of MyHC expression. In contrast to the chronic 
conditions investigated here, in animal models for RC tear 
that were generated by acute conditions (e.g. denervation, 
chemically, mechanically) MyHC expression is unaffected 
[35-40]. This suggests that molecular mechanisms 
associated with acute tear conditions differ from those in 
chronically diseased muscles. 

Our results suggest that in chronically diseased 
SSc, muscle regeneration could be impaired due to 
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reduced myogenesis of the muscle stem cells in an 
environment of thickened extracellular matrix. Targeting 
the extracellular region and muscle development could 
open new options for therapeutic developments such as 
cell therapies to enhance muscle regeneration. Repression 
of the extracellular region could be combined with 
surgical repair. Transplantation of in vitro propagated 
myoblasts into the surgical site could support muscle 
regeneration towards cell based therapy development. 
Cell therapy could ultimately enhance muscle regeneration 
in a combinatorial treatment to prevent muscle re-tear. 
Towards this, a recent study demonstrated grafting and 
fusion of satellite cells from non-degenerated muscles 
into injured muscles in mice [32]. In addition, efforts to 
reduce the extracellular region are developed in models 
for Duchenne muscular dystrophy [31], and those could 
be also applied for shoulder patients to order to regenerate 
myofibers.

This is an explorative study, with a small patient 
group and data have to be interpreted with caution. 
However, paired analyses increase statistical power and 
thus led to significant results. An independent replication 
study to validate our results should be performed. In this 
study we used muscle samples from shoulder pathology 
at advanced stage. In this stage the SSp is mostly torn, 
therefore the results presented here are an underestimation 
of muscle degeneration affecting only the SSp, which is 
more prevalent but less severe compared to tears extending 
to the SSc [8, 9, 33]. The more severe SSc pathology gives 
a broad spectrum to evaluate pathophysiological changes 
in chronic and torn muscles. 

MATERIALS AND METHODS

In this explorative study redundant muscle samples 
were collected as waste material from eleven patients 
that underwent shoulder surgery at the Leiden University 
Medical Center between 2012 and 2013 for ex-vivo 
analyses. All muscles samples were collected according 
to the Medical Ethical regulations of the institutional ethic 
review board of the Leiden University Medical Center and 
according to the guideline ‘good use of redundant tissue 
for clinical research’ by the Dutch Federation of Medical 
Research Societies. Anonymous use of redundant tissues 
as waste material for research purposes is according to a 
standard agreement with patients in our hospital. 

Surgical procedure and muscle collection

For shoulder surgery, patients were positioned in 
a beach chair pose and prepared and draped in a sterile 
fashion for shoulder surgery under general anesthesia. 
All patients received standard antibiotic prophylaxis 
before surgery. Due to damage of the SSc muscle, waste 
material for sampling could easily be obtained. In all 

cases the diseased SSc muscle was detached from the 
insertion site on the greater tubercle. Additionally, DM 
muscle samples (about 2mm3) were collected, which 
resulted from splitting the DM and pectoral muscle for 
the surgical approach. One muscle sample of each muscle 
was immediately frozen in liquid nitrogen and was stored 
at -80°C prior to the histological analyses, and the second 
sample was dipped into 100% Fetal Calf Serum (FCS) + 
50µg/ml gentamycin for the establishment of myoblast 
cell cultures. The myoblast cell cultures were generated 
as described in [41] after 7-10 day in vitro propagation 
cultures reached 80-95% confluence in a 6 well plate and 
cells were kept frozen in liquid nitrogen. 

Histology and imaging

From seven DM and five SSc frozen samples 
were cryosectioned (20 µm) on dry ice using the Leica 
CM3050-S cryosection (Leica, Solms, Germany). Other 
samples were too small for cryosectioning. Histological 
analyses were: 1- hematoxylin and eosin (H&E) staining 
(Standard Operating Procedure: MDC1A_M.1.2.004). 
2- myofiber typing protocol is detailed in Supplementary
Methods file. 3- Fatty droplets staining with 1 μM Nile
red (Sigma-Aldrich, Saint Louis, Missouri, USA) followed
by PBS washing. Nuclei were counterstained with DAPI.
4- Oxidative metabolic activity was assessed with 10mM
C12-Resazurin (Invitrogen) incubated for 15 minutes and
followed by extensive washes with 50% methanol in PBS.

All slides were stained at the same day with 
the same mix. Slides were mounted with Polymount 
(Polyscience). C12-Resazurin fluorescence was visualized 
with a TCS-SP5 confocal microscope. Visualization 
of H&E stained sections was carried out with a Leica 
DFC550 light microscope. Fluorescent signals, otherwise, 
were captured with DM5500 microscope (Leica) using 
LAS AF software V2.3.6. or with Array scan VTI HCA 
(Thermofisher, Waltham, Massachusetts, USA). For each 
muscle, an unstained section was used to determine auto-
fluorescence. Vastus lateralis (VL) cross-sections were 
used as a reference for each procedure and standardization 
of imaging. Per fluorophore, all muscle sections were 
imaged with the same configuration and exposure at 
the same day. Image overlay and image processing was 
carried out with Leica LAS AF version 2.6.0 build 7266. 
Image quantification was carried out with ImageJ (http://
rsbweb.nih.gov).

Analyses of myoblast cell cultures

For cellular and molecular analyses myoblast cell 
cultures were seeded simultaneously. Cellular analyses 
were carried out on cultures at passage 1 from eight SSc 
samples and five DM samples that reached 20,000 cells 
at the same time. Muscle cell fusion and cell senescence 
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were carried out on cells at passage 2. Cellular analyses 
are schematically summarized in Supplementary Figure 
S1. RNA-seq was carried out on seven paired cultures 
at passage 2. The researchers were blinded to the muscle 
type during experimentation and analyses. The cellular 
analyses were performed as summarized and detailed in 
the Supplementary Methods file. 

RNA isolation and RNA analyses

Cultures from seven pairs were included in the final 
analysis after passing control quality (Supplementary 
Table S1). RNA was isolated from cultures at passage 2 
grown in a 12 well plate using the Nucleospin RNA II 
(Macherey-Nagel, Düren, Germany) according to the 
instructions of the manufacturer, and was stored at -80˚C 
prior to analyses. RNA quality was assessed using the 
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa 
Clara, California, USA). RNAseq library preparation and 
pair-wise analysis to identify SSc dysregulated genes is 
detailed in the Supplementary Methods file. 

Lentiviral transduction

4 cultures of SSc at passage 2 were transduced with 
MyoD lentivirus [42] or control lentivirus (multiplicity of 
infection (MOI): 5. After 3 days cells were incubated at 
fusion conditions, 2% horse-serum in DMEM, for 5 days. 
Quantification of fused cells was carried out as detailed 
in the Supplementary Methods file. An average of 9158 
nuclei per condition was included. 

Radiological imaging

Due to medical ethical constrains we were not 
allowed to associate muscle samples with medical 
information, therefore all MRIs of patients undergoing 
shoulder surgery involving SSc muscle damage (n = 
28) between 2012 and 2013 were evaluated. Patients
received local intra-articular analgesia and a contrast
agent for arthrography via a posterior approach. Magnetic
Resonance imaging with arthrography (MRA) scanning
and analyses were performed as previously detailed [9,
17]. As control group, 52 subjects from a previous study
were included with structurally intact RC muscles [9].
The MRI scan of one control could not be reviewed. The
institutional ethics review board waived the need for
participant informed consent to review the MRIs. The
MRIs were anonymized and observers were blinded for
outcomes.

Statistical analyses

All statistical analyses were performed using IBM 
SPSS statistics version 20 (IBM Corp, 2011, Armonk, 
New York, USA). Categorical data are expressed using 
absolute values and percentages. Parametric continuous 
data are described with means and 95%-confidence 
intervals (95%-CI). Statistical assessments were carried 
out with unpaired Student’s t-tests, unless otherwise stated. 
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ABSTRACT
Free-floating tumor cells located in the blood of cancer patients, known as 

circulating tumor cells (CTCs), have become key targets for studying metastasis. 
However, effective strategies to study the free-floating behavior of tumor cells in vitro 
have been a major barrier limiting the understanding of the functional properties of 
CTCs. Upon extracellular-matrix (ECM) detachment, breast tumor cells form tubulin-
based protrusions known as microtentacles (McTNs) that play a role in the aggregation 
and re-attachment of tumor cells to increase their metastatic efficiency. In this study, 
we have designed a strategy to spatially immobilize ECM-detached tumor cells while 
maintaining their free-floating character. We use polyelectrolyte multilayers deposited 
on microfluidic substrates to prevent tumor cell adhesion and the addition of lipid 
moieties to tether tumor cells to these surfaces through interactions with the cell 
membranes. This coating remains optically clear, allowing capture of high-resolution 
images and videos of McTNs on viable free-floating cells. In addition, we show that 
tethering allows for the real-time analysis of McTN dynamics on individual tumor 
cells and in response to tubulin-targeting drugs. The ability to image detached tumor 
cells can vastly enhance our understanding of CTCs under conditions that better 
recapitulate the microenvironments they encounter during metastasis.

INTRODUCTION

Cancer metastasis occurs when epithelial tumor 
cells travel through non-adherent microenvironments, 
like the bloodstream or lymphatics, to a distant organ. 
The presence of tumor cells in the non-adherent 
microenvironment of the bloodstream, known as 
circulating tumor cells (CTCs), has been detected in 
numerous epithelial cancers including breast, prostate, 
colon, and lung [1]. CTCs are an early indicator of 
clinical spread of disease and their levels correlate with 
decreased patient survival [2, 3]. Based on the increasing 
clinical relevance of CTCs, understanding their molecular 
profile is emerging as a new opportunity to gain insight 

on disease progression and patient prognosis beyond 
enumeration alone. Though progress has been made on 
technologies to enhance the identification and enumeration 
of CTCs [1, 4, 5], major limitations remain in performing 
downstream functional studies due to challenges with 
accurate detection and the low number of CTCs that 
can be retrieved from patient blood (frequency of 
approximately 1 in 100 million cells in the bloodstream) 
[1]. Some of the techniques currently being employed to 
analyze CTCs include fluorescence in situ hybridization, 
sequencing, immunostaining, xenograft transplantation, 
and RNA or protein-based analysis [1, 4, 6, 7]. However, 
these methods do not allow for real-time analysis of CTCs 
in an environment that preserves their free-floating nature.
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Microscopy analysis of CTCs has focused almost 
exclusively on cells adhered to surfaces (glass, plastic, 
extracellular matrix (ECM)) owing to the ease of imaging 
and characterization of cells in these static positions. 
However, the functional and molecular characteristics of 
adherent and non-adherent tumor cells are dramatically 
different [8-11]. Thus a critical knowledge gap exists 
in the understanding of epithelial tumor cells in non-
adherent microenvironments, such as those found in 
blood vessels. Non-adherent breast carcinoma cells, for 
example, produce unique tubulin-based microtentacles 
(McTNs) that promote tumor cell aggregation [12, 13], 
reattachment to endothelial layers [14, 15], and retention 
of CTCs in the lungs of mice [16, 17]. New enabling 
technologies to image tumor cells, McTNs, and other 
features in the absence of ECM attachment could vastly 
improve the understanding of dynamic cell behaviors that 
occur in the non-adherent microenvironments encountered 
by CTCs during metastasis. These tools could also support 
opportunities for selective targeting of drugs to McTNs or 
other structures presented preferentially by CTCs during 
metastatic spread, as well as help address rising concerns 
that chemotherapies meant to reduce tumor growth may 
actually increase metastatic risk [18]. Here, we exploited 
the discovery that McTNs form only when protein-based 
adhesions are absent to create an innovative platform for 
real-time imaging of the dynamic features of live, non-
adherent tumor cells. This approach allows new types 
of information to be collected (e.g., McTN behavior on 
live cells over time) while reducing variables such as 
changes in cell function that occur during adhesion or the 
complexities of imaging cells in suspension that drift or 
are washed away during microfluidic flow.

Biomaterials offer many attractive features – stability, 
biocompatibility, versatile chemistries – for controlling 
cell adhesion. Common approaches include chemically 
functionalizing surfaces, incorporating cell adhesion 
peptides, and micropatterning using polymer-based soft 
lithography or electrospinning techniques. Of particular 
note, several recent studies have exploited biomaterials 
to identify CTCs [19-21] or used microfluidic devices 
to isolate and immobilize CTCs by acoustic separation, 
topography, controlled flow rates, and antibody traps [22-
25]. Polyelectrolyte multilayers (PEMs) are nanoscale, 
polymeric materials assembled by electrostatic or hydrogen 
bonding interactions during a layer-by-layer (LbL) 
deposition process. PEMs can be coated on topographically-
complex surfaces (e.g., colloidal, microfluidic) and offer 
programmable surface functionalities depending on the 
polymers used to assemble films. PEMs have recently 
been employed to capture CTCs through incorporation of 
cytophilic polymers or cell-adhesive proteins that promote 
CTCs adhesion [26-28]. However, new strategies are 
needed to study the dynamics of McTNs and other unique 
metastatic features that form only when CTCs are in non-
adherent environments.

To enable this new ability, we identified three design 
features that would allow prolonged, real-time imaging 
and drug screening of McTNs on live tumor cells in a 
free-floating state: 1) optically-clear coatings to support 
imaging, 2) ability to control microfluidic flow over 
cells and 3) simple, low-energy manufacturing process. 
Past studies have demonstrated the utility of PEMs for 
tuning cell adhesion by varying polymer composition 
or through addition of lipids, RGD sequences, or other 
binding moieties [29-34]. Thus we leveraged PEMs to 
design a platform to immobilize live, detached tumor 
cells on microfluidic devices. We show that assembling 
cytophobic PEM films with cytophilic lipid tethers 
maintains the free-floating properties of tumor cells while 
providing spatial immobilization of cells. When tethered, 
McTNs on live cells can be visualized in real time and 
the dynamics of these structures can be assessed during 
microfluidic flow of drugs that enhance or destabilize 
McTNs. This technology could generate fundamental 
insight into a critical stage of metastasis that has been 
largely understudied due to technical challenges and 
support new approaches to exploit McTNs as biomarkers 
for the metastatic efficiency of tumor cells in diagnosis, 
prognosis, and targeted drug design.

RESULTS

The responses of cancer cells detached from 
ECM (i.e., in a circulating or free-floating stage) are 
highly important in survival, apoptosis, metastasis, 
and even in the expression of stem cell characteristics 
[36, 37]. However, tumor cells in this state are greatly 
understudied due to the technical and clinical challenges 
of continuously imaging cells not adhered to surfaces. 
Maintaining free-floating cell behavior of breast cancer 
cells is particularly critical in promoting McTN formation 
[12]. Thus we used breast tumor cells to first test if 
programming the compositions of PEM coatings would 
allow minimal tumor cell adhesion to maintain the free-
floating characteristics (e.g., McTNs) of these cells (Figure 
1A), before adding a lipid tether in subsequent designs.

PEMs inhibit cell attachment allowing for McTN 
visualization

We formed PEMs from two common polymers, 
poly(methacrylic acid) (PMA) and polyacrylamide (PAAm) 
that have previously been shown to limit cell adhesion of 
numerous cell types [29, 38]. Substrates coated with PEMs 
offered precise control over film thickness and did not limit 
optical transmission, a feature important for pre-clinical 
and clinical imaging (Figure 1B). Since human breast 
tumor cells lines have not yet been tested on PEM-coated 
substrates, we first confirmed that PMA/PAAm multilayers 
could prevent cell adhesion in two NCI breast cancer cell 
lines, MDA-MB-436 and MCF-7. MDA-MB-436 cells 
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seeded on slides coated with cytophobic PEMs maintained 
McTN display (Figure 1C), demonstrating for the first 
time maintenance of free-floating tumor cell behavior by 
using PEMs. We next coated multi-well culture plates or 
microfluidic slides with PEMs and allowed cells to attach 
for 0, 6, and 24 hours. The number of cells remaining after 
washing at each time point was then quantified by image 
analysis and cell proliferation (CellTiter). Imaging revealed 
that PEM-coatings prevented attachment of either cell line 
(Figure 1D, 1E, Supplementary Figure S1A, S1B) for at 
least 24 hours using 1, 4, and 8 PMA/PAAm bilayers. Cell 
proliferation data also indicated that deposition of 4 bilayers 
and 8 PMA/PAAm bilayers showed reduced attachment 
compared with 1 bilayer for both lines (Supplementary 
Figure S2A, S2B). Four bilayer films were prioritized for 
future experiments since these films formed cytophobic 
surfaces that most efficiently decreased cell attachment 
while maintaining McTN activity. Coatings did not impact 
the viability of either cell line, regardless of substrate 
(Supplementary Figures S2C–S2F, S3, S4).

Modification of PEMs with lipid tethers retains 
tumor cells after washing

Although PEM-coated surfaces prevented tumor 
cell attachment and supported free floating behavior, these 
cells were removed during washing with buffer. Thus we 
sought to develop a strategy to maintain McTNs while also 
providing spatial localization during microfluidic flow for 
real-time imaging and drug screening. We hypothesized 
that the addition of a terminal lipid layer that interacts 
with cell membranes would loosely tether cells to the 
surface during microfluidic flow. We tested 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) and 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) as cationic and 
zwitterionic lipids, respectively, owing to the ability of these 
molecules to interact with the PEMs electrostatically (Figure 
2A). Following addition of DOTAP or DOPC, total film 
thickness increased, though individual bilayers were still 
only 20nm and optical clarity remained high (Figure 2B, 2C). 
We next tested if the addition of lipid supported tethering of 

Figure 1: PEMs form a cytophobic layer allowing McTN visualization on microfluidic devices. A. Schematic depicting 
coating of microfluidic slide with PEMs to maintain free-floating behavior of tumor cells. B. PEM coatings increase in thickness (left axis, 
black) with the number of bilayers but maintain optical clarity (right axis, gray). Data (mean ± SEM) correspond to samples in triplicate. 
C. Maximum intensity z-projection of MDA-MB-436 cells on PMA4/PAAm4 surfaces showing McTNs (arrows). Scale bar = 10μm. Percent
of D. MDA-MB-436 and E. MCF-7 cells (mean ± SEM) remaining on surfaces after washing uncoated slides or slides coated with 1, 4, or
8 PMA/PAAm bilayers. Data represents mean values of three independent experiments.
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breast tumor cells without inhibiting free-floating features 
such as McTNs. Tumor cells were seeded on microfluidic 
slides coated with (PMA/PAAm)4 without lipids (PEM-
no tether), or with either terminal lipid layer (PEM-DOPC 
tether, PEM-DOTAP tether). During successive wash steps, 
DOTAP retained tumor cells more efficiently compared 
to non-tethered cells seeded on microfluidic slides coated 
with PEM only (Figure 3A, 3B). MCF-7 cells exhibited 
significantly higher overall cell retention with PEM-DOTAP 
compared to PEM only over four washes. MDA-MB-436 
cells showed significant retention of cells with PEM-DOTAP 
for the first wash and continued to tether around 10% of 
cells for subsequent washes. Tethering was dependent on 
lipid composition, as after five washes, DOTAP tethered and 
retained 30% of MCF-7 cells, while DOPC was ineffective 
at tethering cells during successive washing (Figure 3A, 3B 
versus Figure 3C, 3D). Representative images of cells from 
each line tethered on these surfaces are shown in Figure 3E 
and Supplementary Figure S5. Since DOTAP demonstrated 
superior tethering for both types of tumor cells, this lipid was 
prioritized for functional assays.

Lipid tethers preserve McTNs and cell viability

We next determined if lipid tethering with DOTAP 
maintained free-floating tumor cell characteristics. As a 
first indicator, McTN frequency was assessed on PEM and 
PEM-DOTAP surfaces. Blinded McTN counts revealed 
no differences in McTN frequency on PEM-no tether and 
PEM-DOTAP surfaces compared to previously published 
counts on low-attach multi-well plates (Figure 4A). These 
results indicate lipid tethering does not impact the ability 
of MDA-MB-436 cells to assemble McTNs, results 
confirmed by epifluorescence imaging of McTNs on cells 
incubated with each type of PEM or substrate (Figure 4B, 
Supplementary Figure S6A). MCF-7 cells exhibited similar 
results (Figure 4A, Supplementary Figure S6B), though 
these cells assembled McTN at lower frequencies, as 
previously reported [39]. Further, toxicity studies confirmed 
tethering does not impact tumor cell viability (Figure 4C–
4E, Supplementary Figure S6C–S6F). Thus for the first time, 
our approach allows maintenance of free-floating tumor cell 
behavior while spatially fixing the location of tumor cells.

Figure 2: Modification of PEMs with lipid tethers. A. Schematic depicting how lipid-terminated PEMs promote interaction with 
tumor cell membranes. B. Film thickness and C. optical clarity (mean ± SEM) after addition of DOTAP (blue) and DOPC [red]. Lipids 
promote growth of film while maintaining an optically-clear substrate for imaging. Data correspond to the mean of samples prepared in 
triplicate with three measurements per surface.
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Lipid tethers allow for real-time high resolution 
McTN imaging in response to drug treatments

One of the greatest challenges in studying free-floating 
cells is the difficulty in measuring their functional properties 
or behavior in real time. This is especially apparent when 
trying to image free-floating cells over time and in three 
dimensions. Epifluorescence is unable to capture McTNs in 
high resolution (Figure 4B). Confocal microscopy of cells 
labeled with a fluorescent membrane dye improves signal 
to noise and allows McTNs to be imaged with high contrast 

(Figure 5Ai, arrows). However, since McTNs occur on free-
floating cells, the time required to generate a 3-dimensional 
stack of z-slice images for tracing McTN length yields 
significant blurring as free-floating cells drift over a surface 
to which they cannot attach. This limitation was encountered 
when imaging cells exposed to PEM surfaces without lipid 
tethers (Figure 5Aii, arrows). The blurring effect of cell drift 
is even more apparent across a time projection (Figure 5Aiii). 
In contrast, tethered breast tumor cells not only maintained 
McTNs (Figure 5Aiv, arrow), but also eliminated blurring of 
McTNs in z-stacks. This strategy also allowed microtentacle 

Figure 3: DOTAP tethers breast cancer cells. Percent cell retention of A. MDA-MB-436 and B. MCF-7 cells plated on microfluidic 
slides coated with PMA4/PAAm4 bilayers alone or with DOTAP. Percent cell retention of C. MDA-MB-436 and D. MCF-7 cells plated 
on microfluidic slides coated with PMA4/PAAm4 bilayers alone or with DOPC. The remaining cells after each wash was quantified 
with CellProfiler and normalized to the initial cell number. Data represents mean of triplicate independent experiments (mean ± SEM). 
E. Representative images of MDA-MB-436 cells at time 0 and after 3 subsequent washes on PMA4/PAAm4 bilayers with no tether and with 
PEM-DOTAP or PEM-DOPC tethers at 4x magnification. Scale bar = 200μm. *P<0.05 **P<0.01.
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length to be traced efficiently across z-stacks (Figure 5Av, 
arrow) and limited drift of the cell body during time-lapse 
imaging (Figure 5Avi). These phenomena are evident during 
time-lapse movies of drifting tumor cells seeded on PEM-
no tether surfaces, whereas DOTAP tethering caused cells 
to remain fixed in one location while preserving McTN 
dynamics (Supplementary Figure S7A, S7B). It is interesting 
to note that debris is seen moving quickly through the field 
throughout the movie while the cell remains immobile and 
centered (Supplementary Figure S7B).

The major advantage in imaging McTNs over time is 
being able to study their responses to drugs not only by McTN 
frequency, but also McTN dynamics. To demonstrate this 
potential, we recorded three dimensional z-stacks of untreated 
MDA-MB-436 cells, cells treated with the microtubule 
destabilizing agent, colchicine, or the microtubule stabilizing 
agent, paclitaxel. Addition of colchicine decreased McTNs 
while paclitaxel enhanced McTNs (Figure 5B). Over time, 
colchicine shrunk McTNs and increased cell blebbing, 

whereas paclitaxel hyperstabilized McTNs, dramatically 
decreasing their dynamics compared to vehicle control. These 
new trends are clearly observable in high resolution movies 
(Supplementary Figure S7C–S7E) that would be otherwise 
impossible without lipid tethering, since microfluidic flow 
would wash these cells away or drift would cause blurring. 
This strategy also creates new opportunities to study free-
floating cell properties on a per-cell basis. For example, we 
measured time-dependent drug response and discovered that 
treatment with colchicine decreased the mean number of 
McTN per cell from 21.6 ± 7.2 to 1.8 ± 1.5, while paclitaxel 
treatment increased the frequency of these structures to 39.6 
± 7.5 McTNs/cell (Figure 5C).

DISCUSSION

The majority of cancer-related deaths are due 
to the spread of tumor cells through the circulation 
from the primary site to a secondary organ [40]. While 

Figure 4: Lipid tethering retains free-floating characteristics of breast tumor cells and does not affect cell viability. 
A. McTN quantification of MDA-MB-436 and MCF-7 cells suspended on a low-attach plate, microfluidic slides with PEM-no tether,
and microfluidic slides with PEM-DOTAP tether. Data represents blinded quantification of McTN frequency from three independent
experiments with 100 cells counted for each (mean ± SEM). B. Representative images of McTNs (arrows) on MDA-MB-436 cells seeded
on PEM-no tether and PEM-DOTAP tether microfluidic slides at 40x magnification. Scale bar = 10μm. Viability of C. MDA-MB-436 and
D. MCF-7 cells calculated at 0 and 6 hrs after seeding on microfluidic slides with PEM-DOTAP tether. Data represents mean cell viability
from three independent experiments (mean ± SEM). E. Representative images show viability of MDA-MB-436 cells tethered by DOTAP
for 6 hrs. Phase contrast, live (green fluorescence), and dead (red fluorescence) images taken at 4x magnification. Scale bar = 200μm.
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in the circulation, tumor cells are in a non-adherent 
microenvironment that is unlike the conditions in a 
primary tumor or the metastatic site. In these non-adherent 
conditions, tumor cells undergo many biochemical and 
structural changes that affect their sensitivity to therapies 
and their overall metastatic efficiency [15, 41]. Classical 
drug studies and microscopy focus on analyzing tumor 
cells attached to a substrate due to the practical ease of 
analyzing cells under static conditions, but these methods 
do not recapitulate the free-floating environment of CTCs. 
Therefore, we have developed a microfluidic device 
that can anchor tumor cells using a lipid moiety while 
preventing their attachment to a substrate.

In this proof-of-concept study we show that 
tethering is an effective way to retain the free-floating 
behavior of cancer cells and provides new opportunities 

to study their functional properties with high-resolution 
microscopy through spatial localization. This strategy 
offers the ability to coat a variety of surfaces, including 
microfluidics. We show that incorporating a lipid moiety 
on PEMs can passively immobilize tumor cells in a 
manner that preserves McTN formation and does not 
affect cell viability. In this method, no cellular adhesive 
properties are necessary because the interaction of the cell 
membrane with the lipid results in cell tethering. Lipids 
have previously been used to immobilize cells [32, 34]; 
here we have advanced this idea to create a simple system 
for studying McTNs on free-floating tumor cells. This 
approach eliminates the need for solvents, patterning, 
designed topographies, or antibodies used in other recent 
studies aimed at promoting adhesion of CTCs. Further, 
cells can be tethered in complete media and in a short 

Figure 5: Lipid tethering allows for real-time McTN imaging in response to drug treatment and minimizes effects of 
drift. A. McTN (arrows) imaging of MDA-MB-436 cells seeded on microfluidic slides with PEM-no tether (i-iii) and PEM-DOTAP tether 
(iv-vi). Representative 1μm slice (i and iv), maximum z-projection of 5 slices at one time point (ii and v), and maximum t-projection after 
20 frames (iii and vi) are shown at 60x magnification. B. McTN (arrow) imaging of MDA-MB-436 cells seeded on microfluidic slides with 
PEM-DOTAP tether after treatment with 5μM colchicine for 15 mins and 1μg/ml paclitaxel for 120 mins. Maximum intensity z-projections 
of five 1μm slices at one time point are shown at 60x magnification. Complete time-lapse movies are available in Fig. S7. Scale bar = 
10μM. C. Manual quantification of the average number of McTNs per cell (mean ± SEM) in MDA-MB-436 cells treated with colchicine 
and paclitaxel. **P<0.01 ***P<0.001.
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time frame, both enabling real-time study of McTNs 
on individual CTCs. Therefore, using this technique, 
tethering of any cell type can be achieved in a simple and 
rapid manner, making this a robust platform to study free-
floating behaviors across various cell types.

In our studies, each PEM lipid formulation tethered 
cancer cells, but the lipid moiety itself altered cell 
retention, with DOTAP – a cationic lipid – driving the 
best tethering. DOPC – a zwitterionic lipid – contains 
a phosphate group which may cause less favorable 
interactions with cell membranes compared to DOTAP. 
While cells were immobilized on the substrate, they 
remained free-floating owing to the cytophobic nature of 
the initial PEM coating. There was some loss of tethered 
cells as a function of the number of washes, but it is likely 
these interactions can be strengthened by incorporation of 
cross-linkable lipids [32, 34, 42, 43]. We also observed 
a difference in the tethering efficiency as a function of 
cell line, with MCF-7 breast cancer cells exhibiting better 
tethering compared to MDA-MB-436 cells. These changes 
may be due to the differences in membrane composition or 
surface marker expression of each cell line [44].

We demonstrate the utility of tethering for tumor 
cell analysis by assessing the response of McTNs 
to microtubule-targeting drugs. Unlike our previous 
studies, it is now possible to add drugs via microfluidic 
exchange without displacing cells, allowing measurements 
of colchicine-dependent McTN disruption [12] and 
paclitaxel-dependent McTN enhancement [18] to be 
measured with time-lapse imaging for the first time. Our 
discovery that paclitaxel hyperstabilizes McTNs, for 
example, is significant since microtubule stability can 
enhance McTN formation and increase the re-attachment 
efficiency of tumor cells [18]. Mouse models of metastasis 
indicate that this increased McTN formation and tubulin 
stability results in greater lung trapping of tumor cells 
[12, 16, 18]. Therefore, analyzing McTN dynamics and 
their response to drugs has important implications on 
the metastatic ability of tumor cells. These technological 
advances should allow many additional quantitative McTN 
metrics to be accurately measured (length, dynamics, etc.) 
and also improve on qualitative observations that have 
until now not been possible on a live, individual cell basis.

High numbers of CTCs correlate with increased 
metastasis and decreased survival of patients with 
metastatic cancer [2, 3, 45, 46]. However, CTC 
enumeration alone may not be a good marker for 
disease staging and prognosis [45]. Therefore, 
improved biologic characterization of CTCs is 
necessary to better understand their clinical value. 
Numerous new approaches have been designed to 
improve CTC detection and enumeration, but the 
ability to study the functional properties of CTCs 
remains difficult [1]. Ex vivo culture of CTCs in 
non-adherent conditions has provided one method 
to analyze CTCs from patients [6]. This PEM-lipid 

tethering technology may be applied to these culturing 
methods to keep cells from adhering, but offers the 
unique capabilities of rapid single-cell analysis 
through staining and imaging in real-time.

Studying the biology of CTCs has suggested 
important consequences for both metastatic efficiency 
and the sensitivity of these structures to candidate cancer 
drugs. Of note, patterns of drug sensitivities have been 
linked to the genetic mutations present in individual CTC 
samples from breast cancer and lung cancer patients, 
indicating that a change in tumor genotypes during the 
course of treatment can lead to drug resistance [6, 41, 
47]. Our work shows tethering tumor cells allows rapid 
analysis of specific drug responses in real-time. Markers 
of epithelial-to-mesenchymal transition (EMT) are 
also upregulated in CTCs with mesenchymal markers 
specifically enriched in CTC clusters. These clusters have 
increased metastatic capabilities compared with single 
cells alone [7, 48]. Thus our approach can be applied to 
these existing techniques for fundamental CTC studies 
at the single-cell level. Assessing the effects of drugs on 
cell viability, EMT markers, or McTNs could all have 
implications on their metastatic phenotype. Tethering 
would also allow these studies to be conducted in a 
manner that more closely recapitulates the free-floating 
environment found in circulation. Though our study 
focuses on the analysis of tumor cells, this simple and 
rapid tethering technology is translatable to numerous 
other cell types that are encountered in the blood 
stream (e.g., red blood cells, platelets, lymphocytes, 
macrophages) and may function differently in a free-
floating environment. With new technologies, CTCs will 
play an increasing role in informing therapy and disease 
progression of cancer patients. Toward this goal, tethering 
CTCs with PEM-lipid films could serve as a new tool 
to analyze CTC samples to provide better personalized 
treatment decisions for patients.

MATERIALS AND METHODS

Cell lines & materials

MDA-MB-436 and MCF-7 cell lines were 
purchased from ATCC and cultured with Dulbecco’s 
Modified Eagle Medium supplemented with 10% 
fetal bovine serum and 1% penicillin-streptomycin 
solution. Poly(methacrylic acid) (MW 100,000) and 
polyacrylamide (PAAm) (MW 5,000,000-6,000,000) 
were purchased from Polysciences. Poly(allylamine 
hydrochloride) (PAH) (MW ~200,000) was purchased 
from Alfa Aesar. 1,2-dioleoyl-3-trimethylammonium-
propane (chloride salt) (DOTAP) and 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) were purchased 
from Avanti Polar Lipids. Colchicine was purchased 
from Sigma and paclitaxel was purchased from Enzo 
Life Sciences.
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PEM film deposition and characterization on 
planar substrates

For multilayer film deposition, similar to methods 
previously reported [35], PMA and PAAm were prepared 
as 0.01M solutions using ultrapure water and adjusted 
to pH 3. All polymer solutions were filtered with a 0.45 
μm cellulose nitrate filter prior to use in multilayer film 
assembly. For planar substrates, quartz (Chemglass Life 
Sciences) or silicon (Silicon Inc.) were cut into 5mm x 
25mm substrates using a dicing saw (Model 1006, Micro 
Automation). Cut substrates were cleaned with sequential 
washing with acetone, ethanol, methanol, and deionized 
water then charged using an oxygen plasma Jupiter III 
system (March). These substrates were first immersed in 
the polycationic solution PAH (0.05M) for 15 mins then 
rinsed twice using two separate baths of deionized water at 
pH 3 to remove any excess polymer. This primer layer was 
followed by immersion of the substrates into polyanionic 
PMA (0.01M) for 5 mins followed by rinsing as above. 
The substrates were then immersed in a polycationic 
solution of PAAm (0.01M) for 5 mins and rinsed. For 
additional bilayers, the process was repeated without 
the addition of the primer layer (PAH) until the desired 
number of bilayers was assembled. Lipid formulations 
comprised of 1,2-dioleoyl-sn-glycero-3-phosphocholine 
(DOPC) or 1,2-dioleoyl-3-trimethylammonium-propane 
(DOTAP) were obtained from Avanti Polar Lipids. 
These lipids were prepared as 0.01M solutions with pH 
3 deionized water and sonicated for 60 mins in a room 
temperature water bath. PEMs with a lipid tether were 
prepared by immersing PEM coated substrates in each 
lipid solution for 5 mins followed by two rinsing steps. 
The final, coated substrates were removed from solution, 
blown dry with compressed, filtered air, and stored at 
room temperature prior to characterization. Film thickness 
and optical clarity after deposition onto silicon and quartz 
substrates were measured using a LSE stokes ellipsometer 
(Gaertner Scientific Corportation) and by measuring light 
transmittance at 600nm using an Evolution 60 UV-visible 
spectrophotometer (Thermo Scientific), respectively.

PEM film deposition on microfluidic slides and 
multi-well plates

Uncoated microfluidic slides (1μ-Slide VI 0.4) 
were obtained from Ibidi and tissue culture treated 96-
well plates were obtained from Corning. To coat the 
microfluidic slides, 120μL of each polyelectrolyte solution 
was added to the microchannels and 75μl of solution 
was added to each well of the multi-well plate. After 
incubation, solution was removed via aspiration and rinsed 
twice for 1 min using 120μL of pH 3 water. Bilayers of 
PMA and PAAm were assembled and terminated with 
either DOPC or DOTAP as described above. Following 

deposition, slides were allowed to air dry for 1 hr at room 
temperature then stored at room temperature.

Attachment image analysis

MDA-MB-436 and MCF-7 breast cancer cells were 
seeded on PEM coated microfluidic slides (50,000 cells/
channel) ranging from 0 to 8 bilayers. An Olympus CKX4 
microscope was used for all experiments to capture images 
at 4x magnification. Three pictures per channel were taken 
after cell seeding for each condition to quantify initial cell 
number (t0). At 6 and 24 hrs, media was removed from 
the channel and the channel was washed once before 
addition of new media. Three images per channel were 
taken for each condition. The area of the image occupied 
with cells (as a percent) was quantified using CellProfiler 
(Broad Institute) and the average from three images was 
calculated. The average percentage for each condition was 
then normalized to the area occupied at t0.

Attachment cell titer

MDA-MB-436 and MCF-7 breast cancer cells were 
seeded on PEM coated 96-well plates (20,000 cells/well) 
ranging from 0 to 8 bilayers. At each time point (1, 3, 6, 
and 24 hrs), media was removed from the well and the 
well was washed once before addition of new media. After 
the 24hr time point an additional wash was done on all 
wells. Cell number was determined using CellTiter reagent 
according to manufacturer’s instructions. Each time point 
was normalized to initial cell number from a reading done 
immediately after cell seeding.

PEM viability

MDA-MB-436 and MCF-7 breast cancer cells were 
seeded on PEM coated microfluidic slides with PMA4/
PAAm4 bilayers (50,000 cells/channel). At 0, 6, and 24 
hrs Live/Dead (Life Technologies) reagent was added 
according to manufacturer’s instructions. Corresponding 
phase contrast, live (calcein-AM) green fluorescence, and 
dead (ethidium homodimer-1) red fluorescence images 
were taken in triplicate at 4x magnification with an 
Olympus CKX41 fluorescence microscope. The number 
of cells in each image was quantified using CellProfiler. 
The percent of live and dead cells were calculated by 
quantifying the number of green fluorescence positive and 
red fluorescence positive cells, respectively, and dividing 
by total number of cells in the phase contrast image. GFP 
and Texas Red filters were used to for imaging. MDA-
MB-436 and MCF-7 breast cancer cells were plated on 
96-well black plates with PMA4/PAAm4 bilayers (20,000
cells/well). At time 0, 1, 3, 6, and 24 hours Live/Dead
reagent was added and read on a plate reader according
to manufacturer’s instructions. Relative fluorescence units
(RFU) were normalized to time 0.
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Tethering washing

MDA-MB-436 and MCF-7 cells were seeded on 
PMA4/PAAm4 coated microfluidic slides with DOPC or 
DOTAP (50,000 cells/channel). Cells were incubated 
for 1 hr to allow for tethering. To quantify initial cell 
number, three images per channel were taken for each 
condition at time 0. After 1 hr, existing media was gently 
removed from the bottom port of each channel and fresh 
media was added to the top port. Following a wash, three 
images were taken per channel for each condition using 
an Olympus CKX41 microscope at 4x magnification. 
This process was repeated for each wash. The area of the 
image occupied with cells (as a percent) was quantified 
using CellProfiler and the average from three images was 
calculated. The average percentage for each condition was 
then normalized to the area occupied at time 0.

Tethering viability

MDA-MB-436 and MCF-7 cells were seeded on 
PMA4/PAAm4 coated microfluidic slides with DOPC or 
DOTAP (50,000 cells/channel). Cells were incubated 
for 1 hr to allow for tethering. After 1 hr, one wash was 
done where the existing media was gently removed 
from the bottom port of each channel and fresh media 
was added to the top port. This wash was to ensure 
only tethered cells were analyzed. At 0 and 6 hrs after 
washing, Live/Dead reagent was added according to 
manufacturer’s instructions. Corresponding phase 
contrast, live (calcein-AM) green fluorescence, and dead 
(ethidium homodimer-1) red fluorescence images were 
taken in triplicate. The number of cells in each image was 
quantified using CellProfiler. The percent of live and dead 
cells were calculated by quantifying the number of green 
fluorescence positive and red fluorescence positive cells, 
respectively, and dividing by total number of cells in the 
phase contrast image. GFP and Texas Red filters were used 
for imaging.

McTN counting

MDA-MB-436 cells were trypsinized, spun down, 
and resuspended in phenol red-free and serum-free 
DMEM. Cells were seeded on PMA4/PAAm4 coated 
microfluidic slides, PMA4/PAAm4 coated microfluidic 
slides with DOTAP, or a low attach 24-well plate (50,000 
cells/channel). Cells were incubated for 1 hr to allow 
for tethering. After 1 hr, one wash was done where the 
existing media was gently removed from the bottom port 
of each channel and fresh media was added to the top 
port on the DOTAP slides. This wash was to ensure only 
tethered cells were analyzed. After this wash, CellMask 
Orange (Life Technologies) cell membrane dye was 
added to each channel to a final concentration of 1:10,000. 
McTNs were scored blindly in a population of 100 cells/
well as previously described [12]. Representative images 

were taken at 40x magnification with an Olympus CKX41 
fluorescence microscope.

Imaging drift and drug treatments

MDA-MB-436 cells were trypsinized, spun down, 
and resuspended in phenol red-free and serum-free 
DMEM. Cells were seeded on PMA4/PAAm4 coated 
microfluidic slides and PMA4/PAAm4 coated microfluidic 
slides with DOTAP (50,000 cells/channel). Cells were 
incubated for 1 hr to allow for tethering. After 1 hr, one 
wash was done where the existing media was gently 
removed from the bottom port of each channel and fresh 
media was added to top port on the DOTAP slides. This 
wash was to ensure only tethered cells were analyzed. 
After this wash, CellMask orange cell membrane dye was 
added to each channel to a final concentration of 1:10,000. 
Cells were treated with 5μM colchicine for 15 mins and 
1μg/ml paclitaxel for 120 mins. McTN imaging was done 
on an Olympus FV100 confocal laser scanning microscope 
at 60x magnification. Five 1μm slices and 20 frames at a 
10 sec frame rate were taken for at least five image sets 
for each condition. The number of McTNs on each cell 
was manually counted on five cells per condition using the 
maximum intensity z-projection at the last frame.

Statistical analysis

Graphpad Prism (version 6.02) was used to 
determine all statistic comparisons. Student’s t-test and 
one-way ANOVA tests were performed with a Tukey 
multiple comparisons post-test as indicated. A p-value of 
0.05 or less was considered statistically significant.
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ABSTRACT
Normal homeostasis of adult intestinal epithelium and repair following tissue 

damage is maintained by a balance of stem and differentiated cells, many of which are 
still only poorly characterised. Enteroendocrine cells of the gut are a small population 
of differentiated, secretory cells that are critical for integrating nutrient sensing 
with metabolic responses, dispersed amongst other epithelial cells. Recent evidence 
suggests that sub-sets of secretory enteroendocrine cells can act as reserve stem cells. 
Given the link between cells with stem-like properties and cancer, it is important that 
we identify factors that might provide a bridge between the two. Here, we identify 
a sub-set of chromogranin A-positive enteroendocrine cells that are positive for the 
developmental and cancer-associated transcription factor Brachyury in normal human 
small intestinal and colonic crypts. Whilst chromogranin A-positive enteroendocrine 
cells are also Brachyury-positive in colorectal tumours, expression of Brachyury 
becomes more diffuse in these samples, suggesting a more widespread function in 
cancer. The finding of the developmental transcription factor Brachyury in normal 
adult human intestinal crypts may extend the functional complexity of enteroendocrine 
cells and serves as a platform for assessment of the molecular processes of intestinal 
homeostasis that underpins our understanding of human health, cancer and aging.

INTRODUCTION

The adult intestinal epithelium is one of the most 
rapidly self-renewing tissues of the body, giving rise 
to differentiated cells for digestion and absorption 
of food. Constant insult from luminal contents in the 
gut necessitates continuous turnover and renewal of 
differentiated epithelial cells that carry out homeostatic 
functions, including cells of the absorptive and secretory 
lineages. Whilst rare (~1% of crypt cells), enteroendocrine 
cells (EECs), which can be divided into specific EEC 

sub- groups, are central to this process through their 
secretion of hormones [1]. Continuous replacement 
of differentiated cells is brought about by multipotent 
stem cells (SCs), which predominantly reside in the 
crypt-base [Lgr5-marked crypt-base columnar cells], 
and their proliferating progenitor-derivatives [transient 
amplifying (TA) cells] [2, 3]. However, the adult 
intestinal SC compartment is more complex in nature, 
additionally comprising of poorly understood sub-types 
of SCs, some rapidly cycling, others quiescent and more 
damage resistant (e.g., Bmi1/Hopx/Tert/Lrig1-marked). 
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One function for the additional sub-types is that they act 
as reserves that can replace rapidly cycling Lgr5-SCs 
after injury or with age [4]. The plasticity of these cells 
in response to various cues is unclear; cell types have 
been identified with SC capacity which are derived from 
progenitors or differentiated cell types. For example, a 
sub-set of post-mitotic (non-proliferating) EECs [marked 
as Chromogranin A (ChgA)-positive/Ki67-negative] has 
been found at the crypt-base of the mouse small intestine 
and these cells demonstrate SC markers such as Lgr5 
[5]. Furthermore, the transcription factor Sox9 is present 
in the SC/progenitor zone of the mouse small intestine 
where it regulates proliferation and differentiation in a 
dose-dependent manner; Lgr5-SCs are Sox9-low, but 
a population of differentiated EECs expressing ChgA 
shows high levels of Sox9. This latter population is 
Ki67-negative (therefore post-mitotic) but does have 
regenerative capacity following radiation damage [6, 7].

It is possible that different sub-sets of reserve SCs 
exist in the intestinal crypt, determined by the presence 
of specific transcription factors such as Sox9 and others, 
not yet determined. The importance of EECs to crypt 
homeostasis is further highlighted by recent studies which 
show that intestinal SC divisions in Drosophila mid-gut 
are stimulated by EECs [8]. Taken together, sub-groups of 
EECs might play diverse and critical functions in normal 
gut homeostasis, in regeneration following damage and 
during aging. 

The link between stem and progenitor cells and 
colorectal cancer (CRC) is established [9, 10], and 
like normal intestinal epithelium, cancers consist of a 
heterogeneous mix of cells including stem-like cells that are 
the source of cells within the tumour. Stem-like cancer cells 
(CSCs) in CRC are marked by Lgr5 [11] and such Lgr5-
marked CSCs are present at high levels in human adenomas 
and invading cells [12]. CRCs have also been shown 
to contain ChgA-positive endocrine cells and a worse 
prognosis may be associated with endocrine differentiation 
[13]. Furthermore, neuroendocrine differentiation in CRCs 
has been highlighted as an independent prognostic factor in 
stage III–IV disease [14].

Brachyury is a developmentally regulated T-box 
transcription factor involved in controlling cell movements 
and differentiation [15]. Outside its developmental context, 
aberrant expression of Brachyury is associated with a 
number of solid tumour types, including CRC [16, 17], 
cancer SCs [18] and also poor prognosis [19]. Brachyury 
was also shown to be necessary for spermatogonial SC 
fate in adult mouse testis where it is critically required for 
germline SC maintenance and self-renewal [20].

We show here that the developmental and cancer-
associated transcription factor Brachyury identifies a 
sub-population of EECs in normal adult human intestinal 
crypts, adding further depth and complexity to the 
function of this group of cells in adult intestinal crypts. 
Furthermore, Brachyury continues to mark this group of 

EECs in colorectal tumours, but its expression becomes 
more widely distributed, suggesting a more diverse 
function in cancer.

RESULTS

Brachyury is expressed in adult, normal 
intestinal tissue

Given the function of Brachyury in SCs of mouse 
testis and its association with cancer, we wanted to 
confirm the expression profile of Brachyury in normal 
adult human tissues, including the testis, and whether it 
exhibited a Cancer Testis Antigen-gene (CTA-gene)-like 
profile; that is, expressed in only normal adult immune-
privileged tissues (i.e. testis and brain) and aberrantly in 
cancers [21]. We therefore performed qRT-PCR analysis 
of Brachyury on a range of normal tissues (Figure 1). 
The expression pattern observed loosely follows a CTA/
central nervous system gene expression profile (with the 
exception of SC-rich bone marrow), that is, high levels 
in testis and brain of normal tissues. However, we also 
observed low level Brachyury expression in the colon and 
small intestine (amongst other tissues), extending existing 
studies [22] (see also Supplementary Figures 1A, 2B, 3C)  
suggesting a wider function for Brachyury in a more 
extensive group of adult somatic cells. 

Brachyury marks a sub-group of non-
proliferating ChgA-EECs in adult intestinal 
crypts

We explored this expression further by immuno-
staining in human adult intestinal tissue. To this end, 
we validated the specificity of the anti-Brachyury 
monoclonal antibody (ab140661) using siRNA-mediated 
Brachyury-depletion in cancer cells (Supplementary 
Figure 2A, 2B). Using this antibody, we demonstrate 
that strong cytoplasmic Brachyury staining is present in 
a small cohort of cells within the normal human colonic 
crypt and small intestine (Figure 2A–2E; see also SI for 
source of ‘normal’ tissue). [Note: this strong cytoplasmic 
staining is very distinct from weaker cytoplasmic staining 
that we sometimes observed, and only strong staining 
is considered here]. Remarkably, most crypts contain 
at least one strongly Brachyury-positive cell in the SC 
compartment. Some crypts also contain Brachyury-
positive cells in the TA zone of the crypt and more rarely 
towards the luminal surface (Figure 2F). [Similar results 
were obtained using another previously validated anti-
Brachyury antibody (ab57480) [16], data not shown; and 
anti-Brachyury antibody (sc-20109) [23], data not shown]. 
Brachyury-positive cells had the morphology and location 
of EECs, that is, adjacent to the crypt-basement membrane 
with an abluminal disposition and located mainly at the 
crypt-base. Frequent overlap is observed between strongly 
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stained Brachyury-positive cells and ChgA, a marker of 
differentiated EECs (Figure 3A, 3B). However, not all 
ChgA-positive cells are Brachyury-positive and it appears 
that Brachyury-positive cells are a distinct sub-population 
of EECs. Interestingly we observed that in the colon 
(Figure 3A), most ChgA-positive cells are Brachyury-
positive whereas in the small intestine (Figure 3B) 
there are more ChgA-positive cells that are negative for 
Brachyury. 

Cells that were positive for the post-mitotic EEC 
marker ChgA, were found to be negative for the nuclear 
localised proliferation marker Ki67 (Figure 3E, 3F), 
indicating that these cells are unlikely to be proliferating. 
[However, we noted a co-localisation between strong 
Brachyury positive cells and cytoplasmic localised Ki67 
when we used an alternative Ki67 antibody, ab15580 
(Supplementary Figure 4); although the significance of 
this cytoplasmic localisation is unclear]. 

Given that in the mouse, a population of 
differentiated EECs with regenerative capacity (ChgA-
positive, Ki67-negative) express high levels of Sox9, 

we explored whether the Brachyury-positive EECs we 
have identified are similarly marked as Sox9-high. We 
found that Brachyury-positive cells in the crypt are Sox9-
negative (or sub-low) (Figure 3C, 3D) so in this respect, 
are not similar to the Sox9-high EECs seen in mouse SI 
crypts [6, 7]. It is interesting to note however, that like 
Sox9, Brachyury can act in a dose-dependent manner [15] 
and this may be an important functional feature of such 
transcription factors in EECs. 

The association between Brachyury and ChgA is 
maintained in occasional cells in CRCs

We then asked whether the association between 
Brachyury- and ChgA-positive cells was maintained 
in CRC patient derived material. Initially, we studied 
mRNA microarray data sets from four different sources 
(see Supplementary Information 1) to determine whether 
there was a correlation between Brachyury and ChgA 
expression in normal colon and in CRC tissues.  A positive 
correlation between Brachyury and ChgA was observed 

Figure 1: Brachyury is present in normal adult colon and small intestine. qRT-PCR analysis of Brachyury in normal human 
tissues showing low level expression in colon and small intestine. Results were normalised to a combination of two endogenous reference 
genes (GAPDH/HSPCB). ‘Normalised Fold Change’ represents gene expression relative to the lowest value observed i.e. skeletal muscle 
which is set at ‘1’. Error bars show standard error of the mean.
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in all data sets for normal colon (Figure 4), in accordance 
with our immuno-detection observations. However, we did 
not observe a positive correlation between Brachyury and 
ChgA in three out of the four data sets from CRC tissue 
(Figure 4). To resolve this further, co-IF was carried out on 
patient derived CRC material to determine the localisation 
patterns of Brachyury and ChgA within tumours. Three 

out of five of the cancers studied were Brachyury-positive 
but ChgA-negative (data not shown). Two tumours stained 
positively for both Brachyury and ChgA (example shown 
in Figure 5). Staining of Brachyury within the tumour 
is broad and heterogeneous with occasional cells that 
are dual stained for both Brachyury (strongly stained 
cells) and ChgA (Figure 5). It appears that the staining 

Figure 2: Immuno-detection of Brachyury in normal human intestinal crypts. (A) Brachyury-IF on normal right-side colon 
FFPE sections; DAPI staining, blue; Brachyury staining green/ab140661. (B, C) Brachyury-IHC staining/ab140661 in normal human 
colon crypts (×20). Red arrows in B illustrate Brachyury-positive cells at crypt-base (consistent with SC zone), some crypts contain 
single Brachyury-positive cells in the TA zone (indicated by red arrows in (C). (D) Brachyury-IF: normal small intestinal FFPE sections.  
(E) Brachyury-IHC in normal human small intestine (×20). (F) Schematic diagram illustrating the mean number of Brachyury positive
cells in three ‘zones’ per colonic crypt. Zone 1 encompasses the stem cell compartment, zone 2 encompasses the TA region and zone
3 encompasses the region containing differentiated cells (See Supplementary Figure 3 for classification of zones 1-3). The number of
Brachyury positive cells in single crypts were scored and then a mean value calculated (and standard deviation) for each of the three zones.
A total of 1930 pathologically normal crypts were counted from 22 independent patient derived samples (See SI for ‘normal’ tissue source
information). FFPE: formalin-fixed paraffin-embedded.
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of Brachyury in the tumour is more diffuse than in 
normal tissue, suggesting broad functions of Brachyury 
in response to tumour-associated signals. This broader 
staining pattern for Brachyury in CRCs might explain why 

the association between Brachyury and ChgA observed 
earlier, is lost in the microarray analysis. Cells that are 
dual stained for Brachyury and ChgA are always strongly 
stained for Brachyury.

Figure 3: Immuno-detection of Brachyury in normal human intestinal crypts. (A) co-IF for Brachyury/ChgA on normal 
colon crypt FFPE sections. Brachyury/ChgA-positive cells are located at the crypt-base (consistent with SC zone), some contain single 
Brachyury/ChgA-positive cells in the TA zone. (B) Brachyury/ChgA in the small intestine. (C) co-IF for Brachyury/SOX9 on normal colon 
crypt FFPE sections. (D) Brachyury/SOX9 in the small intestine. (E) co-IF for Brachyury/Ki67 (ab16667) in normal colon crypt FFPE 
sections. (F) Brachyury/Ki67 in the small intestine. For A-F, DAPI staining, blue; Brachyury staining, green/ab140661; ChgA/Sox9/Ki67 
staining, red.
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Figure 4: Microarray co-expression analyses between ChgA and Brachyury in normal and colorectal carcinoma tissues. 
mRNA microarray expression for Brachyury (T) and ChgA were extracted from four independent datasets (Hong, TCGA, Gaspar and 
Gaedcke; See Supplementary Information 1) that have information for normal and colorectal cancer (CRC) samples. Pearson r correlation 
was used to evaluate the association between the expression levels of Brachyury and ChgA in the normal and in the CRC samples. In silico 
analysis indicates a direct correlation (Pearson r > 0.2) between Brachyury and ChgA expression in normal samples (blue line) for all 
datasets studied. In CRC samples (black line) no association was observed (−0.2 < Pearson r < 0.2) in three of the datasets (Hong, TCGA 
and Gaspar datasets) with the exception of the Gaedcke dataset that presents a direct association between Brachyury and ChgA (Pearson 
r > 0.2). Expression is present as log2 median-centered intensity values for each probe per study (original values extracted from Oncomine 
database). Each blue triangle represents a normal sample and each black square a CRC sample. ‘n’ represents the total number of samples 
in each dataset.

Figure 5: Immuno-detection of Brachyury and ChgA in poorly differentiated pT3N0 adenocarcinoma CRC tissue.  
co-IF for Brachyury/ChgA on CRC FFPE section; DAPI labelled in blue, Brachyury labelled in green and ChgA in red. Strongly Brachyury 
stained cells are co-incident with cells being labelled with ChgA. 
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DISCUSSION

In the present study, we have identified a previously 
uncharacterised sub-set of Brachyury and ChgA-positive 
EECs in adult human small intestinal and colonic crypts. 
Evidence is mounting to suggest that sub-groups of 
EECs might be involved in SC homeostasis and/or crypt 
regeneration. In support of this, recent RNA-seq/GO 
cluster analysis from our group suggests Brachyury is 
involved in somatic SC maintenance [16]. It is interesting 
to speculate that Brachyury is required for a sub-set of 
secretory lineage EECs in intestinal crypts that have 
plasticity and may modulate the activity of surrounding 
cells, possibly even acting as (reserve) SCs, similar to 
other known examples. 

As mentioned previously, intestinal SCs have 
been shown to give rise to tumours [9, 10] and the link 
between SCs and CSCs has now been shown for many 
different tumour types, including CRC [24, 25]. We have 
shown previously that Brachyury is correlated with CRC 
cells that have CSC characteristics [18]; furthermore, 
Brachyury has been shown to be required for maintenance 
of spermatogonial SCs [20] demonstrating its importance 
in maintaining different somatic SC populations. Similar 
to the association of Brachyury with SCs, sub-populations 
of EECs are correlated with reserve SC characteristics, as 
described above. Taken together, it is possible that cells 
marked jointly by Brachyury and ChgA might represent a 
population of cells within the tumour that can demonstrate 
CSC properties which include tumour aggressiveness, 
drug resistance, renewal, EMT and invasion [25, 26]. 

ChgA signals have been linked to tumour aggressiveness 
in prostate cancer, where the presence of proteins/hormones 
produced from neuroendocrine cells may act as growth factors 
contributing to paracrine effects on surrounding stromal cells 
[27]. Furthermore, CRCs displaying endocrine differentiation 
have been reported to have a worse prognosis [13]. We 
showed that the association between Brachyury and ChgA 
marked cells continues beyond cells of the normal intestinal 
crypts and is seen also in CRC tissue. Here, Brachyury is more 
widely dispersed than ChgA, suggesting that Brachyury may 
have broader ranging functions in different regions of the 
tumour, possibly responding to regional tumour associated 
signals. However, given the link between Brachyury, SCs 
[20] and CSCs [18], and ChgA with SCs, it is possible that the
Brachyury/ChgA-positive cells observed in regions of CRCs
represent regions rich in CSCs.

There is mounting evidence that factors involved in 
regulating EMT are also involved in SC biology [28] and 
Brachyury has previously been shown to induce EMT in 
cancer [29]. Brachyury may serve as another example of 
such a regulator of EMT, possibly also then being linked 
to SCs in the normal crypt and CSCs; particularly since 
such factors seem to act in a dose-dependent manner 
such as Twist where low levels promote stemness and 
proliferation and high levels promote EMT [30].

The novel identification of a sub-class of ChgA-
positive, Brachyury-positive EECs in adult, normal 
intestinal crypts and CRC cells provides an intriguing 
platform for further studies associated with normal 
homeostasis and cancer biology.

MATERIALS AND METHODS 

Cell culture

Cell lines, growth conditions and details of 
authentication reports for cell lines used in this study are 
provided in Supplementary Information 1.

Quantitative real-time PCR

cDNA was generated from the total RNA prepared 
from 16 normal human tissues using Quantitect Reverse 
Transcription kit (Qiagen, #205310). Real-time PCR 
reactions were carried out in triplicate on a CFX96 
Real-Time System C1000 Thermal Cycler (BioRad) 
using Quantifast SYBR green RT-PCR kit (Qiagen, 
#204154). Primers used and further details are provided 
in Supplementary Information 1.

Brachyury-knockdown

Brachyury siRNA (Qiagen, SI04133521, SI04144483) 
and negative control siRNA (Qiagen, 1027280) was used at 
a final concentration of 5 nM. Transfection was carried out 
with HiPerFect Reagent (Qiagen, 301705) according to the 
manufacturer’s instructions. Cells were harvested 24 hours 
post-transfection. Details of Brachyury over-expression are 
provided in Supplementary Information 1.

Western blotting

Western blotting protocols, antibodies and antibody 
dilutions used are described in detail in Supplementary 
Information 1. 

Immunohistochemistry (IHC) and 
immunofluorescence (IF)

Detailed protocols are provided in Supplementary 
Information 1, including tables of primary and secondary 
antibodies and relevant dilutions.
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AbstrAct
Multiple RNA-binding proteins and non-coding RNAs, such as microRNAs 

(miRNAs), are involved in post-transcriptional gene regulation through recognition 
motifs in the 3′ untranslated region (UTR) of their target genes. The KRAS gene encodes 
a key signaling protein, and its messenger RNA (mRNA) contains an exceptionally 
long 3′ UTR; this suggests that it may be subject to a highly complex set of regulatory 
processes. However, 3′ UTR-dependent regulation of KRAS expression has not been 
explored in detail. Using extensive deletion and mutational analyses combined with 
luciferase reporter assays, we have identified inhibitory and stabilizing cis-acting 
regions within the KRAS 3′ UTR that may interact with miRNAs and RNA-binding 
proteins, such as HuR. Particularly, we have identified an AU-rich 49-nt fragment in 
the KRAS 3′ UTR that is required for KRAS 3′ UTR reporter repression. This element 
contains a miR-185 complementary element, and we show that overexpression of 
miR-185 represses endogenous KRAS mRNA and protein in vitro. In addition, we have 
identified another 49-nt fragment that is required to promote KRAS 3′ UTR reporter 
expression. These findings indicate that multiple cis-regulatory motifs in the 3′ UTR of 
KRAS finely modulate its expression, and sequence alterations within a binding motif 
may disrupt the precise functions of trans-regulatory factors, potentially leading to 
aberrant KRAS expression.

IntroductIon

Post-transcriptional gene regulation by RNA-
binding proteins (RBPs) and non-coding RNAs, such as 
microRNAs (miRNAs), is critical for normal eukaryotic 
development and physiology [1-3]. RBPs and miRNAs 
modulate gene expression by interacting with cis-
acting elements in the 3′ untranslated region (UTR) of 
their target messenger RNAs (mRNAs) in a sequence-
specific manner. Both classes of trans-regulatory factors 
can play a pleiotropic role in post-transcriptional gene 
regulation. For example, the 3′ UTR of an mRNA can be 
targeted by multiple miRNAs and RBPs in the same cell. 
Additionally, a single miRNA or RBP can bind to sites 
in multiple 3′ UTRs. The interplay between miRNAs 
and RBPs can add yet another layer of complexity to the 

gene regulation scheme. For example, the RNA-binding 
protein HuR (ELAVL1) can compete with a variety of 
miRNAs for sequence specific motifs in target mRNAs 
[4], or it can act cooperatively to recruit a let-7 miRNA 
to repress gene expression [5]. In another example, the 
PUM1 RBP can alter the secondary structure of its target 
RNA, thereby allowing miR-221 and miR-222 to access 
their complementary sites [6]. In these ways, 3′ UTRs can 
mediate post-transcriptional gene regulation by acting as 
venues to coordinate interactions among various trans-
regulatory factors and cis-acting 3′ UTR elements. 

Alternative polyadenylation (APA) is another 
mechanism of gene regulation whereby the length of 
the 3′ UTR can be altered. This mechanism has been 
appreciated recently as a widespread phenomenon 
that leads to a diversified transcriptome [7]. Through 
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APA, the availability of certain cis-acting elements can 
be changed, thereby leading to potential alterations in 
gene expression. Notably, APA has been shown to be 
associated with cellular proliferation and cancer [8, 9]. 
Many oncogenes commonly have shorter 3′ UTRs, which 
enables them to potentially evade the inhibitory effects of 
miRNAs with the result of more stable protein expression 
[9]. In addition, single nucleotide polymorphisms (SNPs) 
within the 3′ UTR also have the potential to dysregulate 
gene expression by introducing sequence modifications 
and disrupting cis-acting regulatory elements. SNPs have 
been shown to be associated with cancer risk, outcome, 
and drug resistance [10-12]. Therefore, alterations in the 3′ 
UTR sequence may lead to disruptions in gene regulation.

KRAS, which encodes a GTPase signaling protein, 
plays a major role in tumorigenesis [13]. Due to its 
exceptionally long 3′ UTR length, the KRAS gene is 
presumed to be regulated at the post-transcriptional 
level through a highly complex interaction of cis-acting 
elements within its 3′ UTR. An array of trans-regulatory 
factors - RBPs and miRNAs - known to regulate KRAS 
are often misexpressed in various types of cancer. For 
instance, the KRAS-regulating RBP, IGF2BP1 [14], is 
upregulated in colon cancer, while the expression of 
a number of miRNAs, including let-7 [10, 15], miR-
181 [16, 17], miR-96 [18], and miR-30c [19] have been 
shown to be downregulated in lung cancer, oral squamous 
carcinoma, glioma, pancreatic cancer, and breast cancer, 
respectively (reviewed in Kim and Slack 2014 [20]).

To date, KRAS trans-regulatory factors have been 
primarily identified through computational predictions 
and large-scale CLIP-seq and RNA-IP profiling of cancer 
cell lines and human tumor samples. However, no study 
that examines the post-transcriptional regulation of KRAS 
by empirically dissecting its 3′ UTR has been performed. 
Through extensive deletion and mutational analyses of the 
KRAS 3′ UTR, we sought to identify key cis-regulatory 
regions within the KRAS 3′ UTR that interact with trans-
regulatory factors. We revealed that the KRAS 3′ UTR 
contains multiple stabilizing and inhibitory regions. The 
findings in this study suggest that KRAS is regulated 
through multiple cis-regulatory motifs in its 3′ UTR, 
which have the potential to interact with various RBPs 
and miRNAs. In particular, we identified two individual 
49-nucleotide (nt) fragments that were required for robust
KRAS 3′ UTR reporter repression and overexpression,
respectively. The repressive sequence element appears to
interact with miR-185, and mutations in the seed region
of this repressive fragment disrupt the binding of miR-
185. Thus, miR-185 appears to play a role in negatively
regulating KRAS at the post-transcriptional level, an effect
that may be achieved through cooperation with other as
yet unidentified trans- regulatory factors.

results

Hur and mirnAs regulate KRAS through its 3′ 
utr in Hela cells

To identify RBPs and their binding motifs that may 
be important in regulating KRAS, we utilized the doRiNA 
database [21]. This database compiles published CLIP 
experiments and would allow us to align experimentally 
validated RBP binding motifs to the complete sequence of 
the 3′ UTR of KRAS variant B (Figure 1A). Of the many 
RBPs that bind to the KRAS 3′ UTR, AGO2 [22, 23], HuR 
(or ELAVL1) [4, 22, 24], IGF2BP1/2/3 [23], PUM2 [23], 
EWSR1 [25], TAF15 [25], FUS [25], and TIA1 [26] have 
been previously implicated in cancer. Among these, HuR 
and AGO2 were extensively validated by a variety of 
CLIP methods to bind to the KRAS 3′ UTR. HuR stabilizes 
its target mRNAs by binding to AU-rich elements in their 
3′ UTRs, and AGO2 binds miRNAs and functions in the 
RNA-induced silencing complex (RISC) in miRNA-
mediated regulation. 

In order to determine the role of HuR and miRNAs 
in the regulation of KRAS, HeLa cells were transiently 
transfected with siRNAs against HuR, Dicer, and a 
scramble control. As Dicer is essential for miRNA 
biogenesis, knocking down Dicer is an effective way of 
examining the impact of global miRNA depletion in the 
cell. Western blot analysis revealed that knocking down 
HuR and Dicer individually increased KRAS protein 
levels relative to the control siRNA (Neg) (Figure 1B). 
To assess whether this change was mediated at the post-
transcriptional level, the full 3′ UTR of KRAS was fused 
downstream of the psiCHECK-2 dual-luciferase vector 
(pKRAS) and its reporter expression was measured 
following si-HuR and si-Dicer knock down. The pKRAS 
expression increased following knock-down of HuR and 
Dicer individually in HeLa cells relative to its expression 
with si-Neg (Figure 1C). These findings indicate that HuR 
and potentially miRNAs regulate KRAS expression, at 
least partially through its 3′ UTR.

In addition, HuR and Dicer were knocked down 
in combination to determine potential cooperation or 
competition between HuR and miRNAs for binding sites 
in the KRAS 3′ UTR. In HeLa cells, the double knock-
down revealed an increase in KRAS protein levels and 
a 2-fold increase in the pKRAS expression, which is an 
additive effect of the individual knock-down (Figure 
1B and 1C). The reporter expression suggests HuR and 
miRNAs independently mediate KRAS regulation through 
its 3′ UTR.
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Figure 1: Hur and mirnAs potentially regulate KRAS through its 3′ UTR in HeLa cells. A. Validated RBP binding sites 
from the DoRiNA database were aligned to the complete sequence of the 3′ UTR of KRAS transcript variant B using the UCSC Genome 
Browser. Only a select list of RBPs, including AGO2, HuR, IGF2BP1, 2 and 3, and EWSR1, are included in the figure. B. Western 
blot analysis showed an increase in KRAS protein level following siRNA-directed knock-down for Dicer and HuR individually and in 
combination in HeLa cells compared with negative control (Neg). β-tubulin and β-Actin were used as loading controls. C. Luciferase 
reporter assays showed an increase in the normalized pKRAS reporter expression with si-HuR and si-Dicer treatment compared with si-Neg 
treatment. pKRAS contains the full length KRAS 3′ UTR in the psiCHECK-2 dual luciferase vector. pEmpty is a psiCHECK-2 alone with 
no insert. The expression of pKRAS was normalized to that of pEmpty with each siRNA treatment. A representative of three independent 
experiments is shown in mean ± S.D. ***: p-value < 0.001, ****: p-value < 0.0001.



Oncotarget  122www.impactjournals.com/oncotarget

deletion analyses identify multiple stabilizing and 
inhibitory regions in the KRAS 3′ UTR

Since the KRAS 3′ UTR provides numerous binding 
motifs for many RBPs and miRNAs, we employed a series 
of truncation analyses of the KRAS 3′ UTR to determine 
regions important for KRAS regulation. The first set 
of analyses included five separate luciferase reporters 
that included different lengths of the KRAS 3′ UTR 
(Figure 2A). The pAPA1, 2, 3, and 4 reporter constructs 
correspond to each of the four predicted polyadenylation 
sites for the KRAS 3′ UTR, as currently annotated in 
polyA_DB in UCSC Genome Browser [27]. The pAPA2Δ 
reporter corresponds to an additional polyadenylation site, 
which was previously listed in the human 2007 annotation 
in AceView [28]. Following separate transient transfection 
in HeLa cells of each of the five reporters or an empty 
vector control (pEmpty), we observed a general trend of 
increasing reporter repression with the longer 3′ UTR 
sequence constructs (Figure 2B). This might be expected, 
since the longer KRAS 3′ UTR presumably contains more 
regulatory elements, including potentially repressive 
miRNA complementary sites. Nevertheless, pAPA4, 
which contained the full KRAS 3′ UTR, exhibited the least 
detectable repression compared with the empty vector 
control under these conditions (Figure 2B). In addition, 
pAPA2Δ, which contained the second shortest fragment, 
showed the most repression among the five reporters 
(Figure 2B). The reporter assay suggests that potentially 
strong stabilizing elements exist near the 3′ end of the 3′ 
UTR, and multiple inhibitory and stabilizing regulatory 
regions reside across the entire 3′ UTR. 

Interestingly, the two shortest constructs, pAPA2Δ 
and pAPA1, showed different capabilities for reporter 
repression. This suggested the existence of a potential 
repressive element in the 300-base pair (bp) KRAS 3′ 
UTR fragment in pAPA2Δ that did not exist in pAPA1. 
To examine the repressive potential of this 300-bp region, 
we aligned predicted miRNA complementary sites from 
TargetScan [29] and PicTar [30], as well as validated RBP 
binding motifs from the doRiNA database to the 300-bp 
KRAS 3′ UTR fragment. We then generated a series of 
additional reporters that contained these predicted binding 
motifs within the 300-bp region (Figure 2C).

When we compared each fragment with the empty 
vector control, we observed a robust 2-fold repression 
from the reporter containing the B fragment (pB) and 
the reporter containing the E fragment (pE), and a 3-fold 
repression from the reporter containing the G fragment 
(pG). Conversely, we observed increased expression of 
the reporter containing fragments A and H, which both 
showed a 1.5-fold increased reporter expression compared 
to the empty vector control (Figure 2D). Interestingly, the 
pE reporter construct, which included a fragment covering 
pG and pH, as well as their intervening 46-nt sequence, 
showed a 2-fold repression, suggesting that in this 

context the repressive element within pG can overcome a 
stabilizing element in pH.

the 49-nt fragment alone in pG is required and 
sufficient for reporter repression

To confirm the repression that we initially observed 
with the pG reporter in HeLa cells, we also examined pG 
expression in various human cell lines, including A549, 
MCF7, PC-3, and HEK293T. We observed repression, 
albeit to varying degrees, in all the cell lines tested, 
suggesting that repression of the pG reporter is not cell-
type specific (Figure 3A).

To further establish whether the 49-nt fragment 
alone is sufficient to cause repression, we generated a 
reporter that contained the full KRAS 3′ UTR with a 
deletion of just the 49-nt fragment (pKRAS G-del). In 
HeLa cells, this deletion construct resulted in a modest 
but statistically significant de-repression in the reporter 
expression relative to a construct with no deletion (KRAS 
3′ UTR Full length; Figure 3B). Together, our findings 
indicate that this small 49-nt fragment of the KRAS 3′ 
UTR is both required and sufficient for reporter repression 
in HeLa cells. 

the full 49-nt sequence, but not the secondary 
structure of the fragment in pG, is required for 
reporter repression

A detailed survey of the 49-nt fragment in the pG 
construct revealed a conserved AU-rich element (ARE) 
near its 5′ end (Figure 4A). RNAfold [31] predicts a 
secondary hairpin structure that contains a stem between 
the 5′ ARE and a string of thymines near the 3′ end (Figure 
4B).

To test the functional significance of the ARE and 
the secondary hairpin structure of the 49-nt fragment 
in reporter repression, we first created constructs that 
included either deletion or substitution mutations within 
the ARE (Figure 4C). In two constructs, pGm1 and 
pGm2, the stretch of six thymines in the ARE sequence 
were alternatively substituted with cytosines or guanines. 
An additional construct, pG-Tdel, deleted the entire six-
thymine stretch. We observed that reporters containing the 
T deletion (pG-Tdel) and the T-to-G substitution mutation 
(pGm2) resulted in a relief of repression compared to a 
reporter without any nucleotide changes in the 49-nt 
fragment (reporter pG; Figure 4D). Surprisingly, the T-to-C 
substitution mutation (pGm1) yielded a greater repression 
compared to the reporter pG (Figure 4D). Differential 
reporter expression observed by these mutation analyses 
suggests that the A- and T-rich regions of the KRAS 3′ 
UTR are indeed important for the reporter repression, and 
it is possible that these regions might function as motifs 
for binding of a repressive trans-regulatory factor.
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Figure 2: the KRAS 3′ UTR contains multiple stabilizing and inhibitory elements. A. The UCSC Genome Browser was 
utilized to align potential miRNA binding sites, and AGO2 and HuR binding sites within the KRAS 3′ UTR. Truncated KRAS 3′ UTR 
luciferase reporter constructs contained varying lengths of the 3′ UTR corresponding to predicted alternative polyadenylation (APA) sites. 
miRNA binding sites were predicted using TargetScan and PicTar. B. The luciferase reporter expression of each construct was normalized 
to pEmpty. Luciferase reporter assays showed a trend for greater reporter repression with constructs containing longer KRAS 3′ UTR 
fragments, except for two reporters: pAPA4 and pAPA2Δ. pAPA4, which contains the full length KRAS 3′ UTR, showed a minimal 
repression, while pAPA2Δ showed the greatest repression. C. The 300-bp KRAS 3′ UTR fragment in pAPA2Δ that is not part of pAPA1 
was further dissected based on the presence of potential binding sites corresponding to miRNAs and AGO2 and HuR (or ELAVL1) 
binding sites. miRNA predictions from TargetScan and PicTar, and the union of AGO2- and HuR- CLIP experiments from the DoRiNa 
database are included in the figure. These smaller fragments indicated by the blue bars were fused to psiCHECK-2 to generate 8 luciferase 
reporter constructs. The regulatory factors that bind to the fragment H (chr12: 25362194-25362242 in GRCh37/hg19) include miR-181 and 
miR-1197 predicted by PicTar and TargetScan and AGO2, FMR1, FOX2, IGF2BP1-3, and PTB predicted by DoRiNA and StarBaseV2. 
miRanda, miRDB, PicTar, PITA and TargetScan predict miR-29a, miR-185, miR-186, miR-548n, miR-577, miR-587 and miR-1275 binding 
sites and dbRBP, DoRiNA and StarBaseV2 predict AGO2, EWSR1, HuR, IGF2BP1-3, LIN28A and TTP binding sites in the fragment G 
(chr12: 25362099-25362147). D. Luciferase reporter assays revealed multiple stabilizing and inhibitory regions within the 300 bp fragment 
of pAPA2Δ. Of note, pH exhibited robust reporter expression, while pG exhibited a robust reporter repression compared with pEmpty. A 
representative of at least three independent experiments is shown in mean ± S.D. in B. and D.
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In addition, two more reporters - pGwtm1 and 
pGwtm2 - were designed to disrupt the hairpin structure by 
introducing G or C substitution mutations in the stretches 
of adenosines on the 3′ end of the predicted hairpin stem 
(Figure 4C). Interestingly, pGwtm1 was predicted to 
maintain the original secondary structure due to the G-U 
wobble base pairing (Figure 4C). However, both reporters 
showed de-repression compared to pG (Figure 4D). We 
also observed very minimal or no repression compared 
with pG when we looked at seven additional reporters 
containing truncated portions of the 49-nt fragment 
(Figure 4E and 4F). Altogether, these data suggest that the 
full, intact 49-nt sequence, but not the secondary structure, 
is required for the observed reporter repression. 

mir-185 regulates the pG reporter and 
endogenous KrAs

In order to uncover the possible trans-acting 
mechanism of KRAS 3′ UTR-mediated regulation, we first 
examined the role of miRNAs in the luciferase reporter 
assay. Transiently knocking down Dicer in HeLa cells, 
which inhibits global miRNA production in the cell, 
resulted in a 1.5-fold increase in pG expression compared 
to the negative control siRNA (Figure 5A). The change in 
the reporter expression suggests that miRNAs may play at 
least a partial role in the repression of pG. 

Since the substitution mutations within the A- 

and T-rich regions of the G fragment of KRAS 3′ UTR 
fragment led to a change in the reporter expression, we 
sought to identify miRNAs that might bind within this 
fragment sequence. We used miRanda [32], TargetScan 
[29], miRDB [33], and PITA [34] to search for potential 
miRNA binding sites (Supplementary Figure 1A). Among 
the potential interacting miRNAs, miR-185 especially 
stood out, since it was predicted to have sequence 
complementarity in its seed region with the 49-nt 
fragment, as predicted in RNAhybrid [35] (Figure 5B). In 
fact, the minimum free energy required to form an RNA 
duplex between miR-185 and the fragment indicates that 
binding of miR-185 is stronger with the sequence of pGm1 
than with the sequence of pG (Figure 5B). In addition, the 
seed region binding is abolished between miR-185 and 
the sequence of pGm2. Assuming that miR-185 acts as a 
repressing factor, these binding predictions agree with our 
observed reporter expression findings (Figure 4C and 4D), 
where we found pGm1 resulted in greater repression and 
pGm2 resulted in de-repression compared with pG. 

The expression of miR-185 was assessed in 
HeLa, A549, MCF7, PC-3, and HEK293T cell lines, 
along with other miRNAs that were predicted to have 
their complementary sites within the G fragment 
(Supplementary Figure 1). Compared with let-7 and miR-
186, which show high levels of expression in these cell 
lines, miR-185 appears to be expressed at a relatively low 
level, although a precise quantitative comparison between 

Figure 3: the 49-nt fragment G in the KRAS 3′ UTR contains a repressive element that is required for luciferase 
reporter repression in HeLa cells. A. The pG reporter construct, containing the 49-nt fragment G alone, showed luciferase reporter 
repression in HeLa, A549, MCF7, PC-3, and HeK293T cells. Expression was normalized to pEmpty. B. Deletion of the fragment G sequence 
from the KRAS 3′ UTR (pKRAS G-del) resulted in a modest but statistically significant reporter de-repression compared with pKRAS, 
which contained the full length KRAS 3′ UTR. p-value = 0.0021. A representative of two and at least three independent experiments are 
shown in mean ± S.D. in A. and B. respectively. *: p-value <0.05, **: p-value <0.01.
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the miRNAs would be required to directly compare their 
expression. 

To determine the role of miR-185 in the KRAS 3′ 
UTR reporter expression assay, three individual reporters 
- pG, pGm1, and pGm2 - were transiently co-transfected
with a miR-185 mimic or miR-185 inhibitor in HeLa cells.
Transfecting pG and pGm1 individually with miR-185
mimic resulted in enhanced repression compared with a
mimic control (Figure 5C). In contrast, transfecting pG
with miR-185 inhibitor resulted in de-repression compared
to the pG expression with inhibitor control (Figure 5C).

We also observed a modest but statistically significant 
de-repression in pGm2 with miR-185 inhibitor, which we 
cannot explain now. To confirm the transfection efficiency 
of miR-185 mimic and inhibitor, we created pmiR-185WT, 
which contained a perfect complementary sequence of 
miR-185 in the same luciferase vector used for our KRAS 
3′ UTR reporter assays. We observed a robust repression in 
pmiR-185WT with miR-185 mimic and de-repression with 
miR-185 inhibitor, which confirmed the overexpression 
and depletion of miR-185, respectively, in the cells (Figure 
5C). 

Figure 4: The full sequence of the 49-nt fragment G is required for luciferase reporter repression in HeLa cells. A. A 
detailed survey of the 49-nt fragment G sequence revealed conserved A and U rich regions. The UCSC Genome Browser was utilized to 
examine the conservation across different vertebrate species. B. RNAfold software revealed a hairpin secondary structure for the fragment 
G. The color represents base-pair probabilities for each paired or unpaired bases. Blue denotes a possibility of 0 and red a possibility of 1.
C. A series of substitution mutations were introduced within conserved A and U rich regions of the fragment G. pGm1 and pGm2 constructs
were generated by mutating alternating Ts to Cs (Gm1) or Ts to Gs (Gm2). In construct pG-Tdel, the stretch of 5′ conserved Ts was deleted
completely from the fragment. Gwtm1 mutated alternating As to Gs, and Gwtm2 mutated alternating As to Cs. RNAfold predicted that
the original hairpin structure of fragment G was disrupted by all mutations except for the Gwtm1. D. Luciferase assays revealed that the
T-to-G sequence mutation (pGm2), deletion of the conserved 5′ Ts (pG-Tdel), and mutations of the conserved 3′ As (pGwtm1 and pGwtm2)
resulted in de-repression compared to the original G sequence. The T-to-C sequence mutation (pGm1) exhibited enhanced repression
compared with unmutated fragment G (pG). E. Further truncation of the fragment G was performed to generate seven additional smaller
fragments that were cloned into psiCHECK-2. F. All reporters containing the new smaller fragments exhibited a relief of the reporter
repression initially observed in pG. A representative of at least three independent experiments is shown in mean ± S.D. in D. and F.
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In addition, miR-185 mimic and inhibitor were 
individually transfected into HeLa cells in order to assess 
the effect of miR-185 on KRAS mRNA and protein levels. 
As observed with the pG reporter, overexpression of miR-
185 with the miR-185 mimic led to a decrease in KRAS 
mRNA and protein levels compared to its control (Figure 
5D and 5E). However, inhibition of miR-185 did not result 
in a noticeable change compared with the control possibly 
due to the low endogenous levels of miR-185 (Figure 5D 
and 5E). The decrease in KRAS protein levels with miR-
185 mimic was confirmed in other cell lines, including 
HEK293T, MCF7, and PC-3 (Figure 5E). These findings 
indicate that miR-185 interacts with its complementary 
sites, such as one in the 49-nt fragment of the KRAS 3′ 
UTR, to regulate mRNA stability and translation of KRAS.

We also examined the correlation between miR-
185 and overall survival using PROGmiR [36], a tool 
that compiled data from TCGA and GEO to study the 
prognostics of miRNAs in 16 different types of cancer. 
We found that low miR-185 expression is correlated with 
poor prognosis for liver cancer (Figure 5F), while high 
miR-185 expression is correlated with poor prognosis 
for head and neck cancer, acute myeloid leukemia, and 
renal cancer (Supplementary Figure 2). The results from 
PROGmiR suggest that miR-185 functions in a cell type- 
and tissue-specific manner. 

Additional possible trans-acting rnAs

In addition to miRNAs, it is possible that the 
reporter repression observed with the pG 49-nt fragment 
is achieved through other non-coding RNA mechanisms, 
such as long non-coding RNAs (lncRNAs). A predicted 
lncRNA (LOC101928562), identified from a BLAT 
search, was found to form a perfect 20-nt base paring with 
a portion of the fragment G by RNAhybrid. However, we 
were not able to detect the expression of this lncRNA in 
HeLa cells to successfully clone it into a plasmid. This 
was possibly due to the gender or cell specificity of this 
particular lncRNA, which was originally identified from 
a cDNA clone from adult testis [37] (data not shown), 
suggesting that this lncRNA was not responsible for 
repression mediated through the G fragment.

dIscussIon

In this study, we aimed to empirically determine the 
key regulatory regions within the long 3′ UTR of KRAS. 
Through a series of truncations and deletions of the KRAS 
3′ UTR, we found that the KRAS 3′ UTR features multiple 
repressive and stabilizing cis-acting regions with which 
numerous trans-regulatory factors can potentially interact. 
Notably, the 3′ UTR appears to contain a strong stabilizing 
region near its 3′ end (Figure 2B). This observation is 
somewhat contrary to the widespread phenomenon that 

cancer-associated genes tend to have a shorter 3′ UTR in 
order to yield more stabilized proteins [9]. Nevertheless, 
we can speculate that in the case of KRAS in HeLa cells, 
having a longer 3′ UTR may be more advantageous for 
cellular proliferation by providing several binding motifs 
for mRNA stabilizing trans-regulatory factors. In addition, 
the full sequence of the KRAS 3′ UTR may achieve a more 
stabilized secondary structure compared with the shorter 
isoform. 

We identified a 49-nt cis-regulatory region of the 
KRAS 3′ UTR, fragment G, which is both necessary and 
sufficient for reporter repression in HeLa cells. Truncation 
analyses of this 49-nt region revealed that the sequence, 
though probably not the structure, is required for its 
observed repression in luciferase reporter assays in various 
cell lines. We also identified a second 49-nt fragment of 
the KRAS 3′ UTR - fragment H - which contained potential 
stabilizing elements; this will be interesting to examine in 
future studies. 

To elucidate the possible mechanisms by which the 
KRAS 3′ UTR reporter was regulated, we examined the 
role of non-coding RNAs, including miRNAs and long 
non-coding RNAs (lncRNAs). While our investigation of 
lncRNAs was inconclusive, we found that miRNAs play 
at least a partial role in mediating repression of the 49-nt 
pG reporter. Specifically, we observed that knocking down 
Dicer in HeLa cells resulted in a 1.5-fold increase in the 
expression of the pG reporter construct compared with a 
control siRNA. Dicer depletion also led to an increase in 
KRAS protein. 

By utilizing several target prediction algorithms, we 
further identified miR-185 as a trans-acting factor with 
the potential to bind to the pG containing 49-nt regulatory 
region within the KRAS 3′ UTR. Additionally, we observed 
that miR-185 is needed in part for KRAS 3′ UTR-mediated 
repression in cellular reporter assays, as well as being 
required for repression of endogenous KRAS mRNA and 
protein in HeLa cells. Ectopic over-expression of miR-
185 resulted in enhanced reporter repression in pG and 
pGm1, and depletion of miR-185 resulted in a slight de-
repression only in pG. No de-repression was observed 
when pGm1 was transfected with miR-185 inhibitor, 
possibly owing to a stronger affinity between pGm1 and 
endogenous miR-185 than between the inhibitor and miR-
185. Although miR-185 appears to affect the reporter
repression, depleting miR-185 alone did not result in
a full relief of repression. This is not unexpected, since
knocking down an individual miRNA often does not result
in phenotypic changes [38], and a combination of miRNAs
may cooperate for the full reporter repression.

Previous studies have demonstrated cooperative 
activity of RPBs and miRNAs for regulating target RNA 
expression. For example, binding of the PUM1 protein to 
the 3′ UTR of p27 alters the structure of the p27 mRNA 
and exposes functional binding sites for miR-221 and 
miR-222 [6]. Our findings, which showed that knocking 
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Figure 5: miR-185 potentially regulates KRAS through complementary sites within the 49-nt pG fragment. A. The pG 
reporter construct showed a 1.5-fold luciferase reporter de-repression in HeLa cells with global inhibition of miRNA production by Dicer 
knock-down (si-Dicer) compared to the control siRNA (si-Neg). ****: p-value < 0.0001. B. The RNAhybrid tool predicted sequence 
complementarity between the seed region of miR-185 and the unmutated (G) and a T-to-C substitution mutated 49-nt fragment (Gm1). This 
seed region binding was abolished with a T-to-G substitution mutation (Gm2). Of note, the minimum free energy to form an RNA duplex 
between miR-185 and Gm1 was stronger than between miR-185 and G. C. In HeLa cells, luciferase assays showed enhanced repression 
with reporters pG and pGm1 with miR-185 mimic compared with the mimic control. miR-185 inhibitor induced a slight de-repression of 
pG and pGm2 reporter expression, compared with the inhibitor control. Overexpression and depletion of miR-185 by miR-185 mimic and 
inhibitor, respectively, were confirmed in HeLa cells with pmiR-185WT, which contained a perfect complementary sequence of miR-185. 
miR-185 mimic induced significant repression of pmiR-185WT, while de-repression was observed with miR-185 inhibitor compared with 
the respective controls. **: p-value < 0.01; ***: p-value < 0.001; ****: p-value < 0.0001. D. Total RNA from HeLa cells was analyzed 
for KRAS mRNA level 48hrs post-miR-185 mimic or inhibitor transfection. A 35% decrease in KRAS mRNA expression was observed 
following miR-185 mimic transfection compared to mimic control while no change with miR-185 inhibitor. E. Total cell lysates from 
HeLa, HEK293T, MCF7 and PC-3 were analyzed for KRAS protein level 48hrs or 72hrs post-transfection of miR-185 mimic or inhibitor. A 
decrease in KRAS protein expression was observed following miR-185 mimic administration compared to mimic control in these cell lines. 
No change in KRAS protein levels was observed with miR-185 inhibitor. β-Actin was used as a loading control. F. The PROGmiR tool was 
utilized to identify a correlation between miR-185 expression and overall survival in 16 different types of cancer. High miR-185 expression 
was correlated with increased overall survival only in patients with liver cancer. A representative of two independent experiments is shown 
in mean ± S.D. in A. and D. and of three independent experiments in C.
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down HuR and Dicer individually increased KRAS protein 
levels relative to the control siRNA, led us to speculate that 
cooperation between RBPs and miRNAs might also be a 
potential mechanism for the repression we observed in the 
KRAS 3′ UTR reporter assays. Therefore, we examined the 
possibility of a cooperative role of miR-185 and candidate 
RBPs (IGF2BP1, IGF2BP2, IGF2BP3, EWSR1, and 
HuR), which we selected from a database search using 
two CLIP databases, DoRiNA [21] and StarBase V2 [39]. 
However, none of the candidate RBPs tested were found 
to yield pG reporter de-repression in HeLa cells following 
knock-down of the individual candidate RBP genes, along 
with a miR-185 inhibitor (data not shown). 

We speculate that two potential issues may account 
for this lack of differential reporter expression. First, since 
those RBPs were identified in CLIP experiments performed 
in HEK293 cells, the miRNAs and RBPs used in our assay 
system may be differentially expressed in HeLa cells, the 
cells in which the majority of our reporter experiments 
were performed. Secondly, during CLIP experiments, 
overexpression of proteins creates an artificial condition, 
which may lead to some cases of aberrant interactions, as 
well as disrupt natural physiological interactions between 
endogenous mRNAs and RBPs. However, more direct 
biochemical approaches, such as RNA-protein complex 
pull-down followed by mass spectrometry, may provide 
more informative evidence concerning which RBPs bind 
to the 49-nt 3′ UTR fragment.

miR-185 is a known tumor-suppressive miRNA that 
has been shown to inhibit proliferation in HeLa cells [40]. 
We speculate that miR-185 could also play a potential role 
in regulating KRAS based on our western blot data showing 
that miR-185 affects KRAS protein expression in various 
cell lines (Figure 5E). miR-185 has clinical relevance and 
has been reported to be deregulated in various cancers, 
including lung cancer, glioma, hepatocellular carcinoma, 
gastric cancer, and breast cancer [41-46]. By targeting 
DNMT1, RhoA/Cdc42, and E2F6, miR-185 has been 
shown to induce cell cycle arrest and apoptosis, in addition 
to inhibiting proliferation and invasion in cancer cell lines 
and xenograft mouse models of various cancers [40, 44, 
46]. Furthermore, low miR-185 expression has been 
correlated with reduced overall survival and relapsed-free 
survival in gastric cancer [43] and triple-negative breast 
cancer [44]. In our own analysis using PROGmiR [36], we 
found that low miR-185 expression is correlated with poor 
prognosis for liver cancer (Figure 5F). In support of this, 
an independent study by Zhi et al. revealed that that miR-
185 can be a prognostic tool of early stage hepatocellular 
carcinoma for survival and recurrence [47]. In contrast, 
our analysis using PROGmiR indicated that high miR-
185 expression is correlated with poor prognosis for 
head and neck cancer, acute myeloid leukemia, and renal 
cancer (Supplementary Figure 2). As reported previously, 
some miRNAs have two opposing roles depending on the 
cellular context, and it appears that miR-185 may also fall 

into this category of miRNAs. 
Together, our findings provide evidence for the 

presence of multiple inhibitory and stabilizing cis-acting 
elements within the KRAS 3′ UTR. Two of these elements 
represent individual sequence fragments with the potential 
to interact with post-transcriptional regulatory factors, 
including miRNAs and RBPs. We identified the tumor 
suppressive miRNA, miR-185, to interact with the KRAS 
3′ UTR via a 49-nt fragment and possibly via other regions 
as well, such as one miR-185 binding site about 500 bp 
away from the end of the 3′ UTR predicted by TargetScan. 
Interestingly, within the repressive 49-nt fragment, a SNP, 
rs547078411, resides at the first nucleotide of the predicted 
miR-185 target site, and a T-to-C somatic mutation was 
identified at chr12: 25362140 (Hg19) in a lung cancer 
study (COSU583) in the COSMIC database. The potential 
role of these nucleotide changes in tumorigenesis remains 
to be determined. Further exploration to determine how 
multiple cis- and trans-regulatory factors collectively 
cooperate to regulate KRAS will provide crucial insights 
into the 3′ UTR-dependent regulation of KRAS and will 
allow a more profound understanding of the mechanisms 
involved in KRAS-associated tumorigenesis.

MAterIAls And MetHods

Generation of the KRAS 3′ UTR luciferase 
reporters

To generate luciferase reporters with varying lengths 
of the KRAS 3′ UTR, the construct, pGL4.75 KRAS#13 
mLCS1, which was previously generated by Dr. Lena J. 
Chin [10], was used as a template. This template contains 
a 3910 bp region of the KRAS 3′ UTR originally cloned 
from DNA isolated from human genomic DNA. To 
generate the full-length KRAS 3′ UTR vector (pKRAS), 
we amplified the remaining 671-nt from the 3′ end of the 
3′ UTR of KRAS separately from HeLa genomic DNA 
and then annealed it to the pGL4.75 KRAS#13 mLCS1 
template using overlapping PCR with the Expand High 
Fidelity PCR System (Roche) and the primers listed below 
(Table 1). 3′ UTR truncation constructs were generated 
from the pKRAS vector using the primers listed below 
(Table 1). Each 3′ UTR fragment was amplified with 
Phusion High-Fidelity DNA polymerase (NEB), and 
cloned into the XhoI and NotI sites in the dual-luciferase 
vector, psiCHECK-2 (Promega). Deletions and mutations 
of the KRAS 3′ UTR fragment were created using PCR-
mediated deletion as described in Hansson et al. [48], 
and site-directed mutagenesis using an XL Site-Directed 
Mutagenesis Kit (Agilent) and the primers listed below 
(Table 1). Each construct was confirmed by sequencing 
using the primers listed in Table 2. 
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table 1: cloning primers used to construct the KRAS 3′ UTR reporters

construct
(insert 
size in bp)

Genomic 
position in 
chr12
(Grch37/
hg19)

Primer Sequence (5′-3′)

pAPA1
(354)

25362375 - 
25362728

MK1 CCCGCTCGAGATACAATTTGTACTTTTTTCTTAAGGCATAC
MK75 ATAAGAATGCGGCCGCGGGATGATTCAAAAGCTTCATTAATTTG

pAPA2Δ
(657)

25362072-  
25362728

MK1 CCCGCTCGAGATACAATTTGTACTTTTTTCTTAAGGCATAC
MK2 ATAAGAATGCGGCCGCGGCCTTATAATAGTTTCCATTGCCTTG

pAPA2
(1478)

25361251-  
25362728

MK1 CCCGCTCGAGATACAATTTGTAC TTTTTTCTTAAGGCATAC
MK3 ATAAGAATGCGGCCGCGCCATCTCACTTCATTTATTTTAAAATAAG

pAPA3
(2896)

25359833-  
25362728

MK1 CCCGCTCGAGATACAATTTGTACTTTTTTCTTAAGGCATAC
MK4 ATAAGAATGCGGCCGCAATTGTCCTAAAAGAATCACAGTTATGC

pAPA4
or pKRAS
(4583)

25358146-  
25362728

MK1 CCCGCTCGAGATACAATTTGTACTTTTTTCTTAAGGCATAC
MK39 CATTTTATGACAGCTATTCAGTTTCTCAATGCA GAATTCATGCTATCCAG
MK40 GAAACTGAATAGCTGTCATAAAATG
MK38 ATAAGAATGCGGCCGCCAGTTCAAATTTCATGAATAAATACACACTC

pA
(181)

25362194 - 
25362375

MK81 CCCGCTCGAGTATTCTGTGTTTTATCTAGTCACATAAATG
MK84 ATAAGAATGCGGCCGCGTGAACAGTGTAACTTTACATTCATC

pB
(122)

25362072-  
25362193

MK85 CCCGCTCGAGAAA GGT TTT GTC TCC TTT CCA CTG
MK2 ATAAGAATGCGGCCGCGGCCTTATAATAGTTTCCATTGCCTTG

pC
(132) 25362243-  

25362374

MK81 CCCGCTCGAGTATTCTGTGTTTTATCTAGTCACATAAATG

MK82 ATAAGAATGCGGCCGCGATGCCTAGAAGAATCATCATCAG

pD
(27)

25362072-  
25362098

MK88 CAGTAATTCTAGGCGATCGCCAAGGCAATGGAAAC
MK89 TAATAGTTTCCATTGCCTTGGCGATCGCCTAGAATTAC

pF
(95)

25362099-  
25362193

MK86 GAAAAAAATGGAAAAAAATTACGGCCGCTGGCCGC
MK87 ATTGCGGCCAGCGGCCGTAATTTTTTTCCATTTTTTTC

pG
(49)

25362099-  
25362147

MK92 CAGTAATTCTAGGCGATCGCCCAAAATATTATATTTTTTC
MK93 GAAAAAATATAATATTTTGGGCGATCGCCTAGAATTAC

pE
(144)

25362099-  
25362242

NK 1f 
both CCCGCTCGAGATGTCCTATAGTTTGTCATCC

NK1r ATAAGAATGCGGCCGCTAATTTTTTTCCATTTTTTTCTTTTTATAG

pH
(49)

25362194-  
25362242

NK 1f 
both CCCGCTCGAGATGTCCTATAGTTTGTCATCC

MK84 ATAAGAATGCGGCCGCGTGAACAGTGTAACTTTACATTCATC

pG-Tdel
(43) N/A

NK t 
del f GATCGCCCAAAATATTATACTATAAAAAGAAAAAAATGG

NK t 
del r CCATTTTTTTCTTTTTATAGTATAATATTTTGGGCGATC

pGm1
(49) N/A MK94 GATCGCCCAAAATATTATAtctctcCTATAAAAAGAAAAAAATGG

MK95 CCATTTTTTTCTTTTTATAGgagagaTATAATATTTTGGGCGATC
pGm2
(49) N/A MK96 GATCGCCCAAAATATTATAtgtgtgCTATAAAAAGAAAAAAATGG

MK97 CCATTTTTTTCTTTTTATAGcacacaTATAATATTTTGGGCGATC

pGwt1m
(49) N/A

NK wt 
1f CTATAAAAAGAAAAAAATGGAGAGAGATTACGGCCGCTG

NK wt 
1r CAGCGGCCGTAATCTCTCTCCATTTTTTTCTTTTTATAG

pGwt2m
(49) N/A

NK wt 
2f CTATAAAAAGAAAAAAATGGACACACATTACGGCCGCTG

NK wt 
2r CAGCGGCCGTAATGTGTGTCCATTTTTTTCTTTTTATAG
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Table 2: Sequencing primers used to confirm the KRAS 3′ UTR reporters
Primer Sequence (5′-3′)
MK5 TGCTTTTGTTTCTTAAGAAAACAAACTC
MK7 TACCAGATGCCAGTCACCGCAC
MK18 GGAG GACGCTCCAG ATGAAATG
MK27 CGAGGTCCGAAGACTCATTTAGATC
LJC1 GGCACACCACCACCCCAAAATCTC
LJC3 GGGTCGTATACCAAAGGCCTTAG
LCJ5 CTAGCTAGCTCAATGCAGAATTCATGCTATCCAG

Table 3: qPCR primers used to detect mRNA levels
Gene Sequence (5′-3′)

HuR AGCAGGACACAGCTTGGGCTATG
TCGGGCGAGCATACGACACCTTAATG

AGO2 CTAACCTACCAGCTGTGTCAC
CCTTCAGCACTGTCATGTTCC

KRAS GACTGAATATAAACTTGTGGTAGTTGG
CCTCTATTGTTGGATCATATTCGTC

Dicer AGCCACTGCTGGATGTGGAC
GAACCAGTATCTGTTTATTCTGCAG

TTP CACTGTGGTCTCTGCATGGAC
CACCATCATGAATACTGAGCTTG

EWSR1 CGTCCACGGATTACAGTAC
CATATGCCTGGGTGGTCTG

IGF2BP1
CATCTCCTCGTTGCAAGACC
TGAGACTGCAGGCTCATGG

IGF2BP2
GAGACCCTCTCGGGTAAAGTG
CATCCAACACCTCCCACTGC

IGF2BP3
CAGTGGGAGGTGCTGGATAG
GTCTAGTGCTTGTCTAGCTTGG

GAPDH
TGCACCACCAACTGCTTAGC
GGCATGGACTGTGGTCATGAG

S18 CAGAATCCACGCCAGTACAAGATC
GAGCTTGTTGTCCAGACCATTGG

pKRAS 
G-del
(4534)

N/A
MK128 AGTCATGGTCACTCTCCCAAGGCAATGGAAACTATTATAAGG

MK129 CCTTATAATAGTTTCCATTGCCTTGGGAGAGTGACCATGACT

pI
(18)

25362130-  
25362147

MK104 GATCGCCCAAAATATTATATTTTTCGGCCGCTGG
MK105 TGCGGCCAGCGGCCGAAAAATATAATATTTTGG

pJ
(27)

25362121-  
25362147

MK106 CCAAAATATTATATTTTTTCTATAAAACGGCCGCTGG
MK107 TGCGGCCAGCGGCCGTTTTATAGAAAAAATATAATATTTTGG

pK
(22)

25362099-  
25362121

MK108 GTAATTCTAGGCGATCGCAGAAAAAAATGGAAAAAAATTACG
MK109 CGTAATTTTTTTCCATTTTTTTCTGCGATCGCCTAGAATTAC

pL
(21)

25362147-
25362128

MK116 TCGCCCAAAATATTATATTTTTTCTCGGCCGCTGG
MK117 TGCGGCCAGCGGCCGAGAAAAAATATAATATTTTG

pM
(28)

25362128-
25362099

MK118 TCTAGGCGATCGCATAAAAAGAAAAAAATGGAAAAAAATTAC
MK119 GTAATTTTTTTCCATTTTTTTCTTTTTATGCGATCGCCTAGA

pN
(32)

25362136-
25363103

MK120 TTTTTTCTATAAAAAGAAAAAAATGGAAAAAACGGCCGCTGGCCGCA
MK121 TTTTTTCCATTTTTTTCTTTTTATAGAAAAAAGCGATCGCCTAGAATTACTGC

pH
(22)

25362136-
25362113

MK122 TTTTTTCTATAAAAAGAAAAAACGGCCGCTGGCCGCA
MK123 TTTTTTCTTTTTATAGAAAAAAGCGATCGCCTAGAATTACTGC
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cell culture and KRAS 3′ UTR luciferase reporter 
assays

A549, HeLa, MCF7, and PC-3 cells were cultured in 
RPMI (Gibco); HEK293T cells were cultured in DMEM 
(Gibco). All cell cultures were supplemented with 10% 
FBS (Cellgro or Sigma-Aldrich) and 1X penicillin/
streptomycin (Gibco). Transient DNA transfection was 
done using Lipofectamine 2000 (Invitrogen) and Opti-
MEM (Gibco); 2 or 5 ng of purified reporter DNA was 
transfected into HeLa, 15 ng into A549, 15 ng into PC-3, 
5 ng into MCF7, and 5 ng into HEK293T. Renilla and 
Firefly luciferase activities were measured at 24 hrs post-
transfection using the Dual-Luciferase Reporter Assay 
System (Promega) and Wallac Victor 14202 (Perkin Elmer) 
or GloMax-Multi Detection System (Promega). Two-tailed 
t tests were used to measure statistical significance of 
differences in reporter expression.

Western blotting

Cells were lysed in RIPA buffer (1X PBS, 0.4% 
Sodium deoxycholate, 1% NP-40, 0.1% SDS) with 
1X cOmplete EDTA-free Protease Inhibitor Cocktail 
(Roche), and protein quantity was determined using Bio-
Rad or Pierce protein assays. Gel electrophoresis was 
performed in 1X running buffer (Bio-Rad) for Criterion 
XT Precast Gels (Bio-Rad) or in 1X MOPS buffer (Life 
Technologies) for NuPAGE Novex Bis-Tris Midi Protein 
Gels (Life Technologies), followed by a wet transfer 
per manufacturer’s instruction. Blocking and antibody 
dilutions were performed in 5% milk in 1X TBST. Protein 
was detected using SuperSignal West Dura or SuperSignal 
West Pico Chemiluminescent Substrate (Pierce). Primary 
antibodies included: KRAS (F234, Santa Cruz), Dicer 
(H-212, Santa Cruz), β-tubulin (T4026, Sigma), GAPDH 
(2118, Cell Signaling), and β-Actin (C4, Santa Cruz or 
691001, MP). Secondary antibodies included: goat anti-
mouse IgG-HRP (sc-2031, Santa Cruz), and goat anti-
rabbit IgG-HRP (sc-2004, Santa Cruz). 

mirnA mimic and inhibitor transfection and 
mrnA and mirnA detection

50nM of miRNA inhibitor, miRNA mimic 
or the corresponding Negative Control #1 (Life 
Technologies) was transiently transfected to the cells 
using DharmaFECT 1 (GE Dharmacon) or Lipofectamine 
RNAiMAX (Thermo Fisher Scientific). Co-transfection 
of miRNA inhibitor or mimic and luciferase reporter 
was performed using DharmaFECT Duo (GE 
Dharmacon). Depletion or overexpression of miR-185 
was confirmed using a miRNA sensor reporter, pmiR-

185WT, which was generated using primers 185wtF 
(5′ - TCGAGTCAGGAACTGCCTTTCTCTCCAGC 
- 3′) and 185wtR (5′ - 
GGCCGCTGGAGAGAAAGGCAGTTCCTGAC - 3′). 

Cellular miRNA expression was assessed using the 
miRNeasy Mini Kit (Qiagen), miScript II RT (Qiagen), 
miScript SYBR Green kits (Qiagen), and miScript primer 
assays (Qiagen) in LightCycler 480 (Roche). Total RNA 
was extracted using the RNeasy Plus Mini Kit (Qiagen) 
and was reverse transcribed using SuperScript III Reverse 
Transcriptase following the manufacture’s instruction 
(Invitrogen) with Oligo(dT). qPCR was performed using 
the primers listed (Table 3) and LightCycler® 480 SYBR 
Green I Master mix (Roche). 
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AbstrAct
Werner syndrome protein (WRN) is a RecQ helicase that participates in DNA 

repair, genome stability and cellular senescence. The five human RecQ helicases, 
RECQL1, Bloom, WRN, RECQL4 and RECQL5 play critical roles in DNA repair and cell 
survival after treatment with the anticancer drug camptothecin (CPT). CPT derivatives 
are widely used in cancer chemotherapy to inhibit topoisomerase I and generate DNA 
double-strand breaks during replication. Here we studied the effects of CPT on the 
stability and expression dynamics of human RecQ helicases. In the cells treated with 
CPT, we observed distinct effects on WRN compared to other human RecQ helicases. 
CPT altered the cellular localization of WRN and induced its degradation by a ubiquitin-
mediated proteasome pathway. WRN knockdown cells as well as CPT treated cells 
became senescent and stained positive for senescence-associated β-galactosidase 
at a higher frequency compared to control cells. However, the senescent phenotype 
was attenuated by ectopic expression of WRN suggesting functional implication of 
WRN degradation in CPT treated cells. Approximately 5-23% of breast cancer tumors 
are known to respond to CPT-based chemotherapy. Interestingly, we found that the 
extent of CPT-induced WRN degradation correlates with increasing sensitivity of 
breast cancer cells to CPT. The abundance of WRN decreased in CPT-treated sensitive 
cells; however, WRN remained relatively stable in CPT-resistant breast cancer cells. In 
a large clinical cohort of breast cancer patients, we find that WRN and topoisomerase 
I expression correlate with an aggressive tumor phenotype and poor prognosis. Our 
novel observations suggest that WRN abundance along with CPT-induced degradation 
could be a promising strategy for personalizing CPT-based cancer chemotherapeutic 
regimens.

INtrODUctION

The RecQ family of helicases contains highly 
conserved and ubiquitously expressed proteins that unwind 
DNA in the context of replication, repair, transcription, 
chromatin remodeling and telomere maintenance [1, 2]. 
Human and most mammalian cells encode five RecQ-
like (RECQL) helicases: RECQL1, Bloom (BLM), 

Werner (WRN), RECQL4 and RECQL5. These helicases 
display unique as well as overlapping functions in DNA 
metabolism. They bind specific DNA structures and 
catalyze unwinding and annealing of DNA strands to 
resolve DNA replication forks, D-loops, G-quadruplex 
structures and Holliday junctions [1, 2]. Mutations in 
BLM, WRN and RECQL4 are associated with autosomal 
recessive diseases. Loss of function of BLM and WRN 
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is associated with Bloom syndrome (BS) and Werner 
syndrome (WS) respectively, while RECQL4 is associated 
with Rothmund-Thomson (RTS), RAPADILINO and 
Baller-Gerold (BGS) syndromes[1-3].

In general, cells with defects in DNA repair have 
increased risk of transformation to a pre-cancer or 
cancer phenotype. WS and BS patients exhibit increased 
incidence of cancer. The most common neoplasias in 
WS patients are thyroid cancer, malignant melanoma, 
meningioma, soft tissue sarcoma, osteosarcoma, breast 
cancer and leukemias [3, 4]. Increased WRN expression 
is observed in several cancer cell lines and depletion of 
WRN induces cell death in these cells [5]. Irinotecan 
treatment enhanced the survival of colorectal cancer 
patients who expressed lower WRN [6].

The plant alkaloid camptothecin (CPT) and its 
derivatives, irinotecan and topotecan, represent an 
important class of drugs used in chemotherapy. These 
drugs specifically target DNA topoisomerase I (Top1), 
an enzyme that transiently creates DNA single-strand 
breaks to reduce supercoiling during replication and 
transcription [7, 8]. CPT generates cytotoxic covalent 
reaction intermediates, CPT-DNA-Top1, by inhibiting the 
re-ligation step of the Top1 catalytic cycle. The cytotoxic 
effect of the CPT-DNA-Top1 intermediate is S-phase-
specific, and is thought to reflect collision events between 
the replication machinery and the cytotoxic lesion [7, 8]. 
When cells accumulate many CPT-DNA-Top1 lesions, the 
DNA damage response (DDR) and associated pathways 
are activated [8]. Subsequent to DDR activation, DNA 
repair factors, including RecQ helicases are recruited 
to the DNA lesions and/or to stalled DNA replication 
forks. All human RecQ helicases are important for cell 
survival after CPT treatment [9-13]. WS and BS patient 
cells are hypersensitive to inhibitors of Top1 and DNA 
interstrand crosslinking agents, and a synergistic increase 
in chromosomal aberrations is observed in BLM-WRN 
double knockout cells exposed to these agents [11]. 
RECQL4-deficient RTS patient cells and RECQL1 and 
RECQL5 knockdown cells are also sensitive to CPT [9, 
12, 13]. However, studies identifying the mechanisms by 
which CPT or its analogs exert their effects on human 
RecQ helicases are limited. In this study, we tested the 
effects of CPT on the five RecQ helicases in cellular 
studies and bioinformatically analyzed the association 
between CPT sensitivity and WRN gene expression. 
Further we analyzed the expression profiles of WRN 
and Top1 in a large cohort of human breast cancers to 
identify any correlations between gene expression and 
breast cancer specific survival. This study spans from 
biochemical and cellular work through bioinformatics to 
a clinical study.

CPT treatment specifically altered the stability and 
subcellular localization of WRN, while similar effects 
on other RecQ helicases were not observed. In CPT-
treated cells, a large fraction of WRN re-localized to the 

cytoplasm and was selectively degraded by the ubiquitin 
proteasome pathway. CPT-induced WRN degradation was 
independent of p53 status, and the extent of degradation 
was associated with the sensitivity of the tumor cells to 
the anticancer drug. WRN degradation was more extensive 
in CPT-sensitive breast cancer cells than in CPT-resistant 
cells. However, CPT-dependent degradation of Top1 
was extensive in all cell lines tested. In the METABRIC 
(Molecular Taxonomy of Breast Cancer International 
Consortium) cohort comprising 1977 breast cancers, ~20% 
of tumors were found to express high Top1 mRNA and 
~83% were found to express high WRN mRNA. Altered 
Top1 and WRN expression was not only associated with 
aggressive breast cancers but also correlated with adverse 
prognostic outcome in patients. Interestingly, in patients 
with estrogen receptor (ER)-positive breast cancers, high 
WRN and high Top1 levels were associated with a bad 
prognosis. Together these results suggest that WRN, 
but not the other RecQs, is a target of CPT in mediating 
chemotherapeutic effects in the tumor cells.

rEsULts

stability, expression and subcellular distribution 
of WrN in cPt-treated cells

CPT and its derivatives specifically target Top1, 
and the five human RecQ helicases play essential roles 
in cell survival after CPT treatment [9-13], thus we tested 
the effects of CPT on the expression dynamics of all 
five human RecQ helicases to identify unique or shared 
responses to CPT treatment.

U2OS cells were treated with 10 μM CPT for 1, 
2, 6, 8 or 10 hours, and lysed with IP lysis buffer [14]. 
Proteins in the supernatant fraction, obtained after 
centrifugation, were analyzed by immunoblotting for 
WRN, BLM, RECQL1, RECQL4, RECQL5, Ku80, CtIP 
and XLF (Figure 1a). Exposure to CPT caused a decrease 
in the abundance of WRN protein, but not of the other 
proteins tested (Figure 1a and 1b). Quantification of the 
immunoblots indicated that WRN protein decreased 
significantly in a time-dependent manner from ~1 to 10 h 
after treatment with CPT (Figure 1a graph). This reduction 
was not observed for BLM, RECQL1, RECQL4 and 
RECQL5 or for the DNA repair proteins Ku80, CtIP, and 
XLF (Figure 1a and 1b). The half-life of WRN protein 
is reported to be approximately 6 h [15], consistent with 
its apparent half-life in this study (Figure 1a graph). 
Interestingly, cells treated with 1 or 10 Gy ionizing 
radiation (IR) did not show a decrease in WRN abundance 
at time points up to 10 h after irradiation (Figure 1c). 
These results indicate that the effect of CPT on WRN 
protein levels could be specific.

The mRNA transcripts encoding all five RecQ 
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helicases were also quantified in CPT-treated and 
untreated cells (Figure 1d). For all RecQ helicases, 
transcript abundance was unaffected up to 24 h with CPT 
treatment. This indicates that CPT induces (Figure 1a) 
specific post-translational degradation of WRN protein, 
or that it destabilizes WRN protein by another mechanism.

WRN protein distribution was analyzed in U2OS 
cells stably expressing YFP-WRN and treated with 
CPT using confocal microscopy (Figure 2a). Live-cell 
microscopy results indicated that YFP-WRN localized 
primarily to the nucleolus, re-localized to the nucleoplasm 
~60 min after exposure to CPT, after which YFP-WRN 

Figure 1: Expression of recQ helicases in cPt and Ir treated cells. a. Half-life of DNA repair proteins in CPT treated cells. 
Lysates from U2OS cells were treated with 10 µM CPT for the indicated times and immunoblotted for DNA repair proteins viz., Ku70, CtIP, 
XLF and the RecQ helicases WRN, BLM, RECQL1, RECQL4 and RECQL5. Below; graph showing the relative levels of WRN protein 
normalized to tubulin from three independent experiments. b. Bar graph showing the protein levels of RecQ helicases in CPT treated cells. 
c. Immunoblots showing the expression of DNA repair proteins as in panel A from IR treated U2OS cells. d. Quantitative RT-PCR analysis
showing mRNA levels of RecQ genes in CPT treated U2OS cells. Expression of GAPDH mRNA was used for normalization. Error bars
represent standard deviation from two independent experiments.
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fluorescence declined to a low level in the nucleolus 
(Figure 2a). YFP-WRN foci were also observed in the 
nucleoplasm of CPT-treated cells, suggesting recruitment 
of WRN to CPT-induced DNA damage. To examine 
the subcellular distribution of WRN, proteins from the 
cytoplasm, cytoplasmic organelles, nuclear-soluble 
and chromatin fractions were isolated and analyzed by 
Western blotting (Figure 2b). The results suggest that 
WRN is enriched in cytoplasmic organelles (Figure 2b, 
compare lane 5 with 6-8) after CPT treatment. Analysis 
of subcellular protein fractions from IR treated cells did 
not show significant changes in the distribution pattern of 
WRN compared to untreated cells (Supplementary Figure 
S1a). Further, results from immunostained cells indicated 

that endogenous WRN resides in the nucleolus of cells 
(Figure 2c top panel and [16]) and that, upon treatment 
with CPT, re-localizes to the nucleoplasm and cytoplasm 
(Figure 2c bottom panels). To test the role of translation 
in CPT-dependent enrichment of WRN in the cytoplasmic 
organelle fraction observed in Figure 2b, cells were treated 
with cycloheximide (CHX) along with CPT. Inhibition 
of translation did not affect CPT-induced re-localization 
of WRN (Supplementary Figure S1b), suggesting that 
the WRN enrichment is not dependent on new protein 
synthesis. Collectively these results demonstrate that 
WRN undergoes re-localization in cancer cells treated 
with CPT.

Figure 2: cPt-induced re-localization of WrN. a. Dynamic distribution of YFP-WRN in CPT-treated cells. Live cell time-lapse 
micrographs from CPT (10 µM) treated U2OS cells stably expressing YFP-WRN. Arrows point the nucleus of YFP-WRN expressing cells. 
b. WRN distribution in the subcellular compartments. Immunoblots indicating the relative levels of WRN in the cytoplasmic, cytoplasmic
organelle, nuclear soluble and chromatin fractions of U2OS cells treated with and without CPT. Time indicate the length of the exposure to
CPT. c. Enrichment of endogenous WRN in the cytoplasm. Confocal microphotographs showing WRN and 53BP1 localization in U2OS
cells treated with CPT. Representative images from two independent experiments. Microscope images were taken with 40X objective.
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cPt-induced ubiquitination and degradation of 
WrN

To identify the CPT concentrations that induce 
WRN degradation, U2OS cells were treated with 0.01, 
0.05, 0.1, 0.5, 1, 5, 10 and 20 µM CPT for 16h and 
extracts were prepared by lysing the cells with RIPA buffer 
followed by brief sonication. Our results showed that the 
WRN protein is downregulated in cells exposed to 0.5 to 
20 µM CPT, conditions that induce degradation of Top1 
(Figure 3a and Supplementary Figure S2a). We previously 
reported that WRN interacts with Top1 [17] and other 
studies have shown that CPT-induced degradation of 

Top1 occurs in an ubiquitin- and proteasome-dependent 
manner [18, 19]. Therefore, it seemed possible that WRN 
downregulation might be ubiquitin- and proteasome-
dependent. Consistent with this possibility, the proteasome 
inhibitor MG132 suppressed CPT-induced degradation of 
WRN and Top1 in cells treated with 1 µM CPT (Figure 
3b and Supplementary Figure S2b). Further, when 293T 
cells co-expressing 3xFlag-WRN and HA-ubiquitin 
were treated with CPT and MG132 (Figure 3c), and 
cell lysates were analyzed after immunoprecipitation, 
ubiquitin and WRN co-immunoprecipitated with HA or 
FLAG antibodies. MG132 stabilized HA-ubiquitinated 
Flag-WRN, implicating proteasome-mediated degradation 
of WRN in CPT-treated cells (Figure 3c). We found no 

Figure 3: Ubiquitin proteasome-mediated degradation of WrN in cPt treated cells. a. CPT-induced WRN down regulation 
is associated with Top1 degradation. Immunoblots showing WRN and Top1 protein levels in U2OS cells treated with indicated concentration 
of CPT for 16 h. b. Proteasome inhibitor MG132 inhibits the effect of CPT on WRN and Top1. U2OS cells were treated with 10 µM 
MG132 to inhibit proteasome pathway and with 10 µM E64 to inhibit lysosome pathway. c. Ubiquitination of WRN in CPT treated 
cells. Immunoblots showing ubiquitinated (HA-ubiqutin) 3xFlag-WRN in immuno precipitated fractions of CPT (1µM) treated 293T cells 
expressing 3xFlag-WRN and HA-ubiqutin. 
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evidence that WRN was enriched in lysosomes, using 
cells in which the lysosome was fluorescence-labeled with 
lysosome-specific GFP (Supplementary Figure S3). These 
results suggest that CPT-stimulated degradation of WRN 
is lysosome-independent, but ubiquitin- and proteasome-
dependent.

WrN attenuates cPt-induced cellular senescence

To explore the functional consequences of WRN 
downregulation in CPT treated cells, we analyzed cell 
survival and cellular senescence after CPT treatment. 
Compared to control cells, WRN depleted cells displayed 
dose-dependent reduction in cell viability in the 
presence of CPT (Supplementary Figure S4a). However, 

Figure 4: WrN attenuates cPt-induced cellular senescence. a. Knockdown of WRN induces cellular senescence in human 
fibroblasts. Left, micrographs showing SA-β-gal stained GM637 cells; right, bar graph showing SA-β-gal positive cells (n = three 
independent experiments). Immunoblots showing knockdown levels of WRN. shCtrl, control shRNA; shWRN, WRN shRNA b. CPT-
induced cellular senescence in human fibroblasts. Bar graph showing SA-β-gal positive GM637 cells treated with CPT for 18 h. Error bars 
represent standard deviation from two independent experiments. Immunoblots indicate WRN degradation after CPT treatment. c. Ectopic 
expression of WRN attenuates CPT-induced cellular senescence. GM637 cells transfected with vector, Flag-WRN and Flag-RECQL4 were 
treated with indicated CPT concentrations and stained for SA-β-gal (n = three independent experiments).
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knockdown of RECQL4 did not increase the sensitivity 
of cells to CPT. These results suggest a distinct protective 
role of WRN against the cytotoxic effects of CPT. 

It is well established that DNA damage induces 
cellular senescence [20], and we and others have shown 

that WRN plays a role in preventing this process [21, 22]. 
Because the results presented above showed that WRN 
is downregulated in CPT-treated cells we hypothesized 
that decreased abundance of WRN could exacerbate 
CPT-induced senescence. To test this possibility, we 

Figure 5: WrN degradation is associated with sensitivity of tumor cells to cPt. a. WRN expression and CPT sensitivity of 
breast cancer cells lines. Graph showing Z scores of WRN transcript expression and CPT sensitivity as documented in NCI-60 Cell Miner 
database. Z score for WRN transcript intensity indicates relative mRNA expression compared to average expression of NCI-60 panel of cell 
lines. Negative Z score for CPT sensitivity indicates the resistance of the cell line to CPT. b. WRN protein expression in tumor cell lines. 
c. CPT-dependent WRN degradation in CPT-sensitive and CPT-resistant breast cancer cell lines. Immunoblots represents protein levels in
cells treated with CPT for 16 h. Graphs showing relative degradation of WRN d. and Top1 e. in breast cancer cell lines treated with 10 µM
CPT. f. CPT-dependent cell viability and proliferation in sensitive and resistant breast cancer cells. Graph showing relative cell proliferation
after 24 h of CPT (0.01 to 10 µM) treatment. Error bars represent SEM from three independent experiments.
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measured senescence-associated β-galactosidase (SA-β-
gal) activity, a marker of senescence [21], in fibroblasts 
and U2OS cells treated with CPT. Knockdown of WRN in 
human fibroblasts, GM0637, induced cellular senescence 
in ~60% of the cell population (Figure 4a). Treatment of 
cells with 5 and 20 µM CPT, levels that downregulated 
WRN, also induced senescence in ~35 and ~45% of cells, 
respectively (Figure 4b). To evaluate any protective role(s) 
that WRN may provide against CPT-induced cellular 
senescence, GM0637 cells were transfected with 3xFlag-
WRN (Supplementary Figure S4b) for 24 hours before 
treatment with CPT. Consistent with the results obtained 
in the untransfected cells (Figure 4b), vector-transfected 
cells exposed to 5 and 20 µM CPT accumulated ~35 and 
~40% senescent cells. However, vector-transfected cells 
treated with DMSO only accumulated ~8% senescent cells 
(Figure 4c) and the ability of CPT to induce the senescent 
phenotype was attenuated in cultures expressing 3xFlag-
WRN (Figure 4c). The 3xFlag-WRN expressing cultures 
contained ~14% and ~24% senescent population in the 
presence of DMSO and CPT, respectively (Figure 4c). 
Similar results were observed in U2OS cells expressing 
C-terminal GFP-tagged WRN (Supplementary Figure
S4c). However, ectopic expression of 3xFlag-RECQL4
(Supplementary Figure S4b) did not significantly inhibit
CPT-induced cellular senescence (Figure 4c). These
results demonstrate that WRN provides partial protection
against CPT-induced cellular senescence.

WrN degradation and cPt sensitivity in breast 
cancer cells

A specific mutation (Phe1074Leu) in WRN is found 
to increase the risk of breast cancer incidence [23, 24], 
and dysregulation of WRN expression is observed in 

breast cancer cells lines [5, 6]. Lately there has been an 
interest in using Top1 inhibitors in the treatment of breast 
cancer [25, 26], which traditionally has been treated with 
other approaches. Since Top1 protein expression is tightly 
correlated with mRNA expression in various cancer cell 
lines [27] and the above results show that WRN and 
Top1 are targets for degradation in CPT treated cells, we 
conducted an in silico search to find correlations between 
the steady-state expression of Top1 and WRN and the 
sensitivity to Top1 inhibitors using Cancer Cell Line 
Encyclopedia (CCLE) and Cancer Genome Atlas (TGCA) 
databases. The results suggest that, irrespective of cancer 
types, toptecan sensitivity is generally associated with 
Top1 (p-value = 7.7e-03) and WRN (p-value = 2.27e-06) 
mRNA expression (Supplementary Figure S5a, S5b and 
5c). Additionally, mining of breast cancer specific RNAseq 
data from TCGA, indicated a strong correlation between 
Top1 and WRN expression (Supplementary Figure S5a; r 
= 0.325, p = 5.83e-26) suggesting the importance of these 
two genes in breast cancer.

To investigate WRN and Top1 expression and the 
phenomenon of CPT-induced WRN degradation in breast 
cancer cells, we used three CPT-sensitive (MCF-7, T47D 
and ZR-75-1) and three CPT-resistant (BT549, MDA-
MB-231 and BT-474) cell lines. The Cell Miner database  
(http://discover.nci.nih.gov/cellminer/) information on the 
breast cancer cell lines showed that WRN expression was 
low in two of the CPT-sensitive cell lines (MCF-7 and 
T47D), high in one CPT-resistant cell line (BT-549) and 
low in another CPT-resistant (MDA-MB-231) cell line 
(Figure 5a). Western blot analysis of WRN in the six breast 
cancer cell lines showed that these cells expressed WRN at 
relatively similar levels (within 20% of each other: Figure 
5b). However, upon treatment with CPT, a significant 
difference in WRN degradation was observed between 
the CPT-sensitive and -resistant cell lines (Figure 5c). The 

Figure 6: top1 and WrN mrNA expression in MEtAbrIc cohort. Kaplan Meier curves showing BCSS (Breast cancer 
specific survival) based on Top1 expression a. and WRN expression b.
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table 1: clinico-pathological characteristics of MEtAbrIc cohort based on WRN and Top1 expression
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CPT-sensitive cells showed significant WRN degradation 
after CPT treatment, whereas the CPT-resistant cells 
showed minimal WRN degradation (Figure 5c and 5d). 
In contrast, CPT-induced Top1 degradation was extensive 
in both (Figure 5c and 5e) demonstrating that Top1 has no 
predictive power and further that dose was sufficient to 
induce degradation in all cell lines. 

A seminal study reported a high degree of 
heterogeneity in Top1 degradation after CPT treatment 
[28]. Our results confirm this observation in MCF-7, 
T47D, HCT116, and WI38 cell lines treated with CPT 
for 8 h (Supplementary Figure S6a); however Top1 was 
extensively degraded in all tested cell lines, including ZR-
75-1, after 16 h of treatment (Figure 5c and Supplementary
Figure S6a and S6b). Supporting the importance of WRN
in cell proliferation after DNA damage, CPT-sensitive
breast cancer cells, which displayed drug-induced WRN
degradation, showed compromised cell proliferation after
CPT treatment (Figure 5f). Cell survival and proliferation
of CPT-resistant cells was largely unaffected by CPT
(Figure 5f). Together these results demonstrate that CPT-
sensitivity correlated with WRN degradation and not Top1
degradation.

Top1 and WRN mrNA expression in human 
breast cancers

Given the essential role of WRN and Top1 in 
DNA repair and replication we studied their role in 
breast cancer pathogenesis and prognosis. Inhibition of 
WRN promoter methylation increased the WRN mRNA 
levels which in turn increased the protein levels in 
several cancer cells [6], and a tight correlation between 
Top1 mRNA and protein expression was observed in 
the NCI-60 panel of cell lines [27] implying that high 
mRNA leads to high protein expression. Therefore we 
investigated the mRNA levels of WRN and Top1 in the 
METABRIC (Molecular Taxonomy of Breast Cancer 
International Consortium) cohort. Primary tumors were 
expression profiled [29] to investigate associations with 
clinic-pathological parameters and survival in patients. 
Nearly 16.5% (326/1977) of tumors had low WRN mRNA 
expression and ~85.5% (1651/1977) tumors had high 
WRN mRNA expression (Figure 6a). Low WRN mRNA 
expression was significantly associated with aggressive 
clinicopathological features including high histological 
grade, lymph node stage, high risk Nottingham prognostic 
index (NPI) > 3.4 and Her-2 over expression (ps≤0.01) 
(Table 1). Interestingly, ER negative and triple negative 
phenotypes were more common in tumors with high 
WRN mRNA expression (ps≤0.01). Low WRN mRNA 
expression was significantly associated with molecular 
phenotypes: PAM50.Her2, PAM50.LumB, Genufu 
subtype (ER+/Her2-/High proliferation) and Genufu 
subtype (Her2 positive) breast tumors (ps≤0.01). On the 

other hand, PAM50.LumA tumors, PAM50.basal and 
Genufu subtype (ER+/Her2-/low proliferation) express 
high levels of WRN mRNA (ps≤0.01). Similarly, the WRN 
mRNA level was significantly associated with the various 
integrative clusters (Table 1) described in the METABRIC 
study which was based on gene copy number changes and 
gene expression data [29]. Low WRN mRNA expression 
was significantly associated with clusters, which had poor 
clinical outcome in the METABRIC study [29]. Low 
WRN mRNA expression in tumors was associated with 
adverse Breast Cancer Specific Survival (BCSS) in the 
whole cohort (p = 0.002) (Figure 6a). The data provides 
evidence that low WRN mRNA expression is associated 
with aggressive phenotypes and poor survival in patients. 

In the METABRIC cohort, ~20% (390/1977) 
of tumors had high Top1 mRNA expression and 80% 
(1586/1977) tumors had low Top1 mRNA expression 
(Figure 6b). High Top1 mRNA expression was significantly 
associated with aggressive clinicopathological features 
including high histological grade, larger tumor size, high 
risk Nottingham prognostic index (NPI) > 3.4, Her2 over 
expression, and ER- and PR- tumors (ps < 0.05) (Table 1). 
High Top1 mRNA expression in tumors was associated 
with adverse BCSS in the whole cohort (p = 0.002) (Figure 
6b). Of note, patients in the METABRIC cohort did not 
receive Top1 inhibitor based therapy. Nevertheless, taken 
together, the data provides evidence that high Top1 mRNA 
expression is associated with aggressive breast cancers.

WrN and top1 co-expression in Er positive and 
Er negative breast cancers

Our in vitro results suggest that WRN degradation 
could be a useful marker in personalized chemotherapy. To 
identify potential patient populations that may benefit from 
CPT-based regimens, we proceeded to sub-group analysis 
of patients in the METABRIC cohort where ER positive 
tumors comprised of 1507/1977 (76.2%) of tumors and 
470/1977 (23.8%) were ER negative tumors. 

When Top1 and WRN were combined together, as 
expected, patients with high WRN/high Top1 expressing 
tumors had worst survival compared to tumors with low 
WRN/low Top1 expression in the whole cohort (p < 
0.0001) (Figure 7a and Supplementary Table 1) as well 
as in the ER positive cohort (p < 0.0001) (Figure 7b). In 
addition, in high risk ER positive tumors that received 
adjuvant endocrine therapy, high WRN/high Top1 
expressing tumors was associated with poor survival (p < 
0.001) (Supplementary Figure S7a). In ER positive tumors 
that received no endocrine therapy, high WRN/high Top1 
expressing tumors remains associated with poor survival 
compared to tumors with low WRN/low Top1 expressing 
(p = 0.006) (Supplementary Figure S7b). 

Interestingly, when WRN and Top1 examined were 
combined in ER negative tumors, low WRN/low Top1 
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Figure 7: Kaplan Meier curves showing bcss with WrN and top1 expression. a. WRN and Top1 expression in whole 
cohort. b. and c. combined expression of WRN and Top1 in ER positive and ER negative METABRIC cohorts.
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expressing tumors had the worst survival compared to 
patients with high WRN/high Top1 expressing tumors (p 
= 0.021) (Figure 7c). Collectively, the data suggest that 
WRN/Top1 expression may have predictive significance 
in the ER negative sub-group. In patients who had no 
adjuvant chemotherapy, compared to tumors with low 
WRN/low Top1 expression, tumors with high WRN/
high Top1 expression have a poorer prognosis (p = 0.043) 
(Supplementary Figure S7d). 

Taken together, in ER positive tumors WRN/
Top1 co-expression may have predictive significance in 
patients who received endocrine therapy and prognostic 
significance in patients who received no endocrine therapy. 
Importantly, the data also suggest that an alternative 
form of therapy such as those targeting Top1 could be a 
promising strategy in high Top1/high WRN expressing 
tumors. Overall these results identify that ~14% of ER 
positive and ~34% of ER negative breast cancer patients 
express high WRN and high Top1 in their tumors and may 
benefit from CPT-based personalized chemotherapy.

DIscUssION

Cellular studies show that RecQ helicases protect 
against the cytotoxic effects of CPT [9-13]. To characterize 
the mechanism, we analyzed the expression and stability 
of the human RecQ helicases in cells exposed to CPT. CPT 
affects the degradation of WRN protein without altering 
expression of WRN mRNA or the abundance of the other 
RecQ proteins. CPT treatment resulted in re-localization 
of WRN from the nucleolus to the nucleoplasm and 
cytoplasmic organelles, and resulted in downregulation of 
the protein in a time- and CPT concentration-dependent 
manner. CPT-induced WRN downregulation was mediated 
by the ubiquitin proteasome pathway, and ectopic 
expression of WRN attenuated the CPT-induced senescent 
phenotype. Drug-induced WRN degradation in breast 
cancer cell lines was associated with the sensitivity of cells 
to CPT. Breast cancer patients with ER-positive tumors 
expressing high WRN and Top1 had poor survival. Overall 
findings presented in this study, based on cellular studies, 
in silico studies and clinical studies, suggest that WRN 
helicase along with Top1 can be targeted with CPT at the 
protein level and could be a used as a potential marker for 
predicting the efficiency of CPT-based chemotherapy for 
breast cancer.

WRN, the largest human RecQ protein, contains 
a nuclease domain, which is not found in other RecQ 
proteins, and catalyzes four DNA-dependent reactions: 
3’-5’-exonuclease, ATPase, DNA strand annealing and 
3’-5’-helicase activities. Through its enzymatic functions, 
WRN acts on various DNA structures to facilitate DNA 
repair. Mutations in WRN leads to defects in DNA 
repair, premature aging and to cancer susceptibility [23, 
30, 31]. Small molecules targeting DNA repair proteins 
have profound effects in inhibiting tumor survival. A 

recent study identified NSC 19630 [1-(propoxymethyl)-
maleimide] as a specific inhibitor of WRN, which 
synergistically inhibited cell proliferation and induced 
DNA damage with topotecan [32].

CPT and its analogs are used against a broad 
spectrum of tumors [33]. It covalently binds to the 
interface between Top1 and DNA, thereby blocking the 
cleavage/re-ligation activities of the topoisomerase [7]. As 
a result high loads of protein-linked DNA breaks block 
replication and transcription events and initiate senescence 
and cell death [8, 34]. The novel observation reported 
here is that WRN is specifically degraded in CPT-treated 
cells exacerbating the adverse consequences of CPT-
induced DNA damage and loss of functional Top1. CPT 
treatment leads to a reduction of Top1 protein, trapped 
as the CPT-DNA-Top1 complex, by small ubiquitin-
like modifier (SUMO) protein conjugation and by the 
ubiquitin proteasome pathway [18, 35, 36]. As shown 
here, CPT also causes the specific degradation of WRN, 
but not of the other RecQ helicases, likely because WRN 
physically and functionally interacts with Top1 [17]. Thus, 
the physical association between WRN and Top1 could 
lead to a shared ‘fate’ of degradation in CPT-treated cells. 
However, as shown in Figure 5c, Top1 degradation can be 
uncoupled from WRN degradation in certain cell types. 

Protein degradation is orchestrated mainly by the 
proteasome and lysosome proteolytic systems. Lack 
of KFERQ motifs in WRN suggests that it may not be 
targeted for degradation by lysosomes. Our results showed 
that CPT treatment induced re-localization of WRN from 
the nucleolus to the cytoplasm where ubiquitin-dependent 
protein turnover occurs. Ubiquitinylation of proteins 
occur by the addition of ubiquitin molecules to lysine 
residues on target proteins. In the G1 phase of the cell 
cycle, BLM is ubiquitinated and degraded to promote non-
homologous end joining [37]. Such degradation pathways 
might be operating on the other RecQ helicases depending 
on the cell cycle, as well as the functional contexts. 
Acetyltransferases CBP and p300 increased the stability 
of WRN in the presence of mitomycin C, and WRN 
stability and degradation was respectively associated 
with acetylation and ubiquitination of six lysine residues 
of the protein [15]. We observed ubiquitination of WRN 
after CPT treatment, suggesting decreased WRN stability 
due to protein degradation by the ubiquitin-proteasome 
pathway. However, the ubiquitin ligases that mediate CPT-
dependent ubiquitination of WRN are yet to be identified. 
Interestingly, CPT-induced WRN degradation was 
confined to CPT-sensitive cancer cells suggesting a role 
for WRN in rendering resistance against CPT. In addition 
to enhancing the enzymatic activity of Top1 [17], WRN’s 
nuclease and helicase activities might play critical roles 
in removing CPT-Top1-DNA cytotoxic lesions to reduce 
cytotoxic effects of the drug. Therefore it is possible that 
the WRN contributes to resistance to CPT by enhancing 
DNA repair capabilities at various levels. 
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Senescence is enhanced when RecQ helicases are 
deficient [21], or if there is persistent DNA damage [38] 
and after treatment with anticancer drugs like CPT [39]. 
In our recent report we demonstrated that knockdown of 
RecQ helicases (with the exception of RECQL1) resulted 
in the accumulation of DNA-SCARS (DNA segments with 
chromatin alternations reinforcing senescence), increased 
p21 and p16 along with increased SA-β-gal activity [21]. 
WRN knockdown and CPT treatment both induce DNA 
damage and cause increased p21 expression and SA-β-gal 
activity [39]. Here, we demonstrate that WRN degradation 
and increased senescence after CPT treatment can be 
suppressed by ectopically expressing WRN. Rescue of 
WRN in CPT-treated cells might increase the efficiency of 
DDR to remove cytotoxic DNA lesions.

Top1 gene amplification has been reported in about 
30% of breast cancers [40] and a tight correlation between 
mRNA and protein expression was observed in the NCI-
60 panel of cell lines [27]. Irinotecan, a semisynthetic 
derivative of CPT is routinely used in colorectal cancer 
therapy [41]. Although phase II trials have demonstrated 
a response rate of about 5% to 23%, irinitotecan is not 
routinely used as monotherapy in breast cancer [26]. 
However, etirinotecan, a long acting derivative of 
irinotecan has shown a response rate of 29% and is 
currently being evaluated in a large phase III clinical trial in 
metastatic breast cancer [25]. Given the potential promise 
of Top1 inhibitors in breast cancer, the development of 
predictive biomarkers to personalize therapy is highly 
desirable. In the current study, we suggest that CPT-
induced WRN degradation in breast cancer cells could be 
a biomarker for CPT sensitivity. Taken together, the pre-
clinical data show that WRN and/or Top1 expression could 
have prognostic and/or predictive significance in breast 
cancers. To explore this hypothesis, we conducted the first 
large study of WRN and Top1 expression in human breast 
cancers. We observed that Top1 mRNA overexpression 
was associated with aggressive highly proliferative breast 
cancers. In contrast, for WRN, low mRNA expression 
was associated with adverse clinicopathological features 
and was linked to poor breast cancer specific survival. 
Taken together, these novel observations suggest that 
low WRN expression in human tumors may promote 
a ‘mutator phenotype’ leading to aggressive breast 
cancers. Although the mechanism of regulation of WRN 
mRNA expression is not understood, Agrelo et al. have 
previously shown that epigenetic inactivation of WRN is 
frequent in solid tumors with the highest prevalence in 
colorectal tumors [37.9% (69/182 tumors)] [6]. In a small 
cohort of breast tumors (n = 58), 17.2% (10/58) showed 
WRN inactivation although the authors did not describe 
any clinicopathological associations in that study [6]. In 
our study, we have found that WRN mRNA expression 
level was low in 326/1977 of breast tumors (16.5%) 
which concur strikingly with the study by Agrelo et al. In 
colorectal cancers, WRN hypermethylation and depletion 

is associated with good response to irinotecan therapy 
[6]. We speculate that low WRN expression could result 
in a genomic instability phenotype with an aggressive 
behavior. To support this hypothesis, we observed that 
low WRN was associated with lymph node positivity, 
grade 3 and HER-2 overexpression. As the clinical study 
presented here provides prognostic information, future 
studies, particularly in patients who receive neoadjuvant 
chemotherapy (including Top1 inhibitor) could provide 
predictive information. 

When WRN and Top1 were combined, surprisingly 
we found that tumors with high Top1/high WRN expression 
have poor survival, particularly in the ER positive sub-
group. Top1 has essential roles during replication and 
proliferation. Highly proliferative ER positive breast 
tumors (PAM50. Lum B phenotype) manifest endocrine 
resistance. As high Top1 expression is significantly 
associated with PAM50. Lum B breast tumors (Table 1), 
we speculate that endocrine resistance may be contributing 
to the poor survival seen in patients. The data for WRN 
is intriguing. Whether WRN-mediated DNA repair in ER 
positive tumors would influence therapy outcome remains 
to be established. Interestingly, high expression of the 
multifunctional WRN helicase is observed in several 
cancer cell lines (Supplementary Figure S5 and [5]). As 
WRN participates in various DNA repair pathways, it is 
possible that it enhances the DNA repair capabilities of 
established tumor cells to withstand DNA damage induced 
by endogenous and exogenous agents. 

In conclusion, we provide the first pre-clinical 
evidence that WRN degradation is a biomarker of CPT 
sensitivity in breast cancer cells, where it can distinguish 
CPT- sensitive and resistant breast cancer cells. Therefore, 
WRN expression and degradation could be used to identify 
tumors which may be sensitive to CPT and its derivatives. 
However, a prospective clinical trial of Top1 inhibitor 
therapy in ER positive breast cancers would be required 
to confirm our in vitro results. Additionally we show that 
in human breast cancers, Top1 and/or WRN expression 
has prognostic and predictive significance. Top1/ WRN 
expression based stratification could be a promising 
approach to personalize Top1 inhibitor therapy in breast 
cancer patients.

MAtErIALs AND MEtHODs

cell culture

U2OS, 293T, GM637, BT-474, BT-549, MCF-
7, MDA-MB-231, T47D, ZR-75-1, HCT116, HCT116 
p53-/- and WI-38 were cultured as described [14, 21, 28]. 
For knockdown experiments, cells were infected with 
lentivirus carrying either control or WRN or RECQL4 
small hairpin RNA (shRNA) as described before [21] 
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for at least 72 hours. For overexpression, transfections 
were performed with 3 x 105 cells using 1 μg of pCMV-
tag4 plasmids with 3xFlag or 3xFlag-WRN or 3xFlag-
RECQL4, or pEGFP, pEGFP-WRN, or pcDNA3.1-HA-
ubiquitin using jetPRIME (Polyplus transfection) [21]. 
CPT (Sigma) was dissolved in DMSO, and 10 mM 
aliquots were stored at -20 0C, and cells were treated at 10 
μM unless otherwise specified. For proteasome inhibition, 
cells were treated with 10 μM MG132 (EMD Millipore) 
and for inhibiting protein synthesis, cells were pretreated 
with 10 μg/ml cycloheximide (CHX; Sigma). For 
detecting lysosomes, cells were infected with CellLight 
Lysosome-GFP baculovirus (Life technologies). For IR 
treatments, cells were grown in 6 cm plates and irradiated 
with 1 or 10 gy of 137Cs gamma rays.

Immunoblotting

Cells were lysed in either IP lysis buffer [14] or 
RIPA buffer (Thermo Scientific) and briefly sonicated. 
The Subcellular Protein Fractionation kit for Cultured 
Cells (Thermo Scientific) was used to isolate proteins from 
specific cellular compartments i.e. cytoplasm, cytoplasmic 
organelles, nuclear soluble and chromatin. Proteins were 
detected by Western blotting [14] using in house (anti-
WRN, -RECQL4, -RECQL5), Abcam (anti-CtIP, -XLF), 
Millipore (histone 3), BD Pharmingen (anti-53BP1, 
-calretuculin, -Top1) and Santa Cruz (anti-RECQL1,
-Ku80, -actin, -tubulin) antibodies and quantitated by
using ImageJ 1.46r software (National Institutes of Health,
USA).

Quantitative real-time polymerase chain reaction 
(qrt-Pcr)

Total cellular RNA was isolated using RNeasy RNA 
isolation kit (Qiagen) from 500,000 cells treated with or 
without CPT. Complementary DNA (cDNA) synthesis and 
qRT-PCR were performed in a single reaction tube with 15 
ng of RNA using gene-specific primers and SuperScript 
III Platinum SYBR Green One-Step qRT-PCR kit (Life 
Technologies). Reverse transcription and qRT-PCR were 
performed according to manufacturer’s protocol in a 
7900 Fast Real-Time PCR system (Applied Biosystems). 
Hs00262956_m1 (RECQL1), Hs00172060-m1 (BLM), 
Hs01087915_m1 (WRN), Hs01548660_g1 (RECQL4), 
Hs00188633_m1 (RECQL5) and Hs02758991_g1 
(GAPDH) primer sets (Applied Biosystems) were used 
for quantitating mRNA.

Immunostaining and microscopy

Cells grown in chambered glass slides (Labtek) 
for 24 hours in the presence or absence of bacullovirus 

expressing lysosome specific GFP were treated with CPT. 
Post treatment, cells were fixed and immunostained for 
WRN and 53BP1 as described before [21] and imaged 
with a Zeiss LSM510 (40X objective) microscope and 
Volocity 3D image analysis software (Perkinelmer). 
Time-lapse microscopy was performed with U2OS cells 
stably expressing YFP-WRN using the above mentioned 
microscope settings supported with temperature and CO2-
regulated incubation chamber.

cell survival and proliferation assays

Cells (5000/well) were seeded in triplicates in a 96-
well plate and treated with CPT for 24h. Cell viability and 
proliferation were assayed according to the manufacturer’s 
protocol using WST-1 reagent (Roche). Cell viability 
was calculated from three independent experiments and 
normalized to no treatment controls.

SA-β-gal assay

Three biological repeats of SA-β-gal staining was 
performed with control, WRN and RECQL4 expressing 
cells treated with CPT for 18 hours as previously described 
[21].

WRN and Top1 mrNA expression in patient 
tumors

The METABRIC study protocol, molecular 
profiling, Tumor Marker Prognostic Studies (REMARK) 
criteria were followed [29, 42] to study WRN and Top1 
mRNA expression. Gene copy number was assayed on the 
Affymetrix SNP 6.0 platform (data available through the 
European Genotype Archive, http://www.ebi.ac.uk/ega/
page.php under accession Number: EGAS00000000082). 
The mRNA expression was analyzed as before [29, 43] by 
using WRN (ILMN_1679881) and Top1 (ILMN_2192316) 
specific probes. 

Breast cancer specific survival (BCSS) was defined 
as the number of months from diagnosis to the occurrence 
of BC related-death and the data was analyzed using SPSS 
(SPSS, version 17 Chicago, IL) as described before [43]. 
Cumulative survival probabilities were estimated using the 
Kaplan-Meier method, and differences between survival 
rates were tested for significance using the log-rank test 
and multivariate analysis for survival was performed using 
the Cox proportional hazard model as described before 
[43]. 
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AbstrAct
The Sixth BHD Symposium and First International Upstate Kidney Cancer 

Symposium concluded in September 2015, in Syracuse, NY, USA. The program 
highlighted recent findings in a variety of areas, including drug development, 
therapeutics and surgical management of patients with BHD and multi-focal renal 
tumors, as well as multidisciplinary approaches for patients with localized, locally 
advanced and metastatic renal cell carcinoma.

INtrODUctION

Worldwide nearly 338,000 people develop kidney 
cancer every year, and over 100,000 people die from 
the disease [1, 2]. Renal cell carcinoma (RCC) is the 
most common type of chemotherapy-resistant kidney 
cancer and it is distinguishable by histopathological 
features as well as underlying gene mutations [3]. Clear 
cell renal cell carcinoma (ccRCC) is the most common 
type of RCC and it is closely associated with mutations 
of the Von Hippel-Lindau (VHL) tumor suppressor gene 
that lead to stabilization of hypoxia inducible factors 
(HIF-1α and HIF-2α). This is critical for tumor growth 
and angiogenesis in both sporadic and familial forms 
of this disease [4, 5]. The current standard of treatment 
for ccRCC are agents that target the VHL–HIF pathway, 
specifically VEGF, PDGF, and mTOR.

In contrast to VHL, Birt-Hogg-Dubé (BHD) 
syndrome is a rare inherited cancer syndrome that 
predisposes affected individuals to develop kidney tumors 
(usually not clear cell type like in VHL), pulmonary cysts, 
and benign skin tumors (fibrofolliculomas) [6]. Germline 
mutations in the tumor suppressor gene Folliculin (FLCN) 
cause BHD syndrome [7, 8].

FLCN behaves as a haploinsufficient tumor 
suppressor in skin lesions, whereas a loss of function 
of both alleles (usually via different “second hits”) is 
reported in kidney tumors. These tumors vary in histology 

from chromophobe RCC to benign oncocytoma, and most 
commonly present as hybrid tumors containing features of 
both chromophobe RCC and oncocytomas [9-11]. FLCN 
is an evolutionarily conserved, nuclear and cytoplasmic 
phosphoprotein that interacts with Folliculin Interacting 
Proteins 1 and 2 (FNIP1 and FNIP2) in a phosphorylation-
dependent manner, and together they form a complex with 
AMPK [12]. The functional outcome of this biochemical 
interaction and the mechanistic details of FLCN-FNIP1 
and FNIP2 interaction remain unclear. Opposing data have 
been reported indicating that FLCN regulates mTORC1 
function in vitro and in vivo [13-16]. Despite substantial 
progress in BHD research there are two broad and major 
gaps in our knowledge: 1) Why do tumors occur in BHD 
patients? 2) Development of strategies to treat patients 
with BHD syndrome.

The Sixth BHD Symposium and First International 
Upstate Kidney Cancer Symposium organized by 
Gennady Bratslavsky MD (Chair, Department of Urology) 
and Mehdi Mollapour PhD (Head, Renal Cancer Biology 
Section) at SUNY Upstate Medical University, USA, 
brought together many of the leading researchers and 
surgeons from across the globe. Patients with BHD 
syndrome and other types of kidney cancer also attended 
the meeting (Figure 1).

doi: 10.18632/oncotarget.7733
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LAtest reseArch FINDINgs ON bhD 
AND rcc

In the opening keynote presentation Dr. W. Marston 
Linehan, Chief of the Urologic Oncology Branch at the 
National Cancer Institute (NCI), National Institute Health 
(NIH), reviewed the genetic basis of kidney cancer and 
the importance of understanding the underlying biology 
for development of treatments. The rest of the first day 
focused on the ongoing BHD and RCC scientific research 
(Figure 2). Dr. Elizabeth Henske (Brigham and Women’s 
Hospital, Harvard Medical School, Boston, USA) 
presented data on the pathogenic and therapeutic links 
between Tuberous Sclerosis Complex (TSC) and BHD. 
TSC is a rare multi-system genetic disease that, like BHD, 
causes benign tumors to grow in the kidneys, eyes, lungs, 
and skin. Dr. Damir Khabibullin from Henske’s group 
presented exciting data on FLCN interacting protein 
armadillo-repeat containing protein plakophilin 4 (PKP4, 
p0071) and its role in cell adhesion and metabolism in 
BHD and chromophobe RCC. Dr. Maria F. Czyzyk-
Krzeska (University of Cincinnati College of Medicine, 
Cincinnati, USA) showed that VHL and FLCN induce 
expression of LC3C but inhibit expression of LC3B. 

LC3C, but not LC3B, is specifically necessary for the 
autophagic destruction of midbodies. The mechanism of 
specificity involves the presence of a C-terminal peptide 
present in LC3C but not LC3B. The number of midbodies 
is augmented in cancer cells and stem cells indicating the 
role of midbodies, and therefore programs regulating their 
numbers, in cellular reprogramming and tumorigenicity. 

Dr. Vera P. Krymskaya (University of Pennsylvania, 
Philadelphia, USA) showed that FLCN regulates lung 
epithelial cell survival and alveolar size. Her data 
suggested that lung cysts in BHD result from an underlying 
defect in alveolar epithelial cell survival attributable to 
FLCN regulation of the E-cadherin-LKB1-AMPK axis. 
Dr. Arnim Pause (McGill University, Montréal, Canada) 
presented two recent exciting findings from his lab. He 
first presented data on FLCN and AMPK conferring 
resistance to hyperosmotic stress via remodeling of 
glycogen stores. Second, using an adipose-specific FLCN 
knockout (adipo-FLCN KO) mouse model, it was shown 
that FLCN repression induces metabolic reprogramming 
of white adipose tissue through the AMPK/PGC-1α/
ERRα axis. Dr. Yu Jiang (University of Pittsburgh School 
of Medicine, Pittsburgh, USA) showed that FLCN is a 
ciliary protein that functions through primary cilia to 
regulate mTORC1. In response to flow stress, FLCN 

Figure 1: Participants of the sixth bhD symposium and First International Upstate Kidney cancer symposium.
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interacts with LKB1 and recruits the kinase to primary 
cilia for activation of AMPK, which causes mTORC1 
down-regulation. Dr. Masaya Baba’s group at Yokohama 
City University, Yokohama, Japan, has generated a Xp11.2 
translocation RCC mouse model, in which a floxed 
neomycin cassette followed by a PRCC-TFE3 cDNA 
are inserted in the Rosa26 locus. By crossing these mice 
with cadherin 16-Cre transgenic mice, they were able to 
induce kidney specific PRCC-TFE3 expression resulting 
in RCC development. This model will be useful to clarify 
the molecular mechanisms of both Xp11.2 translocation 
RCC and BHD-associated RCC development. Dr. 
Sunil Sudarshan (The University of Alabama at 
Birmingham, Birmingham, USA) presented data on the 
elevation of the putative oncometabolite l enantiomer 
of 2-hydroxyglutarate in the most common subtype of 
kidney cancer and described a novel mechanism for the 
regulation of DNA 5-hydroxymethylcytosine levels. Their 
findings provide new insight into the metabolic basis for 
the epigenetic landscape of renal cancer. Dr. Haifeng 
Yang (Thomas Jefferson University, Pennsylvania, 
USA) showed exciting data on the functional analysis of 
the tumor suppressor PBRM1 in ccRCC. His group has 
identified lysine acetylation on PBRM1 as a critical PBAF 
binding signal. Additionally, loss of PBRM1 is associated 
with worse prognosis in ccRCC patients while the losses 
of BRM or BRG1, the enzymatic subunits of PBAF, were 
associated with better prognosis. 

Dr. Laura Schmidt (NCI, Bethesda, USA) presented 
data on the germline FLCN mutation spectrum and 
phenotype analysis of 226 families with BHD syndrome. 
Renal manifestations, most frequently hybrid oncocytic 
tumors, developed in half of all BHD families. Although 
no clear genotype-phenotype correlations were observed, 
no renal neoplasia was reported in 3 families harboring 
large gene deletions encompassing the putative exon1 
promoter region. Related to this topic, Dr. Jorge Toro 
(NCI, Bethesda, USA) also discussed current and 
emerging techniques for detection of FLCN mutations. 
He reported 87 novel FLCN germline mutations, including 
40 deletions, 15 insertions, 14 missense, 12 nonsense, 4 
splice-site and 2 deletion/insertions. 

Dr. Angela Pacitto from Professor Tom L. Blundell’s 
group (University of Cambridge; Cambridge, UK) 
reported the crystal structure of the N-terminal region 
of Lst4 (yeast folliculin interacting partner (FNIP1/2) 
ortholog) from Kluyveromyces lactis to 2.14 Å resolution 
and showed that it contains a longin domain. Folliculin 
and FNIP1/2 have been proposed to be members of the 
DENN-family of proteins, and the longin domain is 
the first domain of this protein fold. This work expands 
our understanding of the structural organization of the 
FLCN/FNIP complex and its role in disease. Dr. Adam 
Blanden from Professor Stewart Loh’s lab (SUNY Upstate 
Medical University, Syracuse, USA) showed that the zinc 
metallochaperone ZMC1 could serve as a new class of 

experimental cancer drugs that reactivate mutant p53 by 
restoring proper zinc binding to several zinc-impaired 
mutants. 

Dr. Diana Dunn and Dr. Mehdi Mollapour 
(SUNY Upstate Medical University, Syracuse, USA) 
showed that pharmacologic inhibition of c-Abl prevents 
Aha1 co-chaperone interaction with Hsp90, thereby 
hypersensitizing renal cell carcinoma (RCC) to Hsp90 
inhibitors both in vitro and ex vivo [17]. Dr. Mark 
Woodford and Dr. Mehdi Mollapour (SUNY Upstate 
Medical University, Syracuse, USA) reported the 
identification of FNIP1/FNIP2 as new co-chaperones 
of Hsp90 that decelerate the chaperone cycle, therefore 
facilitating FLCN interaction with Hsp90, consequently 
ensuring FLCN stability.

LAtest cLINIcAL DIscOverIes

The clinical day of the meeting started with 
keynote speaker Dr. Robert Uzzo (Fox Chase Cancer 
Center, Philadelphia, USA). He presented updates on 
the management of RCC and emphasized the importance 
of risk management in RCC, separately addressing both 
preclinical and clinical risk. He suggested that RCC 
risks could be divided into four different categories: 
1) Tumor risk, 2) Patient risk, 3) Physician risk and 4)
Hospital risk. All four risk factors are intimately linked
and intersect in the decision-making process of patient
management, patients’ prognoses, and outcomes of
various interventions. Following the notion of risks, Dr.
Ilene Sussman, Director of the VHL Alliance, (Boston,
USA) reported on the Cancer in Our Genes International
Patient Databank (CGIP), a patient driven online databank
that was created in order to measure the impact of
modifiable lifestyle factors on tumor development of new
VHL lesions and other related rare diseases that have a
kidney cancer component. Dr. Jo Robays (Belgian Health
Care Knowledge Centre, KCE, Belgium) presented on
a Belgian clinical practice guideline that was created
by the collaborative efforts of the Belgian Health Care
Knowledge Centre (KCE) and the Belgian College of
Human Genetics and the College of Oncology based on a
systematic review of BHD evidence.

Dr. Mitsuko Furuya (Yokohama City University, 
Yokohama, Japan) discussed the clinicopathological 
features of 300 Japanese individuals with BHD who 
were investigated from 115 families. In this cohort 28 
unique gene mutations were identified in the FLCN gene. 
Mutations occurred in all exons except number 8, and 
most mutations occurred in the exon 11-13 “hot spots”. 
Overall, the incidence of RCC was 19.3% (58/300). 
Respiratory symptoms were the most frequent phenotype, 
and the possible association of lung neoplasms and liver 
cysts within patients with BHD is still under investigation. 

Dr. Nishant Gupta (University of Cincinnati, 
Cincinnati, USA) discussed the use of a Markov state 
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transition model that was constructed in order to 
retrospectively evaluate the cost effectiveness of high-
resolution computed tomography (HRCT) screening 
in spontaneous pneumothorax. It is reported that BHD 
patients have a 50-fold higher chance of pneumothorax, 
with approximately 24% experiencing a pneumothorax 
in their lifetime, and a recurrence rate of 75%. They 
compared the strategy of HRCT screening in patients 
diagnosed with BHD who then had pleurodesis to those 
with no HRCT screening. Based on Medicare data and 
costs, they reported that it was more cost effective to 
perform HRCT of the thorax in patients with primary 
spontaneous pneumothorax for screening of BHD. 
Dr. Paul Johannesma (VU University Medical Center, 
Amsterdam, The Netherlands) described findings that 
BHD patients have a significantly higher recurrence rate 
of spontaneous pneumothorax (SP) after only conservative 
treatment compared to invasive treatment. Given the 
high SP recurrence rate in BHD patients, one proposal 
is to engage in invasive treatment through laparoscopic 

surgery (total pleurectomy and pleurodesis) with the aim 
to completely obliterate the pleural cavity. Dr. Irma van 
de Beek (Department of Pulmonary Disease, Department 
of Clinical Genetics, VU University Medical Center, 
Amsterdam, The Netherlands) described a retrospective 
study designed to evaluate compliance of the currently 
advised frequency of surveillance and outcomes of 
surveillance in 164 patients who were diagnosed with 
BHD in two Dutch specialized centers. Their data 
indicated that compliance with advised screening for RCC 
was high and that ultrasound might be a sensitive and 
widely available imaging modality for detecting clinically 
relevant renal tumors in BHD patients. 

Dr. Adam Metwalli (National Cancer Institute, 
Bethesda, USA) presented on the surgical and functional 
outcomes of patients with multifocal RCC. The impact 
of prolonged surgical time and rhabdomyolysis on 
multivariable analysis did not have long-term impact on 
surgical outcomes or renal function. In regards to patients 
who underwent repeat robotic partial nephrectomy (PNx), 

Figure 2: Simplified representation of the kidney cancer gene pathways. Kidney cancer is fundamentally a metabolic disease 
with each of the kidney cancer genes (in red), VHL, MET, FLCN, FH, SDH, TSC1, TSC2, PTEN and TFE3 disrupts the ability of cells to 
sense oxygen, iron, nutrients, and energy. (Figure 2 adapted from these references [23, 24]).
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there was a higher rate of conversion from robotic to open 
surgery. In this same cohort, renal function was preserved, 
while there was increased blood loss and a higher rate 
of complications [18-20]. Ultimately, PNx resulted in 
excellent cancer control and preservation of renal function 
in multifocal RCC patients. Dr. Brian Shuch (Yale Cancer 
Center, New Haven, USA) first discussed the prediction 
of the clinical behavior of renal tumors by the presence 
or absence of a pseudocapsule and their multifocality 
by the presence or absence of nodal metastases. He also 
demonstrated data that the percentage of preserved renal 
parenchyma determines functional outcomes in post-
partial nephrectomy patients. 

Dr. Gennady Bratslavsky (SUNY Upstate 
Medical University, Syracuse, USA) discussed the role 
of cytoreductive nephrectomy in metastatic RCC. He 
highlighted two awaited trials (EORTC and CARMENA) 
that could hopefully address this question in the era of 
TKIs. The EORTC trial for metastatic RCC addresses a 
question of the appropriate sequence in RCC treatment: 
sunitinib followed by nephrectomy versus nephrectomy 
followed by sunitinib. The CARMENA trial for 
metastatic RCC will compare sunitinib alone versus both 
nephrectomy and sunitinib. Meanwhile, surgeons can 
use several available prognostic models to help predict 
of outcomes, such as the MSKCC guidelines and the 
international consortium on RCC [21, 22]. Future studies 
will further explain the sequence of first or second line 
therapies and the sequences of these treatment modalities 
along with combination therapy, immunotherapy and 
vaccine based treatments. Ultimately, the role of a 
surgeon in the management of metastatic RCC is to avoid 
unnecessary options and to continue supporting clinical 
trials until the role of cytoreductive nephrectomy is better 
defined. 

Dr. Jason Muhitch (Roswell Park Cancer Institute, 
Buffalo, USA) presented recent work on immunotherapy 
in RCC and the results of a clinical trial that evaluated 
tumor-associated antigen (TAA) expression in surgically 
resected patient RCC lesions from RCC patients treated 
with high dose radiation. He also discussed how dendritic 
cell immunotherapy via vaccination could help promote 
tumor-specific T cell responses that can be effective in 
a subset of RCC patients. For example, the AGS-003 
dendritic cell vaccine works by injecting dendritic cells 
that presents antigens into patients in order to elicit T cell 
responses. In combination with SUTENT, the phase II 
trial had encouraging outcomes and the large phase III has 
recently completed its accrual. Dr. Namitha Chittoria (VA 
Medical Center, Syracuse, USA) discussed the different 
treatment options and clinical trials for metastatic non-
clear RCC (ncRCC). The Phase II ASPEN trial is the 
largest trial in ncRCC with 108 patients who were either 
treated with sunitinib or everolimus. Patients who received 
sunitinib improved their overall progression free survival 
(PFS) while everolimus did better in patients with poorer 

risk. The ESPN trial and the RECORD-3 trial were also 
presented. The optimal treatment for ncRCC remains 
uncertain and there is limited evidence due to the rarity 
of the tumor, and thus multi-institutional trials need to be 
conducted. 

Dr. Fang-Ming Deng (NYU School of Medicine, 
New York, USA) presented updates on the classification 
of RCC. Many new tumor entities have been discovered 
since the 2004 WHO classification of RCC and these will 
be added to the 2016 WHO classification system. The 
newest additions to the 2016 WHO classification can be 
subdivided by their distinct clinical features, syndromic 
and familial entities, and their therapeutic implications. 
The newest additions include hybrid oncocytic 
chromophobe tumor, tubulocystic RCC, hereditary 
leiomyomatosis RCC syndrome-associated RCC, SDH 
deficient RCC and several other types. Therefore, if a renal 
tumor is seen with unusual clinical and morphological 
features, then one should consider the possibility of 
classification using a new RCC subtype.

bhD AND rcc FAmILy PrOgrAm 

The last day of the meeting was a patient-focused 
open forum session led by genetic counselors Ms Lindsay 
Middelton (NCI, Bethesda, USA) and Ms Bonnie 
Braddock (Upstate Medical University, Syracuse, USA). 
Due to the rarity of BHD and RCC, patients affected by 
these conditions often have questions and concerns that 
cannot be answered by their local health care providers, 
and they do not know anyone else who has their condition. 
Patients and their family members had an opportunity to 
interact with each other and also ask general questions 
from clinicians and researchers who are experts in BHD 
and RCC field. 

A short presentation by Dr. Elizabeth Henske 
provided analogies to help clarify the cellular roles of 
FLCN. Dr. Nishant Gupta explained the physiology of 
SP and the rationale behind choosing different treatments. 
Dr. Gupta and others also helped to allay some fears 
for patients with an elevated risk of SP. Ilene Sussman 
outlined the CGIP from the patient perspective, and 
detailed the benefits of participation from both the patient’s 
and researcher’s perspective. Dr. Jorge Toro discussed the 
various types of skin conditions associated with hereditary 
kidney cancer, available cosmetic treatments, and ongoing 
clinical trials. Dr. Gennady Bratslavsky discussed 
treatment options available for patients with BHD and 
renal tumors as well as importance of timely surveillance 
and intervention after the largest tumor reaches 3cm.

cONcLUDINg remArKs

Considerable advances have been made within the 
past two years into understanding the function of FLCN 
and its involvement in BHD syndrome. 
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We have seen some considerable advances in the 
treatment of RCC in the past decade based on research 
that found the causes of kidney cancer. There are 
approximately 15 genes, including FLCN and VHL, 
that can cause kidney cancer and each of those genes is 
involved in tumorigenesis. The exchange of information 
between the different research areas will substantially 
contribute to understanding of RCC tumor initiation and 
progression as well as a whole new way for diagnosis and 
treatment. 
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ABSTRACT
One of the most frequently deregulated signaling pathways in breast cancer is 

the PI 3-K/Akt cascade. Genetic lesions are commonly found in PIK3CA, PTEN, and 
AKT, which lead to excessive and constitutive activation of Akt and downstream 
signaling that results in uncontrolled proliferation and increased cellular survival. One 
such genetic lesion is the somatic AKT1(E17K) mutation, which has been identified 
in 4-8% of breast cancer patients. To determine how this mutation contributes to 
mammary tumorigenesis, we constructed a genetically engineered mouse model that 
conditionally expresses human AKT1(E17K) in the mammary epithelium. Although 
AKT1(E17K) is only weakly constitutively active and does not promote proliferation 
in vitro, it is capable of escaping negative feedback inhibition to exhibit sustained 
signaling dynamics in vitro. Consistently, both virgin and multiparous AKT1(E17K) 
mice develop mammary gland hyperplasia that do not progress to carcinoma. This 
hyperplasia is accompanied by increased estrogen receptor expression, although 
exposure of the mice to estrogen does not promote tumor development. Moreover, 
AKT1(E17K) prevents HER2-driven mammary tumor formation, in part through 
negative feedback inhibition of RTK signaling. Analysis of TCGA breast cancer data 
revealed that the mRNA expression, total protein levels, and phosphorylation of 
various RTKs are decreased in human tumors harboring AKT1(E17K). 

INTRODUCTION

One of the most frequently deregulated pathways 
in human cancers is the phosphoinositide 3-kinase (PI 
3-K) and Akt signaling cascade [1]. This is particularly
evident in breast cancer where mutations exist in virtually
all of the proteins that lead to activation of PI 3-K and its
downstream effectors. Activation of cell surface receptors,
particularly receptor tyrosine kinases (RTKs), leads to
activation of class I PI 3-K, which catalyzes the synthesis
of PtdIns-3,4,5-P3 (PIP3) from PtdIns-4,5-P2 (PIP2).
PIP3 functions as a true second messenger by recruiting
multiple effector molecules, one of which is the Akt/
PKB protein kinase that directly binds to PIP3 through its
pleckstrin homology (PH) domain. This binding facilitates
the phosphorylation of Akt at Thr308 and Ser473 mediated
by phosphoinositide-dependent kinase-1 (PDK-1) and
mammalian target of rapamycin complex 2 (mTORC2),

respectively [2]. Finally, activated Akt translocates to 
multiple cellular compartments where it phosphorylates 
a large number of substrates that transduce the signal to a 
variety of cellular responses that are intimately associated 
with malignancy, including cell proliferation, growth, 
motility, survival and metabolic reprogramming [3]. The 
Akt family comprises three isoforms - AKT1 (PKBα), 
AKT2 (PKBβ), and AKT3 (PKBγ) - which have non-
redundant functions in various physiological as well as 
pathophysiological conditions [4]. 

The most frequent genetic lesions in this pathway 
comprise oncogenic mutations in PIK3CA, the gene that 
encodes the p110α isoform of class I PI 3-K [5]. Other 
breast cancer mutations prevalent in this pathway include 
mutational or epigenetic inactivation of Phosphatase 
and Tensin Homolog (PTEN), a lipid phosphatase that 
terminates PI 3-K signaling by dephosphorylating PIP3. 
Both oncogenic PIK3CA mutations and inactivation of 
PTEN lead to excessive and constitutive activation of 
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Akt and downstream signaling, resulting in uncontrolled 
proliferation and increased cellular survival [6]. Mutations 
and amplifications in the Akt genes themselves have 
also been identified in various human solid tumors. In 
the context of breast cancer, the AKT1(E17K) somatic 
mutation was first identified in breast cancer but is 
also found in lung, bladder, endometrial, urothelial and 
prostate cancers [7-13]. The frequency of the AKT1(E17K) 
mutation in breast cancers ranges from 4-8%. This 
oncogenic mutation renders Akt constitutively active by 
broadening the lipid specificity of the Akt PH domain [14], 
thus enabling its transforming capacity in fibroblasts in 
vitro and leukemias in vivo [7]. Interestingly, in breast 
cancer AKT1(E17K) is mutually exclusive with PIK3CA 
and PTEN mutations [15], although in other cancers such 
as endometrial carcinoma, these mutations frequently co-
exist in the same tumor [12]. Furthermore, AKT1(E17K) 
has been found predominantly in estrogen receptor (ER)-
positive breast tumors [16]. However, in vitro studies 
have provided inconclusive information regarding the 
functional advantages this oncogenic mutation confers 
[17]. Expression of AKT1(E17K) has been shown to 
enhance cell migration and resistance to chemotherapeutic 
agents in luminal breast cancer cells [17, 18]. Similarly, 
knock-in of the AKT1(E17K) mutation into MCF-7 ER-
positive cells in which oncogenic PIK3CA(E545K) has 
been restored to the wild-type allele restores proliferation 
and tumor growth in vivo, arguing that at least in ER-
positive luminal breast cancer cells, AKT1(E17K) can 
function as a bona fide oncogene [19]. It is also worth 
noting that an analogous E17K mutation has been 
identified in AKT2 in one breast cancer patient [20] and in 
AKT3 in melanomas [21]. Moreover, a recurrent MAGI3-
Akt3 fusion protein that results in a truncated form of the 
MAGI3 gene fused in frame to AKT3 at the E17 residue 
of Akt3 has been identified in breast cancers [22]. The 
mechanisms by which any of these somatic mutations 
contribute to malignancy have yet to be reported. 

To date, no studies have examined the capacity of 
AKT1(E17K) to drive mammary cancer in a genetically 
engineered mouse model. Previous studies have 
addressed the contribution of AKT1 activity to mammary 
tumorigenesis using constitutively active AKT1 transgenes 
driven by the mouse mammary tumor virus (MMTV) 
promoter. MMTV-MyrAKT1 mice treated with DMBA 
to induce chemical carcinogenesis develop ER-positive 
mammary tumors [23]. In addition, transgenic mice 
harboring a phospho-mimetic AKT1(T308D/S473D) 
mutant in combination with HER2 display a decrease 
in tumor latency and accelerated tumor growth, but 
decreased incidence of metastases, consistent with AKT1 
functioning as a metastasis suppressor [24, 25]. Studies 
using AKT1 and AKT2 knockout mice have arrived at 
similar conclusions [26].

Since any association between AKT1 and ER has 
not been explored in vivo, and there are no models to 

evaluate the contribution of AKT1(E17K) to mammary 
tumorigenesis, we generated a mammary-specific 
inducible AKT1(E17K) transgenic mouse. We present 
evidence indicating that AKT1(E17K) is not sufficient 
for transformation in vivo, but induces mammary gland 
hyperplasia in both virgin and multiparous females. In 
addition, combination of MMTV-driven AKT1(E17K) 
with MMTV-HER2 overexpression prevents HER2-
driven mammary tumor formation, in part through 
negative feedback inhibition of RTK signaling mediated 
by AKT1(E17K). 

RESULTS

AKT1(E17K) escapes negative feedback inhibition 
but does not enhance proliferation of mammary 
epithelial cells in vitro

To study the functional significance of the 
AKT1(E17K) mutation in breast cancer, we developed 
a system to stably express either wild-type AKT1 or 
AKT1(E17K) in a doxycycline-inducible manner in 
the non-tumorigenic immortalized MCF10A breast 
epithelial cell line. Cells were serum-starved overnight 
and stimulated with 5% serum. Consistent with previous 
studies [17], basal phosphorylation of AKT1(E17K) at 
Ser473 and Thr308 is moderately elevated compared to 
wild-type AKT1 (Figure 1A). However, this does not 
translate into significantly enhanced phosphorylation of 
downstream Akt substrates as measured with a substrate-
directed Akt motif antibody, as well as antibodies against 
known Akt substrates (Figure 1A). This is despite the 
fact that in a cell-free system, isolated AKT1(E17K) has 
significantly elevated protein kinase activity toward the 
model substrate GSK-3β, again when compared to wild-
type AKT1. Apparently, this enhanced intrinsic kinase 
activity is not sufficient to propagate signals to constitutive 
downstream substrate phosphorylation in the absence of 
stimuli. Consistently, AKT1(E17K) cannot promote the 
proliferation of cells in the absence of serum and growth 
factors (Figure 1C), nor does it provide a proliferative 
advantage in full growth media (data not shown). 

Since multiple feedback loops exist in the PI 
3-K and Akt pathway to maintain homeostatic control,
and oncogenic mutations in genes that modulate this
pathway can often escape this feedback regulation, we
next evaluated the kinetics of AKT1(E17K) activation in
MCF10A cells. Cells expressing wild-type AKT1 show
a robust induction of Akt phosphorylation in response
to IGF-1 as early as 2 min, translating into Akt substrate
phosphorylation (pPRAS40). This activation attenuates by
1 h post-stimulation and returns to basal levels by 24 h
(Figure 2A), as would be expected by feedback inhibition.
By contrast, cells expressing AKT1(E17K) show sustained
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Akt activation (pSer473, pThr308, pPRAS40) out to 24 h 
post-stimulation (Figure 2B). The kinetics of endogenous 
Akt2 phosphorylation are still subject to feedback 
inhibition as judged by phosphorylation of pSer474 in 
both wild type and AKT1(E17K) expressing cells. This 
indicates that AKT1(E17K) specifically escapes feedback 
inhibition, allowing for sustained signal propagation. 

AKT1(E17K) transgenic mice develop mammary 
hyperplasia associated with increased estrogen 
receptor expression

The above data demonstrate that the AKT1(E17K) 
mutation is not sufficient to drive proliferation in non-
tumorigenic breast epithelial cells in vitro. However, 
MCF10A cells do not express estrogen receptor, and the 
AKT1(E17K) mutation is strongly associated with ER-

Figure 1: AKT1(E17K) has weak basal constitutive activity and does not promote proliferation in MCF10A cells. 
A. MCF10A cells expressing tet-on HA-AKT1/pTRIPZ or HA-AKT1(E17K)/pTRIPZ were treated with 150 ng/ml doxycycline for 48 h
to induce AKT1 or AKT1(E17K) expression. Cells were serum-starved for 16 h and then treated with 5% serum for 10 min. Whole cell
lysates were subjected to immunoblotting. B. Anti-HA immunoprecipitates from serum-starved cells described above were used in in vitro
kinase assays with a GSK-3β fusion peptide. The kinase reaction was terminated and samples were immunoblotted with the indicated
antibodies. C. MCF10A cells described above were grown in the absence of serum and growth factors in media maintained with 150 ng/
ml doxycycline. Cell proliferation on days 0, 1, 2, and 3 were measured with the WST-1 assay, and values are expressed relative to day 0.
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positive tumors in patients [16]. Furthermore, the majority 
of ER-positive breast cancer cell lines also harbor PIK3CA 
or PTEN mutations, which are mutually exclusive with 
AKT1(E17K) [15]. Therefore, to evaluate the contribution 
of AKT1(E17K) to mammary tumorigenesis in the 
context of ER expression, we generated a tissue-specific, 
AKT1(E17K) transgenic mouse line by cloning human 
HA-AKT1(E17K) (hAKT1(E17K)) into the tetracycline-
responsive (tet-off) pTET splice vector. Two founder 
lines (Tg #4 and Tg #9) were selected based on protein 
expression by crossing candidate founders determined by 
PCR with a VE-Cadherin-tTA driver mouse for constitutive 
expression of the transgene (Figure 3A). This allowed us 
to perform expression analysis on livers harvested from 
newborn pups to expedite the initial screening of protein 
levels among founder lines. To validate the responsiveness 
to tetracycline, we added tetracycline to the drinking 

water of VE-Cadherin-tTA;hAKT1(E17K) mice to turn 
off protein expression (Figure 3B). Upon selection of two 
hAKT1(E17K) expressing lines, we validated activity of 
the transgene in the mammary epithelium using MMTV-
tTA driver mice, revealing expression of the transgene 
using anti-HA IHC in control MMTV-tTA or MMTV-
tTA;hAKT1(E17K) lines (data not shown). 

To address whether AKT1(E17K) is sufficient to 
drive oncogenic signaling in the mammary epithelium, 
we initially assessed transformation in virgin female 
transgenic mice. MMTV-tTA;hAKT1(E17K) mice were 
monitored for the presence of palpable mammary tumors 
over the course of 1 year of constitutive transgene 
expression. No palpable tumors were detected in any 
of the virgin females. Whole mount and histological 
analyses of mammary glands confirmed the absence 
of tumors as a result of prolonged MMTV-driven 

Figure 2: AKT1(E17K) escapes negative feedback inhibition to exhibit sustained activation kinetics in response to 
IGF-1. MCF10A cells expressing tet-on HA-AKT1/pTRIPZ A. or HA-AKT1(E17K)/pTRIPZ B. were treated with 150 ng/ml doxycycline 
for 48 h to induce AKT1 or AKT1(E17K) expression. Cells were serum-starved for 16 h and then treated with 100 µg/ml IGF-1 for the 
indicated times. Whole cell lysates were subjected to immunoblotting.

Figure 3: Generation of the pTET;hAKT1(E17K) transgenic mice. The hAKT1(E17K) founder lines were selected based on 
transgene expression in the newborn liver from VE-Cadherin-tTA;hAKT1(E17K) mice by IP/Western using human α-HA A. and after 
exposure to tetracycline B. 
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hAKT1(E17K) expression, compared to control mice 
harboring MMTV alone (Figure 4A and 4B). However, 
all mammary glands of transgenic mice demonstrated 
marked acinar hyperplasia beginning at 6 months 
of age (Figure 4B). Immunohistochemical analysis 
revealed that the hyperplasia results from an expansion 
of the myoepithelium, since the hyperplastic mammary 
acini are negative for CK8, a luminal marker, but 
maintain expression of CK14, a myoepithelial marker 
(Supplementary Figure S1). Furthermore, expression 
of the hAKT1(E17K) transgene results in increased 
expression of ER (Figure 4D, bottom panel), concomitant 
with expression of the transgene as revealed by staining 
for anti-HA and anti-pSer473 (Figure 4D, top and middle 
panels), again compared to control mice (Figure 4C). 
This is consistent with published data showing that the 
AKT1(E17K) somatic mutation is associated with ER-
positive breast tumors [16]. 

We next determined whether signaling events 
contributing to the proliferation and morphogenesis of 
the mammary gland as a result of pregnancy provide the 
necessary factors to promote transformation. MMTV-
tTA;hAKT1(E17K) mice were paired multiple times and 
monitored for 1 year for evidence of palpable tumors. 
Similar to virgin females, whole mount and histological 
analyses confirmed the absence of tumors. However, 
multiparous females display a more dramatic mammary 
gland hyperplasia at 1 year compared to virgin females 

and control MMTV mice (Figure 5A and 5B). In addition, 
expression of hAKT1(E17K) also leads to increased ER 
expression in hyperplastic mammary acini compared 
to control (Figure 5C and Figure 5D, bottom panel). 
Taken together, these data demonstrate that constitutive 
expression of hAKT1(E17K) causes mammary hyperplasia 
in both virgin and multiparous females with an associated 
increase in ER expression. 

We also determined if mammary hyperplasia occurs 
as a result of hAKT1(E17K) signaling during early events 
in mammary gland development. Tetracycline was added 
to the drinking water to turn off transgene expression 
just after the onset of puberty in virgin females at 
approximately 6-7 weeks of age. Mice were administered 
tetracycline for a total of 6 months. Mammary glands 
analyzed by whole mount and histological analysis appear 
normal, and hyperplasia is not observed (data not shown). 
These data indicate that the events driving mammary 
hyperplasia in MMTV-tTA;hAKT1(E17K) transgenic 
animals do not occur as a result of alterations in early 
mammary developmental programs. 

Estrogen does not enable AKT1(E17K) to promote 
mammary tumorigenesis

Numerous studies have indicated multiple 
interactions between PI 3-K/Akt signaling and ER function 

Figure 4: Virgin MMTV-tTA;hAKT1(E17K) females exhibit mammary gland hyperplasia with an increase in ER 
expression. Wholemount analysis of mammary glands was performed from MMTV-tTA A. or MMTV-tTA;hAKT1(E17K) B. mice. 
Hematoxylin and eosin staining was also done on sections of paraffin embedded mammary glands from MMTV-tTA (A) or MMTV-
tTA;hAKT1(E17K) (B) mice. Immunohistochemistry with α-HA, α-pAkt Ser473, and α-ER antibodies was performed for paraffin embedded 
mammary glands from MMTV-tTA C. or MMTV-tTA;hAKT1(E17K) D. mice. All panels are representative of analyses of at least n = 5 
mice. 
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in breast cancer. Growth factor signaling promotes ER 
phosphorylation, which alters receptor conformation, 
affinity and transcriptional activity [27]. ERα can also 
directly bind the p85 subunit of PI 3-K, allowing estrogen 
stimulation to potentiate PI 3-K activity leading to Akt 
activation [28]. Moreover, overexpression of HER2 
simultaneously with ERα in breast cancer modulates 
endocrine resistance [29]. Stimulation of mammary 
epithelial cells with estradiol results in increased 
expression and activity of the estrogen receptor [30], and 
prolonged exposure to estrogen accelerates mammary 
transformation in mice [31]. Since the AKT1(E17K) 
somatic mutation is only detected in patients with ER-
positive breast tumors [16], we evaluated whether exposure 
to estradiol accelerates the MMTV-tTA;hAKT1(E17K) 
mammary gland phenotype. Multiparous MMTV-
tTA;hAKT1(E17K) transgenic mice were exposed to a 
slow-release pellet of 17β-estradiol for 63 days. Whole 
mount and histological analyses revealed that prolonged 
exposure to 17β-estradiol results in an arrested state 
of lactation in both MMTV-tTA;hAKT1(E17K) and 
MMTV-tTA control mice (Supplementary Figure S2A 
and S2B). We were unable to detect mammary tumors in 
either MMTV-tTA;hAKT1(E17K) or MMTV-tTA control 
mice; however, hyperplasia was observed in MMTV-
tTA;hAKT1(E17K) mice (Supplementary Figure S2C and 

S2D). Interestingly, increased pAkt Ser473 staining is 
observed as a result of estradiol stimulation in the acini 
of MMTV-tTA control mammary glands, with a further 
increase in MMTV-tTA;hAKT1(E17K) mice (Figure 
4C and 4D). As expected, elevated expression of ER is 
also observed in both transgenic and control mammary 
glands as a result of prolonged estradiol stimulation. 
Taken together, these results further support a role for 
AKT1(E17K) in mediating upstream and downstream ER 
signaling. 

AKT1(E17K) suppresses HER2-mediated 
mammary tumorigenesis

Integrative genomic studies have indicated that 
the AKT1(E17K) mutation in breast cancer is mutually 
exclusive with HER2 [16]. However, transgenic 
expression of activated phospho-mimetic or myristoylated 
AKT1 mutants in the mammary gland in combination 
with MMTV-HER2 significantly decreases tumor latency, 
suggesting that signaling through Akt can enhance the 
effects of HER2 [25, 32]. By contrast, we find that tumor 
formation in double MMTV-tTA;hAKT1(E17K);MMTV-
HER2 transgenic mice is completely abolished compared 
to MMTV-HER2 alone (Figure 6A-6C). However, the 

Figure 5: Multiparous MMTV-tTA;hAKT1(E17K) females exhibit mammary gland hyperplasia with an increase 
in ER expression. Wholemount analysis of mammary glands was performed from MMTV-tTA  A. or MMTV-tTA;hAKT1(E17K) 
B. mice. Hematoxylin and eosin staining was also done on sections of paraffin embedded mammary glands from MMTV-tTA (A) or
MMTV-tTA;hAKT1(E17K) (B) mice. Immunohistochemistry with α-HA, α-pAkt Ser473, and α-ER antibodies was performed for paraffin
embedded mammary glands from MMTV-tTA C. or MMTV-tTA;hAKT1(E17K) D. mice. All panels are representative of analyses of at
least n = 5 mice.
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MMTV-tTA;hAKT1(E17K);MMTV-HER2 mammary 
glands display mammary gland hyperplasia similar to 
that observed in MMTV-tTA;hAKT1(E17K) transgenic 
mice (Figure 6C, compared to Figure 4B). MMTV-
tTA;hAKT1(E17K);MMTV-HER2 mice exposed to 
tetracycline (to turn off transgene expression) in the 
drinking water develop mammary tumors as expected 
(data not shown). 

A previous study has shown that expression of an 
activated Akt allele in a HER2-driven background in the 
mouse mammary gland leads to decreased expression 
and phosphorylation of a number of RTKs, including 
HER3 and EGFR [32]. Consistent with this, we find that 
MMTV-tTA;hAKT1(E17K);MMTV-HER2 mice express 
significantly lower total and tyrosine-phosphorylated 
EGFR, HER2 and HER3, to the same extent that is 
observed in MMTV-tTA;hAKT1(E17K) mice (Figure 
6D). Moreover, MMTV-tTA;hAKT1(E17K);MMTV-HER2 

mice show significantly improved survival to the same 
extent that is seen in control or MMTV-tTA;hAKT1(E17K) 
mice, when compared to MMTV-HER2 mice (Figure 6E). 
These data are consistent with AKT1(E17K) attenuating 
RTK signaling through feedback inhibition.

To determine if AKT1(E17K) controls negative 
feedback, we examined dose-dependent activation 
of endogenous Akt2 in MCF10A cells expressing 
AKT1(E17K). As predicted, activation of endogenous 
Akt2 is suppressed by AKT1(E17K) expression in cells 
stimulated with IGF-1, compared to cells expressing 
wild-type AKT1 (Figure 7A). No changes in the total 
levels of AKT or IGF-1-1R are observed. Finally, we 
analyzed mRNA expression and reverse-phase protein 
array (RPPA) data from the breast cancer TCGA data set 
for tumors harboring AKT1(E17K) [33]. Consistent with 
the findings from the MMTV-tTA;hAKT1(E17K);MMTV-
HER2 mice, analysis of RTKs and RTK-related proteins 

Figure 6: MMTV-tTA;hAKT1(E17K) expression in the mammary epithelium prevents MMTV-HER2 driven tumor 
formation with an associated decrease in EGFR family expression and phosphorylation. H&E staining on paraffin 
sections of mammary glands from MMTV-tTA;hAKT1(E17K) mice crossed with MMTV-HER2 homozygous females. A. MMTV-HER2, 
B. MMTV-tTA;MMTV-HER2, or C. MMTV-tTA;hAKT1(E17K);MMTV-HER2 transgenic mice. D. Immunostaining against α-HER2,
α-pHER2 (pTyr877), α-HER3, α-pHER3 (pTyr1289), α-EGFR and α-pEGFR (pTyr1068) on paraffin sections of mammary glands from
MMTV-tTA;hAKT1(E17K) mice crossed with MMTV-HER2 homozygous females. E. Kaplan-Meier survival curves were generated for
all groups. A log-rank (Mantel Cox) test was used to determine statistical significance. Number of mice used for the analysis are listed in
the box inset . All panels are representative of analyses of at least n = 5 mice.
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in the microarray and RPPA data sets reveals that a 
significant proportion of these show a downward trend in 
mRNA expression, protein levels, and phosphorylation, 
although this does not reach statistical significance due 
to the relatively small number of AKT1(E17K) cases 
(Figure 7B). Moreover, total ER (ESR1) is elevated 

in AKT1(E17K) tumors (Figure 7C), consistent with 
elevated ER in the MMTV-tTA;hAKT1(E17K) mice 
(Figure 4D). Intriguingly, we also note a significant up-
regulation of several tumor suppressors in AKT1(E17K) 
tumors, including neurofibromin 2 (NF2), PTEN and 
tuberous sclerosis 2 (TSC2) (Figure 7C). The significance 

Figure 7: AKT1(E17K) suppresses RTK expression and phosphorylation through negative feedback inhibition. A. 
MCF10A cells expressing tet-on HA-AKT1/pTRIPZ or HA-AKT1(E17K)/pTRIPZ were treated with 150 ng/ml doxycycline for 48 h to 
induce AKT1 or AKT1(E17K) expression. Cells were serum-starved for 16 h and then treated with the indicated concentrations of IGF-1 
for 10 min. Whole cell lysates were subjected to immunoblotting. B.-C. Data for mRNA, RPPA total protein and RPPA phospho-protein 
was downloaded from the TCGA data set on the cBIO Portal (http://www.cbioportal.org/public-portal/). Heat maps were generated using 
MatLab and represent microarray/RPPA values for the indicated genes/proteins, which are expressed relative to values in the wild-type 
AKT1 group.
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of this up-regulation remains to be determined, but is 
consistent with AKT1(E17K) suppression of HER2-driven 
tumorigenesis. Taken together, these data support a model 
in which AKT1(E17K) is not sufficient to promote signals 
that promote tumorigenesis because it attenuates RTK 
signaling through negative feedback control. 

DISCUSSION

In this study we generated the first genetically 
engineered mouse model for the oncogenic AKT1(E17K) 
somatic mutation in the mammary gland. This mutation 
has been detected in approximately 4-8% of breast 
tumors, with a strong association with ER expression. 
Although AKT1(E17K) can drive transformation of 
fibroblasts in vitro [7] and enhances the survival and 
migration of luminal breast epithelial cells [18], we 
find that expression of AKT1(E17K) in MCF10A cells 
does not strongly activate downstream signaling, nor 
does it enhance proliferation, consistent with previous 
findings [17]. Consistently, transgenic mice expressing 
AKT1(E17K) driven by the MMTV promoter develop 
hyperplastic lesions that do not progress to carcinoma. 
This hyperplasia is concomitant with an increase in ER 
expression, suggesting that ER activity may enable 
AKT1(E17K) to promote proliferation in vivo. Previous 
studies that have evaluated the functional significance 
of the AKT1(E17K) mutation in vitro, including our 
own, have been primarily performed in ER-negative cell 
lines. More recently, a study demonstrated that replacing 
the oncogenic PIK3CA(E545K) mutation with wild-
type PIK3CA in MCF7 luminal breast cancer cells that 
are ER-positive in the context of AKT1(E17K) knock-in 
leads to increased transformation and xenograft tumor 
volume, demonstrating that AKT1(E17K) can function 
as an oncogene in the context of an ER-positive, luminal 
breast cancer [19]. Together with the observation that 
AKT1(E17K) expression leads to different phenotypes in 
mammary myoepithelial versus luminal cells [18], it is 
likely that this mutation is selected for in human breast 
cancer under specific genetic and cellular contexts that 
enable it to function effectively as an oncogene.

The finding that AKT1(E17K) suppresses HER2-
mediated mammary tumorigenesis is in stark contrast 
with previous findings that have examined activated 
AKT1 transgenes in the same context. Specifically, 
both phospho-mimetic AKT1(T308D/S473D) and Myr-
AKT1 transgenes accelerate HER2-driven mammary 
tumor formation [25, 32]. There are likely a number of 
reasons why AKT1(E17K) does not phenocopy artificially-
activated AKT1 with respect to HER2-mediated tumor 
progression. First, both AKT1(T308D/S473D) and Myr-
AKT1 have a quantitatively higher constitutive protein 
kinase activity that is not recapitulated by AKT1(E17K). 
AKT1(T308D/S473D) is constitutively basally hyperactive 
and not subject to inactivation by dephosphorylation, and 

similarly Myr-AKT1 is constitutively membrane-localized 
and phosphorylated. Moreover, molecular dynamics 
simulations have revealed that the increased membrane 
association of the AKT1(E17K) mutant is due to rapid 
conformational changes in the PH domain that likely 
explain the pathological consequences attributed to this 
mutation [34]. Another likely explanation that accounts 
for the suppressed HER2-driven tumors in the context 
of AKT1(E17K) is feedback inhibition of RTK signaling. 
Several lines of evidence support this conclusion. For 
example, studies have shown that inhibition of Akt leads to 
up-regulation of several RTKs, including insulin receptor, 
IGF-1R and HER3 [35]. By extension, one would predict 
that in the converse situation, AKT1(E17K) would suppress 
RTK expression, and indeed we observe this correlation 
in both MMTV-tTA;hAKT1(E17K);MMTV-HER2 mice 
(Figure 6D) and human tumors harboring AKT1(E17K) 
(Figure 7B). Although Myr-AKT1 transgenic mice show 
decreased RTK expression [32], this hyperactive allele is 
sufficient to propagate downstream signaling to enhance 
phenotypes that control tumor progression, even in 
the presence of the negative feedback. By contrast, the 
relatively lower constitutive activity of AKT1(E17K) is 
not sufficient to promote downstream signaling (Figure 
1A). Therefore, AKT1(E17K) suppresses HER2 signaling 
in a manner that is not overcome by its own protein 
kinase activity, ultimately leading to suppression of 
tumorigenesis. 

Since AKT1(E17K) expression in the mouse 
mammary gland does not lead to tumor formation, this 
begs the question as to why this mutation is detected 
in 4-8% of breast cancer patients [7, 16]. One study 
revealed that the AKT1(E17K) somatic mutation occurs 
early in breast tumor progression, and therefore one can 
speculate that subsequent and additional genetic lesions 
are required for AKT1(E17K) to function as an oncogene 
in breast carcinoma [36]. Since AKT1(E17K) escapes 
feedback inhibition and displays sustained activation 
kinetics (Figure 2), it is likely that additional genetic 
lesions may potentiate its protein kinase activity. The 
nature of these genetic lesions remains to be determined, 
but are not likely to include oncogenic PIK3CA mutations 
or PTEN inactivation, which have been shown to be 
mutually exclusive with AKT1(E17K), at least in breast 
tumors [16]. Based on the correlation of RTK suppression 
in the MMTV-tTA;hAKT1(E17K);MMTV-HER2 mice 
and in human AKT1(E17K) tumors, we also predict that 
cooperating mutations likely do not occur in signaling 
pathways that function through RTKs, particularly those 
in the EGFR family. 

The findings presented in this study have 
implications for therapeutic intervention and development 
of targeted therapies for both RTKs as well as PI 3-K and 
Akt. There are presently numerous phase I and II clinical 
trials with a variety of allosteric and catalytic Akt small 
molecule inhibitors for therapeutic benefit in breast and 
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other solid tumors [1, 37]. Since inhibition of Akt using 
catalytic inhibitors leads to the up-regulation of RTK 
signaling [35], and AKT1(E17K) tumors show suppressed 
levels and phosphorylation of RTKs, one implication is 
that breast cancer patients with HER2 amplification would 
not benefit from treatment with Akt inhibitors. Instead, 
combination therapy with Akt inhibitors followed by RTK 
inhibition may be a more effective therapeutic strategy 
[38]. It is also important to note that the E17K somatic 
mutation has also been identified in AKT2 in breast 
cancer, albeit at lower frequency, and also in AKT3 in 
human melanoma. Whether the same mechanism of RTK 
suppression and escape of feedback inhibition applies to 
these mutants remains to determined. Regardless, these 
findings underscore the importance of understanding 
the mechanisms by which oncogenes escape feedback 
inhibition to lead to tumor initiation and progression. 

MATERIALS AND METHODS

Cell lines

MCF10A cells were obtained from the American 
Type Culture Collection (ATCC) and authenticated 
using short tandem repeat (STR) profiling. Cells were 
maintained in DMEM/Ham’s F12 supplemented with 
5% equine serum (Gibco), 10 mg/mL insulin, 500 ng/mL 
hydrocortisone (Sigma-Aldrich), 20 ng/mL EGF (R&D 
Systems), and 100 ng/mL cholera toxin (Sigma-Aldrich). 
Cells were passaged for no more than 6 months and 
routinely assayed for mycoplasma contamination.

Plasmids

The AKT1(E17K) mutation was generated by site-
directed mutagenesis (Qiagen) from HA-AKT1/pcDNA3 
(Addgene). For doxycycline-inducible overexpression 
of AKT1 and AKT1(E17K), HA-AKT1/pTRIPZ and HA-
AKT1(E17K)/pTRIPZ were constructed. HA-AKT1 and 
HA-AKT1(E17K) cDNA was amplified by PCR from 
HA-AKT1/pcDNA3 and HA- AKT1(E17K)/pcDNA3. 
The resulting PCR product was digested with restriction 
enzymes AgeI and ClaI, followed by insertion into the 
pTRIPZ lentiviral vector (Thermo Scientific).

Immunoblotting

Cells were washed with PBS at 4˚C and lysed in 
radioimmunoprecipitation assay buffer (1% NP-40, 0.5% 
sodium deoxycholate, 0.1% SDS, 150 mmol/L NaCl, 50 
mmol/L Tris-HCl (pH 7.5), proteinase inhibitor cocktail, 
50 nmol/L calyculin, 1 mmol/L sodium pyrophosphate, 
and 20 mmol/L sodium fluoride) for 15 minutes at 4˚C. 

Cell extracts were pre-cleared by centrifugation at 13,000 
rpm for 10 minutes at 4˚C, and protein concentration was 
measured with the Bio-Rad DC protein assay. Lysates 
were then resolved on 10% acrylamide gels by SDS-
PAGE and transferred electrophoretically to nitrocellulose 
membrane (Bio-Rad) at 100 V for 90 minutes. The blots 
were blocked in Tris-buffered saline (TBST) buffer (10 
mmol/L Tris-HCl, pH 8, 150 mmol/L NaCl, and 0.2% 
Tween 20) containing 5% (w/v) nonfat dry milk for 1 hour, 
and then incubated with the specific primary antibody 
diluted in blocking buffer at 4˚C overnight. Membranes 
were washed three times in TBST and incubated with 
HRP-conjugated secondary antibody for 1 hour at room 
temperature. Membranes were washed three times and 
developed using enhanced chemiluminescence substrate 
(EMD Millipore). 

In vitro protein kinase assays

MCF10A cells expressing HA-AKT1 or HA-
AKT1(E17K) were serum starved for 16 hours. HA-AKT1 
or HA-AKT1(E17K) were immunoprecipitated from cell 
extracts with an anti-HA antibody and incubated with 
300 ng GSK-3 fusion protein peptide (Cell Signaling 
Technology) in the presence of 150 µmol/L cold ATP in a 
kinase buffer for 40 min at 30˚C. The kinase reaction was 
terminated by the addition of SDS-PAGE sample buffer.

Antibodies

All antibodies except the anti-HA and anti-p85 
antibodies were purchased from Cell Signaling 
Technology. The anti-HA monoclonal antibody was 
purified from the 12CA5 hybridoma. The anti-p85 
antibody has been described [39]. 

Proliferation assays

MCF10A cells were seeded into 96-well plates at 
a density of 1500 cells per well in 100 µL medium. The 
medium was replaced with serum-free medium after 16 
h. Cell viability was measured 0, 1, 2, and 3 days after
the media change using the water soluble tetrazolium salt
WST-1 assay (Clontech) according to the manufacturer’s
protocol.

Generation of hAKT1(E17K) transgenic mice

HA-tagged hAKT1(E17K) (Addgene) was cloned 
into the Tetracycline-regulated (Tet-off) vector pTET 
Splice [40]. DNA was prepared for microinjection, 
performed at the Transgenic Animal Core Facility at 
Beth Israel Deaconess Medical Center under IACUC 
approved protocols. Resulting founder animals generated 
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on an FVB background were genotyped using genomic 
DNA purified from a tail biopsy and performing 
PCR utilizing the following primer sequences: FW: 
5’-CTGGAATTCATGTACCCATACGATGTTCCAG-3’ 
RV: 5’- CCT 
CTTCTTGAGGCCGTCAGCCACAGTCTGG-3’

Validation of protein expression

HA-hAKT1(E17K) protein expression was 
confirmed by crossing animals positive for the transgene 
with VE-Cadherin-tTA driver mice [40]. Livers were 
collected from pups at P10 and screened for protein 
expression using immunoblot for HA (12CA5 Hybridoma) 
as previously described [41]. 

Mammary specific transgene expression

hAKT1(E17K) transgenic mice that screened 
PCR positive were crossed with MMTV-tTA mice 
generated by Henninghausen et. al. as previously 
described [42], and the offspring were re-genotyped 
for the presence of the hAKT1(E17K) transgene as 
well as for MMTV-tTA using the primer sequences: 
FW: 5’-GACGCCTTAGCCATT AGAT-3’ RV: 5’- 
CAGTAGTAGGTGTTTCCCTTTCTT-3’. Double 
positive transgenic females were either maintained as 
virgins or were multi-paired. Double positive males were 
bred with MMTV-HER2 homozygous females (Jackson 
Laboratories, #002376) and offspring were re-genotyped 
to confirm the presence of the transgenes. 

Mammary gland wholemount staining

Mammary fat pads were removed and placed on 
glass microslides and allowed to dry for 5 min, and then 
fixed overnight in Carnoy’s fixative (60% ethanol, 30% 
chloroform, 10% acetic acid) at room temperature.  After 
fixation, mammary glands were stained with Carmine 
alum.

Immunohistochemistry

Mammary glands were removed and fixed in 
10% NBF and processed for histology and evaluated by 
H&E staining at the Harvard Medical School Rodent 
Histopathology Core and the Beth Israel Deaconess 
Medical Center Histology Core. Immunohistochemistry 
on paraffin sections was performed for α-HA (12CA5 
Hybridoma) utilizing a M.O.M kit (Vector labs, BMK-
2202). Immunohistochemistry for α-ER (Millipore, #04-
227), α-pAkt Ser473 (Cell Signaling Technology #4060), 
α-HER2 (Cell Signaling Technology #4290), α-pHER2 
pTyr877 (Abcam #ab47262), α-HER3 (Cell Signaling 

Technology #12708), α-pHER3 pTyr1289 (Cell Signaling 
Technology #4791), α-EGFR (Cell Signaling Technology 
#4267), pEGFR pTyr1068 (Cell Signaling Technology 
#3777), α-CK8 (Developmental Studies Hybridoma 
Bank clone Troma-I), and α-CK14 (Biolegend PRB-
155) was performed as follows: Briefly, sections were
deparaffinized and rehydrated. Antigen unmasking was
performed using target retrieval solution (DAKO #S2367).
Endogenous peroxidases were blocked using 3% H202 and
immunostaining performed using the Rabbit Vectastain
ABC kit (Vector labs #PK-4001) and developed using a
DAB peroxidase substrate kit (Vector labs #SK-4100).
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ABSTRACT
Ovarian cancer is a disease of older women.  However, the molecular mechanisms 

of ovarian aging and their contribution to the pathogenesis of ovarian cancer are 
currently unclear.  mTOR signalling is a major regulator of aging as suppression 
of this pathway extends lifespan in model organisms.  Overactive mTOR signalling 
is present in up to 80% of ovarian cancer samples and is associated with poor 
prognosis.  This study examined the role of mTOR signalling in age-associated 
changes in ovarian surface epithelium (OSE).  Histological examination of ovaries 
from both aged mice and women revealed OSE cell hyperplasia, papillary growth and 
inclusion cysts.  These pathological lesions expressed bonafide markers of ovarian 
cancer precursor lesions, Pax8 and Stathmin 1, and were presented with elevated 
mTOR signalling.  To understand whether overactive mTOR signalling is responsible 
for the development of these pathological changes, we analysed ovaries of the Pten 
trangenic mice and found significant reduction in OSE lesions compared to controls. 
Furthermore, pharmacological suppression of mTOR signalling significantly decreased 
OSE hyperplasia in aged mice. Treatment with mTOR inhibitors reduced human ovarian 
cancer cell viability, proliferation and colony forming ability.  Collectively, we have 
established the role of mTOR signalling in age-related OSE pathologies and initiation 
of ovarian cancer.  

INTRODUCTION 

Age is a major risk factor for the development 
of epithelial ovarian cancer (OvCa). Every year 
approximately 238,700 new cases are diagnosed and 
151,900 deaths are attributed to OvCa, worldwide [1]. 
The majority of OvCa patients are 50 years of age or older 
and postmenopausal [2]. Although the impact of aging 
in germ cell biology and fertility is well known [3], very 
little information is available regarding the contribution of 
ovarian aging to the pathogenesis of OvCa. 

In mammalian ovary, germ cells are surrounded by 
the somatic cells to form a basic functional unit known 
as follicles. During every oestrous cycle, some of the 
early stage follicles, known as the primordial follicles, 
are recruited to grow and ultimately these developed 
follicles either undergo atresia or ovulation to release 
a mature egg for fertilization [4]. However, with age, 
mammalian ovaries progressively run out of follicles 
due to various reasons and females undergo menopause, 
a stage in which women do not regularly experience 
monthly oestrous cycles. In 1971, Fathalla proposed 
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that repetitive rupture and repair of the ovarian surface 
epithelium (OSE) during the process of ovulation creates 
opportunities for accumulation of genetic aberrations 
leading to the abnormal growth of these cells [5]. This 
hypothesis explained high prevalence of OvCa in modern 
women and domestic egg-laying hens compared to other 
mammals [6]. Epidemiological association studies also 
provided support for Fathalla’s hypothesis, whereby 
physiological conditions that suppress ovulation, such as 
pregnancy and breast-feeding, protected against OvCa 
[6-8]. Whereas, nulliparous women with a higher number 
of ovulatory cycles due to the absence of pregnancy and 
lactation, for example nuns, are more prone to developing 
OvCa compared to the general population [9]. 

In mouse models, increase in the frequency of 
ovulations either by hormonal treatments or by controlled 
exposure to the male mice leads to abnormal OSE cell 
proliferation and formation of inclusion cysts [10, 11]. 
However, these studies were conducted in relatively young 
mice with a limited follow up and therefore the pathogenic 
potential of these cysts is unknown. Interestingly, a higher 
number of inclusion cysts are observed in the contralateral 
ovaries of unilateral OvCa patients and in the ovaries of 
patients with hereditary predisposition to OvCa compared 
to general population [12, 13]. Assessment of genetic 
aberrations in ovaries of patients with OvCa, borderline 
tumours and non-neoplastic disease showed chromosomal 
alterations in OSE and inclusion cysts [14]. Moreover, a 
higher proportion of aneusomic cells were present in the 
inclusion cysts from OvCa and borderline tumour patients 
than controls [14], suggesting that these OSE-derived cysts 
have the potential to progress to OvCa. These findings are 
well supported by observations in genetically modified 
mouse models where, in addition to the Fallopian tube 
epithelium, genetic alterations in OSE causes development 
of OvCa that are phenotypically similar to human OvCa 
[15-17]. 

Incessant ovulation hypothesis and related work 
from many other laboratories have provided possible 
explanation for the development of ovarian epithelial 
inclusion cysts and their probable involvement 
in pathogenesis of OvCa but there are still many 
outstanding questions which need to be addressed for 
better understanding of this disease. Firstly, mice with 
germ cell deficiency also exhibit OSE hyperplasia and 
inclusion cysts, and develop ovarian epithelial tumours 
with advancing age [18]. Secondly, ovaries of women 
with anovulatory polycystic ovary syndrome also have 
inclusion cysts even though these women rarely or never 
ovulate [8]. Thirdly, inclusion cysts are more prevalent in 
aged human ovaries ( > 60 years of age), even when there 
is no ovulation [19]. Collectively, these findings suggest 
that age associated changes in ovary/OSE contribute to 
the formation of inclusion cysts and consequently, OvCa. 

The mammalian target of rapamycin (mTOR) 
pathway is involved in various cellular processes and 

inhibition of mTOR signalling has been shown to 
extend life span in several different species, including 
yeast, flies, worms, and mice, in part by suppressing 
age related pathologies and cancer [20-25]. Widespread 
genetic alterations in the mTOR pathway members are 
common in OvCa patients and comparable aberrations 
lead to the development of histopathologically similar 
tumours in mouse models [16]. On the basis of these 
studies, we hypothesised that age related increase in 
mTOR activity contributes to the development of OSE 
hyperplasia and inclusion cysts. In this study, we have 
shown hyperactivation of mTOR signalling in OSE lesions 
of the aged human and mouse ovaries, and inhibition of 
this signalling pathway suppressed development of these 
pathologies in mouse ovaries. 

RESULTS

OSE hyperplasia in aged human and mouse 
ovaries

To understand how aging affects OSE cells, we 
examined human ovaries collected from pre- and post-
menopausal women. Analysis of the premenopausal 
ovaries showed the presence of follicles in different 
stages of their development and a single layer of epithelial 
cells, known as OSE, covering the outer surface of these 
ovaries (Figure 1A-1C; N = 3). As expected, there were 
no follicles in the postmenopausal ovaries (Figure 1D-
1I; N = 9). However, epithelial inclusion cysts (Figure 
1E and 1H), OSE papillary and stratified growth (Figure 
1F and 1I), and deep surface invaginations were clearly 
present in the postmenopausal ovaries (Figure 1D-1I), 
which were absent in the premenopausal ovaries (Figure 
1A-1C). To evaluate if these epithelial lesions represent 
the precancerous state of ovarian cancer, we performed 
immunohistochemical localization of Pax8 and Stathmin 
1, well-established markers of ovarian cancer precursor 
lesions and malignant disease [26, 27]. Expression of 
these two markers was absent in normal OSE cells of the 
premenopausal ovaries (Figure 1J and 1N). However, these 
markers were expressed by the epithelial inclusion cysts 
and abnormal OSE growths present in the postmenopausal 
ovaries (Figure 1K, 1L, 1M and 1O), suggesting that OSE 
in aged ovaries undergo metaplastic changes to acquire 
some of the features of ovarian cancer precursor lesions. 
Fallopian tube sections were used as positive controls as 
both the markers are known to be expressed in this tissue 
(Figure 1P and 1Q). Postmenopausal ovarian tissue slides 
that were exposed to IgG showed no staining and were 
used as negative controls (Supp. Figure 1). 

To confirm whether similar changes occur in mouse 
ovaries, we aged 50 C57BL/6 mice for 22 months and 
tissues were collected at regular intervals. Histological 
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Figure 1: Ovarian surface epithelium hyperplasia and epithelial inclusion cysts in postmenopausal human ovaries. A.-
C. Representative histological sections of premenopausal human ovaries showing normal morphology with different sized follicles (marked 
with f) and a single layer of ovarian surface epithelium (arrow in panel C). A representative picture of a preantral follicle (arrowhead) is
presented in Panel B. B. and C. are higher magnification images of boxed areas in panel A. D.-I. Examination of postmenopausal ovaries
showing absence of follicles and displaying OSE cell hyperplasia with deep surface invaginations (arrow in panel D), abnormal papillary
growth F., inclusion cysts (E, arrows in panel G and a high magnification image in panel H), epithelial outgrowths and shedding I.. Boxed
areas in D. and G. are presented at a higher magnification in E., F., H. and I. K.-M. PAX8 immunolocalization in abnormal epithelial
lesions (arrows in panel K. and L.) of postmenopausal human ovaries. O. Inclusion cysts in a postmenopausal ovary were also positive for
Stathmin 1 (arrow). OSE of control premenopausal ovaries stained negative for both PAX8 J. and Stathmin 1 N.. P. and Q. Fallopian tube
epithelial cells were used as a positive control for both the markers. Bars: 100 µm, if not specified in a panel.
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examination of young mouse ovaries (Age: 8 weeks; N = 
10) showed follicles, corpora lutea, and a single layer of
flattened-to-cuboidal OSE cells (Figure 2A-2C). Similar to
the post-menopausal human ovaries, aged mouse ovaries
exhibited features such as OSE hyperplasia (Figure 2E
and 2F), papillary growth (Figure 2G), deep surface
invaginations (Figure 2H), inclusion cysts (Figure 2I and
2J) and shedding (Figure 2K). Staining with cytokeratin
8 (CK8), a well-known marker of epithelial cells [16],
validated the epithelial origin of these pathological lesions
(Figure 2M).

Ovarian inclusion cysts have been proposed to 
derive from the deep invaginations of OSE cells or 
entrapment of the fallopian tube epithelial cells during the 
process of repetitive ovulatory wound and repair [19]. To 
ascertain the possible cell of origin of epithelial inclusion 
cysts, we performed extensive serial sectioning of the aged 
mouse ovaries and found that these cysts are connected to 
the OSE cells (Figure 2I and 2J), suggesting that epithelial 
inclusion cysts in the aged ovaries are coming from the 
invaginations of the hyperplastic OSE cells. Using a 
well-established method of scoring OSE hyperplasia 
(Supp. Figure 2), as described in [10], we demonstrated 
that aged mouse ovaries (Age: 16 months; N = 30) have 
a significantly higher hyperplasia score compared to 
young ovaries (Figure 2L). To evaluate if abnormal OSE 
growths in aged mouse ovaries are similar to the epithelial 
lesions observed in postmenopausal human ovaries, we 
analysed expression of Pax8 and Stathmin 1 and found 
expression of both of these markers in abnormal epithelial 
growths of aged mouse ovaries (Figure 2N). In summary, 
these results suggest that OSE hyperplasia and inclusion 
cysts development occurs during ovarian aging, and these 
abnormal growths express markers of ovarian cancer 
precursor lesions. 

Hyperactive mTOR signalling in OSE of aged 
human and mouse ovaries

We [16] and others [28, 29] have shown 
that overactivation of mTOR signalling occurs in 
approximately 80% of human ovarian carcinomas. In 
mouse ovary, constitutive activation of PI3K/mTOR 
signalling results in the development of similar tumours 
confirming the role of this pathway in pathogenesis of 
ovarian cancer. As OvCa is a disease of aged women 
[6], we hypothesised that mTOR activation contributes 
to the development of pathological changes in the OSE 
of aged ovaries. To test this hypothesis, we analysed 
the expression of phosphorylated form of S6 ribosomal 
protein (pS6), a known marker of active mTOR signalling 
[16], in both young and aged ovaries (Figure 3). In young 
mouse ovaries, pS6 is highly expressed in the somatic 
cells of the ovary but absent in OSE (Figure 3A and 3B). 
However, both OSE and somatic cells of the aged mouse 

ovaries showed expression of pS6 protein (Figure 3C and 
3D). A similar expression pattern was observed in human 
ovaries where pS6 was localised in OSE and somatic 
cells of the postmenopausal ovaries but only present in 
the somatic cells of the premenopausal ovaries (Figure 
3E-3H and Supp. Figure 3). In conclusion, our expression 
analysis revealed that overactivation of mTOR signalling 
occurs in OSE during ovarian aging. 

Genetic suppression of mTOR signalling inhibits 
OSE hyperplasia in aged ovaries

A previous study has shown that overexpression 
of Pten, a negative regulator of PI3K/mTOR signalling, 
significantly extends lifespan of mice, partially by 
decreasing incidences of cancer in aged mice [30]. For 
this study, we collected ovaries from aged Pten transgenic 
(Ptentg) and wild type (WT) control mice (N = 5/each; 
age: 26-27 months). Examination of WT mouse ovaries 
revealed OSE shedding, inclusion cysts and invasive 
papillary growths (Figure 4A-4G). Next, we serially 
sectioned the ovaries and the Fallopian tubes of the WT 
mice and showed that the papillary growths within the WT 
ovaries are connected with OSE and are distinct from the 
fallopian tube epithelial cells (Figure 4E-4G), suggesting 
that these abnormal epithelial growths are extensions 
of invasive OSE cells. Analysis of aged Ptentg ovaries 
depicted a single layer of OSE cells around the whole 
ovarian surface with no evidence of invasive growth 
(Figure 4H and 4I), which was similar to young mouse 
ovaries (Figure 2A-2C). The ovaries of the Ptentg mice had 
a significantly lower OSE hyperplasia score compared to 
the WT controls (Figure 4J). Immunolocalization of CK8, 
Pax8 and Stathmin 1 confirmed phenotypic changes 
in the OSE of Ptentg and control ovaries (Figure 4K-4P 
and Supp. Figure 4). As expected, compared to controls, 
lower expression of pS6 protein was observed in the 
Ptentg ovaries (Supp. Figure 4). The mammalian ovaries 
progressively lose their follicles through ovulation or 
apoptosis and eventually run out of these germ cell units 
leading to menopause [4]. The majority of the follicles are 
lost by one year of age in mice and by 50 years of age 
in humans [3]. Consistently, no follicles were observed 
in the ovaries of aged Ptentg and control mice (Figure 4A 
and 4H). These results establish that suppression of mTOR 
signalling by overexpression of Pten is sufficient to inhibit 
pathological changes in aged OSE cells. 

Pharmacological inhibition of mTOR signalling 
suppresses age-associated changes in OSE

Several independent studies have established that 
treatment with rapamycin, an inhibitor of mTOR kinase, 
extends lifespan by delaying the onset of age related 
pathological disorders including cancer [21-23, 25, 31, 
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Figure 2: Deregulated growth of ovarian surface epithelium in aged mouse ovaries. A.-C. Histological analysis of a young 
mouse ovary (8 wk) showing follicles (B; marked with f), corpora lutea (asterisks in panel A), and a single flattened layer of ovarian 
surface epithelial cells (C; arrow). D. An abnormal looking hyperplastic ovary of aged mice. Higher magnification images of boxed areas 
in panel D revealed irregular morphology and ovarian surface epithelial cell hyperplasia (arrows in E. and F.), epithelial multilayering 
and abnormal papillary growth (arrows in G.), and epithelial invaginations into stroma H. I. and J. OSE cells in an aged ovary infiltrating 
(arrowheads in panel J) into the stroma forming inclusion cysts and glandular structures. Panel J is a higher magnification picture of boxed 
area in panel I. Extensive epithelial shedding and outgrowths (arrows in panel K.) in aged ovaries. L. Significant increase in ovarian surface 
epithelial hyperplasia score of ovaries of the aged mice compared to young controls. M. Epithelial origin of abnormal lesions confirmed by 
CK8 staining. (M., a) Normal CK8-postive OSE cells (arrow) were seen in young mouse ovary. (M., b-f) CK8 expression was observed 
in abnormal invasive and hyperplastic growths (arrow in panel b-d, arrowheads in panel e) of OSE in aged mice. (M., f) CK8-positive 
inclusion cyst (ic) present in an aged ovary. (N., b and d) PAX8 and Stathmin 1 expression in invasive and hyperplastic epithelial growths 
(arrow) of aged mice ovaries. (N., a and c) Ovarian surface epithelium (arrow) of young mouse ovary was negative for PAX8 and Stathmin 
1 staining. (N., c) Stathmin 1 was expressed by the somatic cells of follicles (marked with f) in young ovaries. Bars: 100 µm. 
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Figure 3: Hyperactive mTOR signalling in ovarian surface epithelium of aged human and mouse ovaries. Increased 
expression of pS6, a marker for mTOR activation, was observed in hyperplastic ovarian surface epithelium (arrow in panel D.) of aged 
mouse ovaries C.-D. and papillary growths of ovarian surface epithelium of postmenopausal human ovaries (arrow in panel F.). Increased 
expression of pS6 was also observed in invasive epithelial growths G. and inclusion cysts (arrows in panel H) of postmenopausal human 
ovaries. Ovarian surface epithelium of young mouse A.-B. and human ovary E. showed negative staining for pS6. Panel B. and D. represent 
higher magnification images of boxed areas in panel A. and C. Bars: 100 µm. 
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Figure 4: Overexpression of Pten inhibits ovarian surface epithelial hyperplasia in aged ovaries. A.-G. Haematoxylin and 
eosin-stained sections of aged control mice ovaries. Boxed areas in panel A are shown at a higher magnification in panel B.-D. Ovarian 
surface epithelial cell hyperplasia and shedding (B; arrows), invasive epithelial growths C., and inclusion cysts (D; arrow) in age matched 
control ovaries. E.-G. Papillary growths inside aged ovaries that are distinct from the fallopian tube epithelium. Panel F. and G. are high 
magnification images of boxed areas in panel E. H. Ovaries of the Ptentg mice showed relatively normal morphology and are covered by 
single layer of ovarian surface epithelial cells, presented at a higher magnification and marked with an arrow in panel I. J. Significant 
decrease in hyperplasia score of the Ptentg mice ovaries compared to age-matched controls. K.-N. Ovarian surface epithelium hyperplasia 
and invasive epithelial growths were confirmed by CK8 staining in wild type aged control mouse ovaries. CK8-positive papillary growths 
and deep surface invaginations are shown in panel L and N, respectively. O.-P. Normal looking CK8-positive OSE cells in Ptentg mice 
ovaries. Ft: Fallopian tube. Bars: 100 µm. 
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32]. To test if the inhibition of mTOR signalling using an 
mTOR inhibitor will suppress the pathological changes 
in aged ovaries, we collected ovaries from genetically 
heterogeneous mice that had been treated with rapamycin 
from 9 months of age at three different doses (4.7, 14, or 
42 parts per million in food) for 13 months. Consistent 
with previous results (Figure 2), histological examination 
of ovaries from 22-month-old untreated mice revealed 
OSE hyperplasia and papillary growth (Figure 5A; N = 
8). Rapamycin treatment significantly suppressed these 
pathological changes in OSE cells in a dose dependent 
manner (Figure 5B-5D and 5F). The highest dose of 
rapamycin (42ppm) was most effective in inhibiting 
epithelial hyperplasia and OSE of the ovaries belonging 
to this treatment group were similar to young ovaries 
(Figure 5D and 5E). Overall, these results showed that 
chronic suppression of mTOR signalling inhibits age 
related incidences of OSE hyperplasia, and therapeutic 
targeting of this pathway might be an effective strategy 
for the prevention and/or treatment of OvCa. 

mTOR inhibitors suppress the growth of human 
OvCa cells

OvCa is a disease that mainly occurs in 
postmenopausal women [6]. Our analysis of aged 
human and mouse ovaries found epithelial lesions with 
hyperactive mTOR signalling that share histopathological 
features of the OvCa precursor lesions and malignant 
disease (Figure 1-3). To test whether pharmacological 
suppression of mTOR signalling using two FDA-approved 
drugs (Everolimus and BEZ235) will suppress the growth 
of OvCa, we treated OvCa cell lines (COV318 and 
COV362) with the different doses of these two mTOR 
inhibitors (Figure 6). COV318 and COV362 cells were 
selected based upon their genetic similarity to human 
OvCa [33]. Treatment with Everolimus or BEZ235 
decreased cell viability of these OvCa cell lines in a 
dose dependent manner (Figure 6A). Assessment of cell 
proliferation using 5-bromo-2′-deoxyuridine (BrdU) 
incorporation and colony forming assays revealed 
significant decrease in OvCa cell proliferation upon 
exposure with mTOR inhibitors (Figure 6B and 6C). To 
confirm the efficacy of these inhibitors in suppressing 

Figure 5: Chronic rapamycin treatment suppresses age-associated pathological changes in ovarian surface epithelium. 
A. Aged control mice showing abnormal papillary epithelial growth (arrow). B.-D. Treatment with rapamycin decreased hyperplastic
growth (arrows) of ovarian surface epithelium in a dose-dependent manner. Histology of ovaries of the aged mice treated with low dose B.,
medium dose C. and high dose D. of rapamycin. In panel E. is a representative section of the ovary from young control mice with normal
ovarian surface epithelial cell lining. F. Hyperplasia score confirmed significant decrease in abnormal epithelial growth of the aged ovaries
treated with increasing doses of rapamycin. Bars: 100 µm.
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Figure 6: mTOR inhibitors suppress the growth of ovarian cancer cells. A. COV318 and COV362 cells were treated with 
increasing doses of mTOR inhibitors, Everolimus and NVP BEZ235. Forty-eight hours later, cell viability was assessed using cell viability 
assay kit from Promega. The data shown are mean ±SEM of three individual experiments. *P < 0.05, **P < 0.01, Student’s t-test. B. 
Cells treated with mTOR inhibitors were subjected to BrdU incorporation assay. The data represents mean ±SEM of three individual 
experiments. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test. C. COV318 and COV362 cells treated with increasing dose of mTOR 
inhibitors were subjected to clonogenic assays. The data shown are representative of three individual experiments. Pictures were taken at 
the same magnification. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test. D. COV318 and COV362 cells were treated with DMSO 
control or 100 nmol/L of Everolimus or BEZ235. Forty-eight hours later, whole cell lysates were subjected to AKT/mTOR signalling 
antibody protein array. E. Whole cell lysates from COV318 and COV362 cells treated with increasing doses of Everolimus and BEZ235 
were subjected to western blot analysis for pS6. The data shown are representative of three individual western blot analyses. β-actin was 
used as a loading control.
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mTOR activity, we performed AKT/mTOR protein array 
and showed that the treatment with Everolimus or NVP 
BEZ235 (100nmol/L) leads to the reduction in expression 
of the active form of the key downstream target proteins 
(pS6, p4E binding protein 1 and pBad) of this pathway 
(Figure 6D). To validate our AKT/mTOR array data, 
we performed western blot analysis for pS6 on protein 
extracts collected from COV318 and COV362 cells 
treated with increasing doses of Everolimus or BEZ235. 
Both inhibitors decreased the levels of pS6 protein (Figure 
6E). Collectively, these findings showed that suppression 
of mTOR signalling decreases viability and proliferation 
of OvCa cells. 

DISCUSSION

PI3K/mTOR signalling is a key regulator of the 
major cellular processes such as cell proliferation and 
cell growth, and deregulation of this signalling pathway 
contributes to the pathogenesis of various diseases such 
as cancer, diabetes, obesity, hereditary diseases, and 
neurodegenerative disorders [34]. Studies in several 
different model systems have provided evidence that 
mTOR signalling is one of the main regulators of ageing 
process and genetic or pharmacological modulation of 
this signalling pathway affects lifespan [20, 32, 35]. 
Genetic deletion of the mTor or overexpression of the 
tuberous sclerosis 1/2 (Tsc1/2) gene significantly increases 
mean life span in both worms and flies [20]. Similarly, 
pharmacological suppression of mTOR signalling using 
rapamycin or loss of the mTor or S6K1 gene extends 
mouse lifespan [22, 25, 31, 36, 37]. These findings coupled 
with observations that the constitutive activation of mTOR 
signalling decreases [38] mean lifespan established that 
counteracting age related increase in mTOR signalling 
is one of the keys to controlling ageing. However, some 
recent studies have shown an opposite trend, where 
mTOR activity is decreased when determined in whole 
tissue samples of the aged mice compared young controls 
[39, 40]. For example, western blot analysis of pS6 
protein in liver, muscle and fat tissue samples collected 
from young and aged C57BL/6J mice showed decrease 
in mTOR activity with aging [39]. Our examination of 
mTOR activity by measuring pS6 protein expression 
showed higher level of mTOR activity in young ovaries 
compared to aged ovaries, consistent with the idea that 
mTOR signalling plays an important role in germ and 
follicular development and young ovaries are filled with 
these structures, which are nearly absent in aged ovaries 
(Figures 2 and 3). However, OSE of the aged human and 
mouse ovaries showed strong expression of pS6 protein 
that was almost absent in the OSE of young ovaries 
(Figure 3). Our data is supported by the observations in 
fasting aged mice where the level of hepatic pS6 protein 
increases with age [41]. These findings suggest that 

changes in the level of mTOR activity with aging are 
distinct in each cell type and that assessment of mTOR 
signalling in a particular cell type might provide much 
more useful information compared to the whole tissue-
based approaches. 

OvCa is a very heterogeneous disease. There are 
three major types of OvCa: epithelial carcinomas, germ 
cell tumours, and stromal tumours [8]. The epithelial 
carcinomas represent the most malignant and common 
form of OvCa. Approximately 80% of the epithelial 
OvCa patients presented with overactivation of the 
mTOR pathway [16]. Constitutive activation of mTOR 
signalling by the deletion of the Lkb1/Tsc1/Tsc2 gene in 
both OSE and stromal cells causes OSE hyperplasia and 
epithelial OvCa but no stromal tumours [16]. Similarly, 
overactivation of this signalling pathway in germ cells 
leads to premature germ cell loss and ovarian insufficiency 
[42]. However, no germ cell tumours were observed in 
these mice [42]. These findings imply that each cell type in 
an organ shows differential response to hyperactive mTOR 
signalling and high mTOR activity in a particular cell type 
rather than the whole organ is responsible for age related 
pathologies. 

During each ovarian cycle, few primordial 
follicles are activated to grow, and these follicles under 
the influence of gonadotropins go on to develop to a 
preovulatory stage where they are ready to release mature 
eggs for fertilization. The process of primordial follicle 
recruitment is quite important for female fertility as any 
aberrations in this process lead to infertility [42]. Intra-
follicular mTOR signalling is a key regulator of primordial 
follicle recruitment and growth. Sustained activation of 
mTOR in germ cells by genetic ablation of the Pten/Tsc1/
Tsc2 causes untimely recruitment of primordial follicles 
leading to premature ovarian failure and infertility [43]. 
This raises a possibility that the suppression of mTOR 
signalling might inhibit primordial follicle activation and 
consequently, delay menopause. However, examination 
of ovaries from the Ptentg and rapamycin treated mice 
revealed no differences in follicle/stromal cells compared 
to control groups (Figures 4 and 5). This suggests that 
there are other compensatory mechanisms involved in the 
activation of primordial follicles. 

Crosstalk between gonads and the hypothalamus-
pituitary axis is an important determinant of mammalian 
fertility. Both hypothalamus and pituitary gland secrete 
hormones that affect ovarian function. In turn, ovarian 
hormones operate in feedback loop to regulate secretions 
from the hypothalamus-pituitary axis [4]. During aging, 
ovaries are almost devoid of follicles and endocrine 
feedback loop of the ovary is no longer operational 
leading to excessive secretion of gonadotropins, follicle-
stimulating hormone (FSH) and luteinising hormone 
(LH). As gonadotropin receptors are present on OSE cells, 
these hormones are proposed to stimulate the growth of 



Oncotarget  180www.impactjournals.com/oncotarget

OSE and aid in development of inclusion cysts [8, 44]. 
In cell culture, both FSH and LH stimulate the growth 
of OSE cells by up regulating PI3K/mTOR signalling, 
and suppression of this signalling pathway inhibits 
gonadotropin-induced proliferation of OSE cells [44, 
45]. This indicates that gonadotropins act through PI3K/
mTOR signalling in regulating OSE growth, and similar 
mechanisms might be operational in vivo in aged ovaries. 

Aging is a major risk factor for many solid cancers 
[46]. Lifestyle changes and pharmaceutical-based 
approaches that extend lifespan by counteracting the age-
related pathological changes are also known to retard 
tumor development [21-23, 46-48]. We have previously 
shown that treatment with rapamycin extends mouse 
lifespan even when started as late as 20 months of age [31], 
suggesting that it may provide benefits related to mTOR 
action in growth or transformation of many different 
kinds of tumors, not just ovarian tumors. In summary, our 
examination of aged human and mouse ovaries showed 
hyperactivation of mTOR signalling in OSE pathological 
lesions. Suppression of mTOR signalling inhibited the 
development of these lesions in the Ptentg and rapamycin 
treated mice. Treatment of human OvCa cells with mTOR 
inhibitors significantly decreased the growth and viability 
of these cells suggesting that targeting the mTOR pathway 
might be an effective therapeutic strategy for preventing 
OvCa. 

MATERIALS AND METHODS

Mouse genetics and husbandry

Mice used in the present study were housed under 
standard animal housing conditions. All procedures for 
mice experimentation were approved by the Animal Care 
and Ethics Committee at the University of Newcastle. 
Generation and characterization of Ptentg mice is described 
in [30]. Rapamycin treatment in genetically heterogeneous 
mice is described by us in detail [32]. 50 C57BL/6 were 
aged for 22 months and tissues were collected at regular 
intervals. 

Human ovarian tissue samples

Human ovarian tissue samples from 12 patients were 
obtained from the Hunter Cancer Tissue Biobank using a 
protocol approved by the Institutional Human Research 
Ethics Committee at the University of Newcastle. 

Cell lines, reagents and culture conditions

The human ovarian cancer cells COV318 and 
COV362 (Sigma, MO, USA) were grown at 37ᵒC in 

Dulbecco’s Modified Eagle Medium supplemented 
with 10% fetal bovine serum (FBS), L-glutamine, and 
pencillin/streptomycin in a humidified atmosphere 
containing 5% CO2. Everolimus (RAD001) and NVP-
BEZ235 were obtained from Selleckchem (Provided by 
Sapphire Biosciences, NSW, Australia). Short tandem 
repeat profiling and mycoplasma testing (MycoAlertTM 
Plus Mycoplasma detection kit, Lonza, MD, USA) were 
conducted at regular intervals for the quality control of cell 
culture conditions and validation of these cell lines. 

Histology and Immunohistochemistry (IHC)

For histological analyses, ovaries were fixed in 10% 
formalin solution (Sigma, MO, USA) overnight at 4ᵒC and 
then transferred to 70% ethanol until processing. The fixed 
tissues were dehydrated in a graded ethanol series, cleared 
in xylene, and embedded in paraffin wax. Embedded tissue 
samples were sectioned at 6 µm and mounted on slides. 
Haematoxylin and eosin (H&E) staining and IHC were 
performed using standard protocols [16]. Briefly, for IHC, 
antigen retrieval was performed in 1mM EDTA buffer 
(0.05% Tween-20, pH 8) followed by the endogenous 
peroxidase block using 3% (v/v) hydrogen peroxide in 
absolute methanol. Tissue sections were then blocked in 
blocking solution (5% Goat Serum in TBS, 0.1% Triton 
X-100) for 1 hr at room temperature. Following this, tissue
sections were incubated overnight at 4ᵒC with normal IgG
or following primary antibodies: Stathmin 1 (1:2000),
Phospho-S6 Ribosomal protein Ser235/236 (1:400;
Cell Signalling Technologies, MA, USA), Pax8 (1:500,
Proteintech, IL, USA) and CK8 (Developmental Studies
Hybridoma Bank, IA, USA). Biotinylated secondary
antibodies (Jackson ImmunoResearch Labs, PA, USA or
Thermo Fischer Scientific, Australia) were used followed
by incubation with horseradish peroxidase-conjugated
streptavidin (Thermo Fischer Scientific). Sections were
then exposed to Diaminobenzidine (DAB, Sigma) to
develop colour. Sections were counterstained with
hematoxylin. Images were photographed using Olympus
DP72 microscope and the Aperio Scanscope slide scanner.
The gain and exposure time were set constant across tissue
samples.

Hyperplasia scoring of mouse ovaries

For scoring OSE hyperplasia, histological sections 
of a mouse ovary were divided into four anatomical 
locations: hilus, perpendicular to the hilus, opposite from 
the hilus and centre of the ovary (as shown in Supp.
Figure 2). Based upon the presence of morphological 
lesions or hyperplasia, a +1 score was assigned to each 
location. An overall score > 2 was considered as positive 
for hyperplasia.
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Cell proliferation assay

 Cell proliferation assays were performed using 
BrDU cell proliferation assay kit (Cell Signaling 
Technology) as per the manufacturer’s instructions. 
Briefly, 2500 cells/well were seeded onto 96-well plates 
and allowed to grow for 24 h followed by drug treatments. 
BrdU (10µmol/L) was added and cells were incubated for 
another 24 h before assay was carried out. Absorbance 
was read at 450 nm using SpectraMax microplate reader 
(Molecular Devices, CA, USA).

Cell viability

Cell viability was quantitated using a Cell viability 
assay kit (Promega, NSW, Australia). Briefly, Cells were 
seeded at 5,000 cells per well onto 96-well culture plates 
and allowed to grow for 24 h followed by desired drug 
treatments. Post 48 hour treatment, cells were incubated 
with CellTiter-Blue® reagent for 1 hour at 37ᵒC. The 
fluorescent signal was recorded using the FLUOstar 
OPTIMA (BMG Labtech, VIC, Australia).

Clonogenic assays

Cells were seeded at 2500 cells/ well onto 6-well 
culture plates and allowed to grow for 24 h followed 
by drug treatments. Cells were then allowed to grow 
for another 8 days before fixation with 70% ethanol 
and staining with 0.5% crystal violet. The images were 
captured with a Bio-rad VersaDoc™ image system (Bio-
Rad, Gladsville, NSW). Colonies were counted using the 
National Institute of Health image J software.

Western blot analyses and Akt signalling antibody 
array

Protein extracts from COV318 and COV362 treated 
with different concentrations of Everolimus or BEZ235 
were prepared in ice-cold radioimmunoprecipitation 
assay buffer (RIPA) supplemented with protease and 
phosphatase inhibitors. Equal amounts of protein 
were loaded and separated by 10% SDS-PAGE gel 
and thereafter transferred to nitrocellulose membrane. 
Afterwards, the membrane was blocked in 5% milk 
(w/v) in Tris-buffered saline/Tween 20 for 1 hr at room 
temperature and then incubated overnight at 4°C with 
rabbit mAb Phospho-S6 Ribosomal protein (1:2000 in 
2.5% w/v BSA, 1xTBS, 0.1% Tween-20; Cell Signalling 
Technologies). This was followed by incubation with 
secondary horseradish peroxidase-conjugated anti-
rabbit antibody (Jackson ImmunoResearch, West Grove, 
PA) for 1hr at RT. βactin was used as a loading control. 
Akt/mTOR signalling antibody array was performed 

as per manufacturer’s instructions (Cell Signalling 
Technologies). 

Statistical analysis

Statistical analyses were performed using GraphPad 
Prism 6.0 (Graphpad Software, San Diego, CA). Values 
are expressed as mean± SEM. The Student t test was 
used to calculate differences between the groups (N≥3/
group), and p values ≤ 0.05 were considered statistically 
significant.
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ABSTRACT
The outcome of patients with metastatic osteosarcoma has not improved since 

the introduction of chemotherapy in the 1970s. Development of therapies targeting the 
metastatic cascade is a tremendous unmet medical need. The Wnt signaling pathway 
has been the focus of intense investigation in osteosarcoma because of its role in 
normal bone development. Although the role of Wnt signaling in the pathogenesis 
of osteosarcoma is controversial, there are several reports of dickkopf-1 (DKK-1), a 
Wnt signaling antagonist, possibly playing a pro-tumorigenic role. In this work we 
investigated the effect of anti-DKK-1 antibodies on the growth and metastasis of 
patient-derived osteosarcoma xenografts. We were able to detect human DKK-1 in the 
blood of tumor-bearing mice and found a correlation between DKK-1 level and tumor 
proliferation. Treatment with the anti-DKK-1 antibody, BHQ880, slowed the growth 
of orthotopically implanted patient-derived osteosarcoma xenografts and inhibited 
metastasis. This effect was correlated with increased nuclear beta-catenin staining 
and increased expression of the bone differentiation marker osteopontin. These 
findings suggest that Wnt signaling is anti-tumorigenic in osteosarcoma, and support 
the targeting of DKK-1 as an anti-metastatic strategy for patients with osteosarcoma.

INTRODUCTION

Osteosarcoma is the most common bone tumor 
of adolescents and young adults [1, 2]. Surgery alone 
cures only a small minority of patients who present with 
localized disease [3, 4]. The introduction of systemic 
chemotherapy resulted in rates of long term survival 
approaching 75% in patients with localized osteosarcoma, 
but has had a minimal impact on the survival of patients 
who present with metastatic disease [5, 6]. Numerous 
clinical trials with increasingly intensive chemotherapy 
regimens have failed to improve survival rates for this 
population, which has led to a focus on understanding the 
biology of osteosarcoma metastasis in the hopes that this 
will lead to the development of new approaches targeting 
metastasis-specific cellular pathways [4].

The Wnt signaling pathway has been the focus of 
intense investigation in osteosarcoma because of its role 

in normal bone development. The Wnt family is composed 
of 19 secreted glycoproteins that are required for, among 
other things, skeletal development and homeostasis [7]. 
Wnt ligands bind to transmembrane receptors, including 
the 10 members of the Frizzled family of G protein 
coupled receptors (which mediate β-catenin-dependent, 
or canonical signaling) and the receptor tyrosine kinases 
ROR1 and ROR2 and the receptor tyrosine kinase-like 
receptor RYK (which mediate so-called noncanonical 
signaling) [8]. The extraordinary complexity of the Wnt 
signaling system is further complicated by the existence 
of secreted Wnt antagonists such as the secreted frizzled-
related proteins and Wnt inhibitory factor 1 (WIF1), 
which bind Wnt proteins, and sclerostin and the dickkopf 
family of proteins, which interact with Wnt receptors [7]. 
Canonical, β-catenin-dependent Wnt signaling enhances 
osteoblastogenesis and bone formation and decreases 
osteoclastogenesis and bone resportion [7]. Interestingly, 
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activation of noncanonical signaling by Wnt5a binding to 
ROR2 enhances osteoclastogenesis and bone resorption 
[9], while Wnt5a signaling through the G-protein-linked 
activation of Protein Kinase Cδ induces osteoblastogenic 
differentiation of murine mesenchymal stem cells [10].

The role of Wnt signaling in the pathogenesis of 
osteosarcoma is unclear. Although Wnt signaling has 
been implicated as a driver of osteoblast differentiation, 
other work has suggested that Wnt signaling may 
also drive proliferation of osteosarcoma cells. For 
example, Kansara and colleagues reported that WIF1 is 
epigenetically silenced in human osteosarcoma cell lines 
[11]. In vitro, WIF1 suppresses β-catenin expression 
in osteosarcoma cell lines and induces differentiation 
of primary human osteoblasts, and in primary human 
osteosarcoma samples, silencing of WIF1 is associated 
with increased proliferation, increased β-catenin 
expression, and loss of differentiation, implying that 
de-repression of Wnt signaling plays a positive role in 
osteosarcoma pathogenesis. In similar work, Zhao et 
al performed microarray analysis of an osteosarcoma 
genetically engineered mouse model, comparing localized 
vs metastatic tumors and found downregulation of NKD2, 
a negative regulator of Wnt signaling, in metastatic tumors 
compared with localized tumors [12]. Overexpression of 
NKD2 in osteosarcoma cell line decreased proliferation, 
migration, and invasion in vitro and diminished tumor 
growth and metastasis in vivo, consistent with a model 
wherein Wnt signaling potentiates these aggressive 
behaviors in osteosarcoma. In striking contrast, there 
are several reports of dickkopf-1 (DKK-1), also a Wnt 
signaling antagonist, possibly playing a pro-tumorigenic 
role in osteosarcoma. 

The dickkopf family of proteins are secreted 
glycoproteins that have an allosteric inhibitory effect on 
LRP 5/6, which the Wnt/Frizzled complex requires to 
inactivate axin and release β-catenin in the canonical Wnt 
pathway [13]. The group comprises five molecules; DKK-
1 through DKK-4 and a DKK-3-related protein called 
Soggy [14]. The best studied of this group is DKK-1. The 
hallmark of DKK-1, -2, and -4 is their inhibition of Wnt 
signaling, though DKK-2 may activate Wnt signaling 
in select circumstances [15]. These DKKs play a role in 
vertebrate development, particularly axial patterning- 
Dickkopf is German for “big head” [16]. DKK-3 and 
Soggy appear to be evolutionarily divergent and do not 
play a role in Wnt signaling [15]. 

In the adult, DKK-1 is implicated in bone formation 
and bone disease, particularly multiple myeloma and 
Pagets disease of bone. Additionally, there have been 
investigations into its role in bone cancers. Gregory 
et al reported that as human mesenchymal stem cells 
begin to proliferate rapidly in culture, they secrete high 
levels of DKK-1, and that antibodies against DKK-1 
slow proliferation [17]. This same group noted elevated 
serum DKK-1 levels in osteosarcoma patients, and 

using immunohistochemistry demonstrated high levels 
of DKK-1 expression in human osteosarcoma samples, 
concentrated at the proliferative, invading edge of tumors 
[18]. They also reported that DKK-1 reduced osteogenic 
differentiation of human mesenchymal stem cells, and 
that immunodepletion of DKK-1 attenuated the effect. 
More recently, Krause and colleagues reported that 
MOS-J osteosarcoma cells engineered to constitutively 
overexpress DKK-1 are impaired in their ability to 
differentiate, both in vitro and in vivo, and that these cells 
are more proliferative and form larger, more destructive 
tumors upon orthotopic implantation [19]. 

In light of the reports that DKK-1 can be measured 
in the serum of osteosarcoma patients, that DKK-1 can 
inhibit osteoblastic differentiation, and that overexpression 
of DKK-1 appears to induce a more aggressive phenotype 
in osteosarcoma cells implanted in an orthotopic location, 
we investigated DKK-1 expression in an orthotopic 
patient-derived xenograft model of osteosarcoma as well 
as the effect of anti-DKK-1 antibodies on growth and 
metastasis of patient-derived osteosarcoma xenografts. 
We were able to detect human DKK-1 in the blood of 
tumor-bearing mice and found a correlation between 
DKK-1 level and tumor proliferation. Treatment with the 
anti-DKK-1 antibody, BHQ880, slowed the growth of 
orthotopically implanted patient-derived osteosarcoma 
xenografts and inhibited metastasis. This effect was 
correlated with increased nuclear beta-catenin staining and 
increased expression of the bone differentiation marker 
osteopontin.

RESULTS

Correlation between serum DKK-1 levels and 
osteosarcoma growth

Lee et al have previously reported that serum DKK-
1 levels are elevated in children with osteosarcoma. (18) 
We measured levels of human DKK-1 in the serum of 
mice implanted with human osteosarcoma patient-derived 
xenografts. Fragments of osteosarcoma PDX designated 
DAR were implanted subcutaneously in the flanks of NSG 
mice, and blood was drawn every 2 weeks. Serum DKK-
1 levels were measured using a human-specific ELISA 
assay. Significant levels of human DKK-1 (ranging from 
500 to 2200 pg/ml) were detected in the serum of tumor-
bearing mice over the first 4 weeks, but surprisingly levels 
fell to nearly undetectable as tumors grew larger (Figure 
1A). We evaluated the growth rate of these tumors during 
the time when serum DKK-1 levels were high and during 
the time when levels were low. Tumors grew at a much 
more rapid rate during the first 6 weeks (averaging almost 
1% increase in volume every 3 days), while DKK-1 
levels were high, and slowed thereafter (to 0.35% volume 
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increase every 3 days), when levels were low (p < 0.0001; 
Figure 1B).

BHQ880 slows the growth of osteosarcoma 
xenografts

To determine whether there is a causal relationship 
between DKK-1 levels and tumor growth velocity, a cohort 
of mice with subcutaneous osteosarcoma xenografts was 
treated in parallel with BHQ880, a human neutralizing 
IgG1 anti-DKK-1 monoclonal antibody [20]. In mice 
treated with BHQ880, serum DKK-1 levels rapidly fell 
to undetectable levels that were statistically significantly 
lower than untreated mice (Figure 1A). Interestingly, 
there was a substantial, statistically significant decrease 
in tumor growth velocity in the BHQ880-treated mice 
(0.47% volume increase every 3 days, compared with 
0.95% in control mice, p < 0.0001; Figure 1B), but only 
during the early phase of tumor growth, when control mice 
had elevated serum DKK-1 levels. During the late phase, 
when control animals had undetectable serum DKK-1, 
tumor growth velocity was unaffected by treatment with 

BHQ880.
Our previous work demonstrated that growth 

and metastatic propensity of our osteosarcoma PDXs 
is influenced by site of implantation [21]. We therefore 
investigated whether site of implantation could affect 
our ability to detect DKK-1 in the serum of tumor-
bearing mice and whether BHQ880 affects the growth of 
osteosarcoma PDX implanted in an orthotopic location. 
One cohort of mice had the DAR PDX implanted in 
the pretibial space, and a second had the LR PDX 
implanted in the pretibial space. After 2 weeks, half of 
the mice in each cohort began treatment with BHQ880. 
At the time of treatment initiation, all mice had detectable 
levels of human DKK-1 in their serum. As we saw with 
subcutaneous xenografts, BHQ880 slowed the growth 
of orthotopically implanted DAR and LR xenografts 
(Figure 2A and 2B). Using the same ELISA assay, we 
confirmed that BHQ880 also rendered serum DKK-1 
levels undetectable in treated mice (Figure 2C).

Figure 1: Serum levels of DKK-1 in an osteosarcoma xenograft. A. Significant levels of human DKK-1 (ranging from 500 to 
2200 pg/ml) were detected in the serum of tumor-bearing mice over the first 4 weeks, but surprisingly levels fell to nearly undetectable as 
tumors grew larger. B. When the growth rate of the tumors was analyzed prior to 50 days (“Early”) during the time when serum DKK-1 
levels were high tumors were found to grow at a much more rapid rate (averaging almost 1% increase in volume every 3 days). This slowed 
during the “Late” phase, (to 0.35% volume increase every 3 days), when serum DKK-1 levels were low (p < 0.0001). “Treated” refers to 
those mice administered BHQ880, and “Control” refers to those mice who were not.

Figure 2: DKK-1 antibody BHQ880 slowed the growth of two different orthotopically implanted osteosarcoma 
xenograft, DAR (A.) and LR (B.). Using an ELISA assay on serum at two different time points, we confirmed that BHQ880 also 
rendered serum DKK-1 levels undetectable in treated mice (C.).
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BHQ880 decreases osteosarcoma metastases

We next utilized our orthotopic implantation/
amputation model of osteosarcoma metastasis (20) to 
determine whether, in addition to slowing tumor growth, 
BHQ880 might also inhibit metastasis. NSG mice had 
either the DAR or the LR PDX implanted in the pretibial 
space. One week after implantation, mice were randomly 
divided into 3 groups: control, immediate treatment, or 
delayed treatment (treatment initiated when a tumor was 
palpable). Serum DKK-1 levels were monitored weekly 
and leg circumference was measured weekly to monitor 
tumor growth. As seen in the prior experiment, treatment 
with BHQ880 slowed the growth of both PDX models, 

and this growth inhibition was seen whether treatment 
was initiated immediately or only after the development 
of a palpable tumor (Figure 3A and 3B). Serum DKK-
1 levels diminished to undetectable levels in all treated 
mice, whether treated immediately or upon development 
of palpable tumor (Figure 3C and 3D). Hindlimbs were 
resected from mice when leg diameter reached 20 mm, 
and mice were subsequently observed for the development 
of metastases. Among the mice that were ultimately found 
to have metastatic disease, a sharp increase in serum 
DKK-1 levels was noted just prior to the development 
of clinical signs of metastasis or death. (Figure 3E). 
To evaluate a potential effect on the establishment of 
subclinical metastatic disease, mice implanted with the 
DAR model were sacrificed 10 weeks postoperatively 

Figure 3: Using an orthotopic implantation/amputation model for DAR (A.) and LR (B.), treatment with BHQ880 slowed 
the growth of both tumors, and this growth inhibition was seen whether treatment was initiated immediately or only after the development 
of a palpable tumor (Delayed Treatment). Serum DKK-1 levels diminished to undetectable levels in all treated mice, whether treated 
immediately or upon development of palpable tumor (C. and D.). Hindlimbs were resected from mice when leg diameter reached 20 mm, 
and mice were subsequently observed for the development of metastases. Among the mice that were ultimately found to have metastatic 
disease, a sharp increase in serum DKK-1 levels was noted just prior to the development of clinical signs of metastasis or death. (E.). In the 
LR model (unable to assess in DAR due to administrative censoring), treatment with BHQ880 resulted in prolonged survival (F.).
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and subjected to necropsy. To evaluate a potential effect 
on disease-related survival, mice implanted with the LR 
model were not euthanized until they were noted to be 
in acute distress or have a body condition score of 1. In 
the LR PDX model, treatment with BHQ880 resulted 
in prolonged survival (Figure 3F). Evaluating all of the 
mice in this experiment revealed that among those treated 
immediately after tumor implantation, no metastases were 
seen and only a single mouse, implanted with the DAR 
PDX, developed a local recurrence. Only 1 of the 5 mice 
implanted with the LR PDX and treated in delayed fashion 
(after growth of palpable tumor), and none of the 5 treated 
immediately, developed pulmonary metastases, compared 
with 3 of the 10 control mice. Two of the control mice 
also developed intraabdominal metastases. Three of 
the 12 mice implanted with the DAR PDX (all in the 
delayed treatment group) suffered local recurrences, and 
these were the only 3 mice to develop metastases (both 
lymphatic, to ipsilateral axillary nodes, and hematogenous 
to the kidney, ovary, and peritoneum). Thus, discounting 
the mice with local recurrence (presumably reflecting a 
failure of the surgery to remove the entire primary tumor, 
which clearly increases risk of metastasis compared with 
mice whose resections removed the entire tumor burden), 

only one of the 24 BHQ880-treated mice developed 
metastatic disease, compared with 6 of 18 control mice, 
which is a statistically significant difference (Figure 4, 
Table 1, p = 0.03, Fisher’s Exact Test).

Treatment with BHQ880 increases Wnt pathway 
activity in an osteosarcoma xenograft, increasing 
differentiation

To clarify the mechanism by which BHQ880 
inhibits osteosarcoma metastasis, we investigated the 
DAR osteosarcoma PDX in more detail. Because DKK-
1 is thought to act by inhibiting β-catenin-dependent 
(canonical) Wnt signaling, BHQ880 would be expected 
to increase nuclear localization of β-catenin. We therefore 
performed immunofluorescence studies of the DAR 
xenograft excised from control and BHQ880-treated mice. 
In control mice, only 4.4% of tumor cells had nuclear 
β-catenin staining, compared with 45% of cells in tumors 
from treated mice (Figure 5). To confirm that the increase 
in nuclear β-catenin has functional significance, we 
investigated the expression of a panel of Wnt-associated 
genes in tumors grown in control and treated mice. NSG 

Table 1: Post-amputation outcomes of mice treated with or without BHQ880
PDX 
Model Treatment N Local 

Recurrence
Any Distant 
Spread

Lymphatic 
Metastasis

Hematogenous 
Metastasis

LR
Control 10 0 4 (40%) 0 4 (40%)
Immediate 5 0 0 0 0
Delayed 5 0 1 (20%) 0 1 (20%)

DAR
Control 8 0 2 (25%) 0 2 (25%)
Immediate 5 1 (20%) 0 0 0
Delayed 12 3 (25%) 3 (25%) 3 (25%) 3 (25%)

NSG mice were implanted with either the LR or the DAR PDX.  Mice were then treated either immediately with BHQ880, 
or in a delayed fashion, after development of a palpable tumor.  Control mice were not treated.  In the DAR-implanted, 
delayed treatment cohort, the 3 mice which developed local recurrences all also developed both lymphatic and hematogenous 
metastases.

Figure 4: Six of the 18 untreated mice, but only 4 of the 27 mice treated with BHQ880 developed distant metastases 
A. This difference approaches, but does not reach, statistical significance (p = 0.17 by Fisher’s Exact Test). Excluding 3 mice with local
recurrence, only one of the 24 BHQ880-treated mice developed metastatic disease, compared with 6 of 18 control mice B., which is a
statistically significant difference (p = 0.03, Fisher’s Exact Test).
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mice had the DAR xenograft implanted in an orthotopic 
location. When the extremity tumor reached palpable 
size, the mice were randomized to either BHQ880 or 
vehicle control for 2 weeks (6 doses). Tumors were 
harvested, and the expression of a panel of Wnt target 
genes was evaluated using a Wnt signaling PCR array. 
As expected, we found significant increases in the levels 
of expression of multiple Wnt-related genes in BHQ880-
treated tumors compared with control, and decreases in 
the expression levels of only 4 genes (Figure 6). Finally, 
to test our hypothesis that increased Wnt signaling inhibits 
metastasis by increasing the differentiation status of 
osteosarcomas, we evaluated expression of osteopontin, 
a marker of bone differentiation, in DAR tumors grown 
in control and in treated mice. Interestingly, we detected 
osteopontin staining in only 8% of tumor cells from 
control mice, compared with 25.8% of tumor cells in 

treated mice (Figure 5). Thus, treatment with BHQ880 
leads to increased nuclear β-catenin localization which 
drives increased Wnt signaling, leading to increased 
differentiation and decreased growth and metastasis.

DISCUSSION

Although the introduction of systemic chemotherapy 
dramatically improved the survival of patients with 
localized osteosarcoma, metastatic recurrence remains 
a significant problem. Between 25 and 40% of patients 
with localized disease will suffer a metastatic recurrence, 
and up to 75% of these patients will die of their disease 
[22-25]. These numbers have not significantly changed 
since the 1980s, despite numerous clinical trials aimed 
at improving the efficacy of chemotherapy. Thus, a 
biologically based therapy that can inhibit osteosarcoma 

Figure 5: Immunofluorescence studies of the DAR xenograft excised from control and BHQ880-treated mice. In control 
mice, only 4.4% of tumor cells had nuclear β-catenin staining, compared with 45% of cells in tumors from treated mice. Osteopontin 
staining was detected in only 8% of tumor cells from control mice, compared with 25.8% of tumor cells in treated mice.

Figure 6: Significant increases in the levels of expression of multiple Wnt-related genes were detected in BHQ880-
treated tumors compared with control.
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metastasis is urgently needed. Our work suggests that 
BHQ880, a monoclonal antibody against the Wnt 
signaling inhibitor, DKK-1, might be such a drug, and that 
circulating DKK-1 may be a biomarker of osteosarcoma. 
We found that human DKK-1 can be detected in the 
blood of mice implanted with human osteosarcoma 
patient-derived xenografts, that treatment with BHQ880 
dramatically reduces serum DKK-1 levels, modestly 
decreases primary tumor growth, and dramatically inhibits 
the development of metastases in mice whose tumors are 
completely resected. 

The role of Wnt signaling in sarcoma biology 
remains controversial, with some studies suggesting 
an oncogenic role for this pathway, and other studies 
supporting an anti-tumorigenic role [26, 27]. Our 
work directly addresses this controversy. We found 
that treatment with BHQ880 causes increased nuclear 
localization of β-catenin, which results in increased 
expression of a number of Wnt target genes and leads 
to increased expression of osteopontin, a marker of 
bone differentiation (Figure 6). These findings support 
the idea that the Wnt signaling pathway promotes bone 
differentiation of osteosarcoma, inhibiting both tumor 
growth and metastasis. This may also be complementary 
to prior discoveries that increased DKK-1 production- 
and thus an inhibition of Wnt- allows proliferation of 
mesenchymal stem cells and is noted in Paget’s disease 
of bone [28].

Our work with BHQ880 is highly translationally 

relevant. Traditional preclinical mouse models have 
not proven adequate to study the biology and treatment 
of spontaneous distant sarcoma metastasis [29-31]. Our 
use of a previously validated orthotopic implantation/
amputation model, which we believe better recapitulates 
tumor microenvironment compared to traditional 
approaches, is a strength of this work. Unlike genetic 
approaches used to identify potential targets that might 
inhibit metastasis, our experiments closely mimic the 
human disease - tumor grows in the leg, treatment begins 
when a tumor is palpable, tumors are resected, and 
animals are followed post-operatively for metastases. 
In this context, treatment with BHQ880 results in a 
significant decrease in the development of metastases 
which corresponds with an improved survival. Our work 
supports further clinical investigation with agents that 
antagonize DKK-1 signaling and holds out hope that drugs 
can be developed to specifically target metastasis, finally 
addressing the major clinical event that limits our ability 
to cure every patient with osteosarcoma.

A limitation of this study is the reliance on 
immunodeficient mice, which limits our ability to 
fully evaluate the role of the immune system in our 
understanding of metastasis. The contemporary 
understanding of the “metastatic cascade” is that the 
following must occur for cancer to spread: invasion into 
and migration through surrounding tissue, intravasation, 
anoikis resistance, immune system evasion, extravasation, 
and proliferation [4, 32]. Although NSG mice do contain 

Figure 7: A schematic of the canonical Wnt signaling pathway, indicating how DKK-1 inhibits pathway activation, 
and thus how BHQ880 would activate signaling. On the left, DKK-1 blocks the formation of the LRP5/Fzd heterodimer, resulting 
in maintenance of the Axin/APC/GSK-3β/β-catenin complex, which mediates proteosomal degradation of β-catenin. In the absence of 
DKK-1, on the right, Wnt binds the LRP5/Fzd receptor, resulting in dissolution of the Axin/APC/GSK-3β/β-catenin complex, which allows 
β-catenin to translocate into the nucleus and initiate transcription of target genes.
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myeloid cells, they do not contain lymphocytes or NK 
cells, which may affect metastatic patterns.

In conclusion, in this work we report the effect of 
anti-DKK-1 antibodies on the growth and metastasis of 
patient-derived osteosarcoma xenografts. We were able 
to detect human DKK-1 in the blood of tumor-bearing 
mice and we found a correlation between DKK-1 level 
and tumor proliferation. Treatment with the anti-DKK-1 
antibody, BHQ880, slowed the growth of orthotopically 
implanted patient-derived osteosarcoma xenografts and 
inhibited metastasis. This effect was correlated with 
increased nuclear beta-catenin staining and increased 
expression of the bone differentiation marker osteopontin. 
These findings suggest that Wnt signaling is anti-
tumorigenic in osteosarcoma, and support the targeting 
of DKK-1 as an anti-metastatic strategy for patients with 
osteosarcoma. 

MATERIALS AND METHODS

Establishment of xenograft

All procedures and experiments involving mice 
were performed according to protocols approved by Johns 
Hopkins Animal Care and Use Committee. The DAR 
PDX was created from cells isolated from a malignant 
pleural effusion in an osteosarcoma patient, and the LR 
PDX was created from a pulmonary nodule resected 
from an osteosarcoma patient with a metastatic relapse. 
Both xenografts were a kind gift from Dr. Chand Khanna 
(Pediatric Oncology Branch, National Cancer Institute).

For all experiments, 3 mm tumor fragments were 
implanted into either the subcutaneous flank or into the 
pretibial space, as previously described. (20) Serially 
passaged tumor was grown in the hindlimb of a single 
NOD/SCID/IL-2Rγ-null (NSG) female mouse. When the 
tumor reached sufficient size, the mouse was sacrificed 
and the tumor divided into fragments of approximately 3 
mm diameter. Intact fragments were washed in Matrigel 
basement membrane matrix (BD Biosciences, San Jose, 
CA) and implanted simultaneously into an entire cohort 
of recently weaned NSG female pups under general 
anesthesia (ketamine 9 mg/ml and xylazine 1 mg/ml 
given as 7 cc/kg intraperitoneal injection). When the 
tumor reached appropriate size (approximately 1.5 cm in 
maximal diameter), the limb was amputated through the 
proximal femur and mice were observed post-operatively 
for recurrence or metastasis. 

Tumor measurements

Tumor size was measured twice weekly beginning 
when the tumor was clearly palpable, typically at a 
hindlimb diameter of 7 mm or greater. Limb circumference 

was estimated using an elliptical formula from hindlimb 
caliper measurements of 2π√((a2+b2)/2), where a is the 
largest leg diameter perpendicular to the bone and b is the 
diameter in the orthogonal direction. Mice were sacrificed 
or considered for survival amputation when leg diameter 
including tumor approached 15 mm in the greatest 
dimension.

Quantitative polymerase chain reaction

For RNA analysis, freshly harvested tumor was 
frozen at -80 oC in RNAlater stabilization reagent 
(QIAGEN Inc, Valencia, CA). RNA was extracted 
from tissue using the RNeasy Mini Kit according to 
the manufacturer’s instructions (QIAGEN Inc) and 
reverse transcribed (Iscript Reverse Transcriptase Bio-
Rad, Hercules, CA). For quantitative PCR, 1 µl cDNA 
was mixed with 10 µl SYBER Green SuperMix and 
appropriate primers. Quantitative PCR was performed 
using a standard two-step amplification/melt protocol. 

Serum DKK-1 measurement

Serum levels of circulating human DKK-1 were 
measured by enzyme-linked immunosorbent assay 
(Quantikine ELISA, R&D Systems, Minneapolis, MN). 
Mouse blood was collected biweekly by lancet puncture of 
the facial vein followed by centrifugation and immediate 
storage of the supernatant at -80 oC. 

Anti-DKK-1 antibody

A lyophilized monoclonal antibody to human 
DKK-1 was obtained from Novartis, Inc (Cambridge, 
MA). Reconstituted solution was administered via 
intraperitoneal injection at 10 mg/kg three times weekly. 

Immunofluorescence

Formalin-fixed, paraffin-embedded tumor sections 
were deparaffinized with graded ethanol/xyline, followed 
by antigen retrieval in sodium citrate pH 6.0 at 60 oC for 
30 min. After blocking with normal goat serum, sections 
were incubated overnight at 4 oC with one of the following 
primary antibodies: goat anti-DKK-1 (R&D Biosciences, 
Cat no. 5439 DK), mouse monoclonal anti-osteopontin, 
(Abcam, Cambridge, MA, Cat no. ab166709), or rabbit 
anti-beta catenin (Cell Signaling, Danvers, MA, Cat no. 
8480 ). Double and triple labelling was achieved using 
donkey anti-goat Alexa 649, donkey anti-mouse Alexa 
549, and donkey and goat anti-rabbit Alexa 488 (Jackson 
Immunoresearch, West Grove, PA), by adding these to 
the slides respectively and incubating for an hour at room 
temperature after primary incubation. Sections were 
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washed in TBST (Triton x100 0.1% PBS), coverslipped 
using fluoromount with DAPI and subsequently analyzed 
with a Zeiss 710 Confocal microscope at 40 X and 60 X 
magnification. ZEN software was used for analysis and 
measurements of beta-catenin and osteopontin expression. 
To quantify protein expression, 10 high power field images 
(approximately 100 cells per field) taken from different 
areas of the tumor were counted and normalized to the 
total number of cells per field for the 60 X images. 

Statistical analysis

Statistical analyses were made using Prism 5.0 
software (GraphPad Software, Inc., La Jolla, CA). A p 
value < 0.05 was considered statistically significant.

CONFLICTS OF INTEREST

Study drug, BHQ880, was supplied by Novartis, 
but the company played no role in the design, conduct, 
or interpretation of experiments, nor in the writing of the 
manuscript.

GRANT SUPPORT

This work was supported by grants from the 
National Cancer Institute (1R01CA138212-01 to DML 
and 2P30CA006973 to Johns Hopkins University), 
the Pablove Foundation (to MH), and the Giant Food 
Children’s Cancer Research Fund (to DML).

REFERENCES

1. Duong LM and Richardson LC. Descriptive epidemiology
of malignant primary osteosarcoma using population-based
registries, United States, 1999-2008. J Registry Manag.
2013; 40:59-64.

2. Mirabello L, Troisi RJ and Savage SA. Osteosarcoma
incidence and survival rates from 1973 to 2004: data from
the Surveillance, Epidemiology, and End Results Program.
Cancer. 2009; 115:1531-1543.

3. Anninga JK, Gelderblom H, Fiocco M, Kroep JR, Taminiau
AH, Hogendoorn PC and Egeler RM. Chemotherapeutic
adjuvant treatment for osteosarcoma: where do we stand?
Eur J Cancer. 2011; 47:2431-2445.

4. Khanna C, Fan TM, Gorlick R, Helman LJ, Kleinerman ES,
Adamson PC, Houghton PJ, Tap WD, Welch DR, Steeg PS,
Merlino G, Sorensen PH, Meltzer P, Kirsch DG, Janeway
KA, Weigel B, et al. Toward a drug development path that
targets metastatic progression in osteosarcoma. Clin Cancer
Res. 2014; 20:4200-4209.

5. Adamson PC and Blaney SM. New approaches to drug
development in pediatric oncology. Cancer J. 2005; 11:324-
330.

6. Duchman KR, Gao Y and Miller BJ. Prognostic factors for
survival in patients with high-grade osteosarcoma using
the Surveillance, Epidemiology, and End Results (SEER)
Program database. Cancer Epidemiol. 2015; 39:593-599.

7. Canalis E. Wnt signalling in osteoporosis: mechanisms and
novel therapeutic approaches. Nat Rev Endocrinol. 2013;
9:575-583.

8. Anastas JN and Moon RT. WNT signalling pathways as
therapeutic targets in cancer. Nat Rev Cancer. 2013; 13:11-
26.

9. Maeda K, Kobayashi Y, Udagawa N, Uehara S, Ishihara A,
Mizoguchi T, Kikuchi Y, Takada I, Kato S, Kani S, Nishita
M, Marumo K, Martin TJ, Minami Y and Takahashi N.
Wnt5a-Ror2 signaling between osteoblast-lineage cells
and osteoclast precursors enhances osteoclastogenesis. Nat
Med. 2012; 18:405-412.

10. Tu X, Joeng KS, Nakayama KI, Nakayama K, Rajagopal J,
Carroll TJ, McMahon AP and Long F. Noncanonical Wnt
signaling through G protein-linked PKCdelta activation
promotes bone formation. Dev Cell. 2007; 12:113-127.

11. Kansara M, Tsang M, Kodjabachian L, Sims NA, Trivett
MK, Ehrich M, Dobrovic A, Slavin J, Choong PF, Simmons
PJ, Dawid IB and Thomas DM. Wnt inhibitory factor 1
is epigenetically silenced in human osteosarcoma, and
targeted disruption accelerates osteosarcomagenesis in
mice. J Clin Invest. 2009; 119:837-851.

12. Zhao S, Kurenbekova L, Gao Y, Roos A, Creighton CJ, Rao
P, Hicks J, Man TK, Lau C, Brown AM, Jones SN, Lazar
AJ, Ingram D, Lev D, Donehower LA and Yustein JT.
NKD2, a negative regulator of Wnt signaling, suppresses
tumor growth and metastasis in osteosarcoma. Oncogene.
2015; 34:5069-5079.

13. Nusse R. Developmental biology. Making head or tail of
Dickkopf. Nature. 2001; 411:255-256.

14. Kawano Y and Kypta R. Secreted antagonists of the Wnt
signalling pathway. J Cell Sci. 2003; 116:2627-2634.

15. Niehrs C. Function and biological roles of the Dickkopf
family of Wnt modulators. Oncogene. 2006; 25:7469-7481.

16. Glinka A, Wu W, Delius H, Monaghan AP, Blumenstock C
and Niehrs C. Dickkopf-1 is a member of a new family of
secreted proteins and functions in head induction. Nature.
1998; 391:357-362.

17. Gregory CA, Singh H, Perry AS and Prockop DJ. The Wnt
signaling inhibitor dickkopf-1 is required for reentry into
the cell cycle of human adult stem cells from bone marrow.
J Biol Chem. 2003; 278:28067-28078.

18. Lee N, Smolarz AJ, Olson S, David O, Reiser J, Kutner R,
Daw NC, Prockop DJ, Horwitz EM and Gregory CA. A
potential role for Dkk-1 in the pathogenesis of osteosarcoma
predicts novel diagnostic and treatment strategies. Br J
Cancer. 2007; 97:1552-1559.

19. Krause U, Ryan DM, Clough BH and Gregory CA. An
unexpected role for a Wnt-inhibitor: Dickkopf-1 triggers
a novel cancer survival mechanism through modulation of



Oncotarget  193www.impactjournals.com/oncotarget

aldehyde-dehydrogenase-1 activity. Cell Death Dis. 2014; 
5:e1093.

20. Heath DJ, Chantry AD, Buckle CH, Coulton L,
Shaughnessy JD, Jr., Evans HR, Snowden JA, Stover DR,
Vanderkerken K and Croucher PI. Inhibiting Dickkopf-1
(Dkk1) removes suppression of bone formation and
prevents the development of osteolytic bone disease in
multiple myeloma. J Bone Miner Res. 2009; 24:425-436.

21. Goldstein SD, Hayashi M, Albert CM, Jackson KW and
Loeb DM. An orthotopic xenograft model with survival
hindlimb amputation allows investigation of the effect of
tumor microenvironment on sarcoma metastasis. Clin Exp
Metastasis. 2015; 32:703-15. doi: 10.1007/s10585-015-
9738-x.

22. Clark JC, Dass CR and Choong PF. A review of clinical and
molecular prognostic factors in osteosarcoma. J Cancer Res
Clin Oncol. 2008; 134:281-297.

23. Jawad MU, Cheung MC, Clarke J, Koniaris LG and Scully
SP. Osteosarcoma: improvement in survival limited to
high-grade patients only. J Cancer Res Clin Oncol. 2011;
137:597-607.

24. Kager L, Zoubek A, Potschger U, Kastner U, Flege S,
Kempf-Bielack B, Branscheid D, Kotz R, Salzer-Kuntschik
M, Winkelmann W, Jundt G, Kabisch H, Reichardt P,
Jurgens H, Gadner H and Bielack SS. Primary metastatic
osteosarcoma: presentation and outcome of patients treated
on neoadjuvant Cooperative Osteosarcoma Study Group
protocols. J Clin Oncol. 2003; 21:2011-2018.

25. Mialou V, Philip T, Kalifa C, Perol D, Gentet JC, Marec-
Berard P, Pacquement H, Chastagner P, Defaschelles AS
and Hartmann O. Metastatic osteosarcoma at diagnosis:
prognostic factors and long-term outcome—the French

pediatric experience. Cancer. 2005; 104:1100-1109.
26. Cai Y, Cai T and Chen Y. Wnt pathway in osteosarcoma,

from oncogenic to therapeutic. J Cell Biochem. 2014;
115:625-631.

27. Chen C, Zhou H, Zhang X, Ma X, Liu Z and Liu X.
Elevated levels of Dickkopf-1 are associated with beta-
catenin accumulation and poor prognosis in patients with
chondrosarcoma. PLoS One. 2014; 9:e105414.

28. McCarthy HS and Marshall MJ. Dickkopf-1 as a potential
therapeutic target in Paget’s disease of bone. Expert Opin
Ther Targets. 2010; 14:221-230.

29. Johnson JI, Decker S, Zaharevitz D, Rubinstein LV,
Venditti JM, Schepartz S, Kalyandrug S, Christian M,
Arbuck S, Hollingshead M and Sausville EA. Relationships
between drug activity in NCI preclinical in vitro and in
vivo models and early clinical trials. Br J Cancer. 2001;
84:1424-1431.

30. Kerbel RS. Human tumor xenografts as predictive
preclinical models for anticancer drug activity in humans:
better than commonly perceived-but they can be improved.
Cancer Biol Ther. 2003; 2:S134-139.

31. Norris RE and Adamson PC. Challenges and opportunities
in childhood cancer drug development. Nat Rev Cancer.
2012; 12:776-782.

32. Krishnan K, Khanna C and Helman LJ. The biology of
metastases in pediatric sarcomas. Cancer J. 2005; 11:306-
313.



Oncotarget  194www.impactjournals.com/oncotarget

www.impactjournals.com/oncotarget/ Oncotarget, Vol. 7, No. 17

Addiction to Runx1 is partially attenuated by loss of p53 in the 
Eµ-Myc lymphoma model

Gillian Borland1,*, Anna Kilbey1,*, Jodie Hay1, Kathryn Gilroy1, Anne Terry1, Nancy 
Mackay1, Margaret Bell2, Alma McDonald1, Ken Mills3, Ewan Cameron2 and James 
C. Neil1

1 Molecular Oncology Laboratory, Institute of Infection, Immunity and Inflammation, University of Glasgow, Glasgow, UK
2 School of Veterinary Medicine, University of Glasgow, Glasgow, UK
3 Centre for Cancer Research and Cell Biology, Queen’s University Belfast, Belfast, UK
* Joint first authors

Correspondence to: James C. Neil, email: James.Neil@glasgow.ac.uk

Correspondence to: Ewan Cameron, email: Ewan.Cameron@glasgow.ac.uk
Keywords: Runx1, lymphoma, myc, oncogene addiction
Received: February 19, 2016 Accepted: March 28, 2016 Published: April 02, 2016

ABSTRACT
The Runx genes function as dominant oncogenes that collaborate potently with 

Myc or loss of p53 to induce lymphoma when over-expressed. Here we examined the 
requirement for basal Runx1 activity for tumor maintenance in the Eµ-Myc model 
of Burkitt’s lymphoma. While normal Runx1fl/fl lymphoid cells permit mono-allelic 
deletion, primary Eµ-Myc lymphomas showed selection for retention of both alleles 
and attempts to enforce deletion in vivo led to compensatory expansion of p53null blasts 
retaining Runx1. Surprisingly, Runx1 could be excised completely from established Eµ-
Myc lymphoma cell lines in vitro without obvious effects on cell phenotype. Established 
lines lacked functional p53, and were sensitive to death induced by introduction of a 
temperature-sensitive p53 (Val135) allele. Transcriptome analysis of Runx1-deleted 
cells revealed a gene signature associated with lymphoid proliferation, survival 
and differentiation, and included strong de-repression of recombination-activating 
(Rag) genes, an observation that was mirrored in a panel of human acute leukemias 
where RUNX1 and RAG1,2 mRNA expression were negatively correlated. Notably, 
despite their continued growth and tumorigenic potential, Runx1null lymphoma cells 
displayed impaired proliferation and markedly increased sensitivity to DNA damage 
and dexamethasone-induced apoptosis, validating Runx1 function as a potential 
therapeutic target in Myc-driven lymphomas regardless of their p53 status.

INTRODUCTION

Runx1 encodes a transcription factor that plays a 
vital role in development of the haematopoietic system 
[1]. It belongs to a three-membered family of mammalian 
gene products that bind a common DNA target sequence 
by virtue of the conserved Runt domain and share a 
common heterodimeric binding co-factor, CBFβ [2, 3]. 
Like their Drosophila homologue, Runt, the Runx proteins 
function as transcriptional regulators and are capable of 
activating or repressing target promoters through the 
recruitment of co-activators or co-repressors [4]. The 
RUNX1 (AML1) and CBFB genes are among the most 
commonly involved in human leukemias where they are 

affected by chromosomal translocations that frequently 
generate fusion oncoproteins [5].

Evidence that simple over-expression of any of 
the Runx gene family members can drive oncogenesis 
emerged first from mouse models, where it was shown 
that all three genes can act as targets for murine leukemia 
virus (MLV) insertional mutagenesis and transcriptional 
activation in lymphoma. Common targets in the Eµ-Myc 
lymphoma model include Runx1 and Runx3 [6], while 
all three members of the Runx family were identified as 
activation targets in CD2-MYC T-cell lymphomas [7-
9]. The potent oncogenic effect of combining Myc and 
Runx over-expression is emphasised further in retroviral 
acceleration of lymphoma onset in Runx2 transgenic mice 
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which frequently entails activation of c-Myc or N-Myc 
[10], while compound transgenic mice over-expressing 
Myc and Runx genes in the T or B-cell compartment 
display very rapid tumor onset [10-12]. However, the Runx 
family are not merely cofactors for Myc oncogenesis; 
CD2-Runx2 transgenic mice display dose-dependent 
predisposition to lymphoma [11, 13] and strongly 
synergistic lymphoma development in combination with 
other oncogenes such as Pim-1 and v-Myb, as well as 
with loss of p53 [10]. Notably, the combination of Runx2 
and Myc oncogenes appears to overcome the need for 
mutational inactivation of p53 [14] despite the fact that 
both genes can trigger the p53 pathway and collaborate 
with p53 loss when over-expressed individually [15, 16]. 

In contrast to this catalogue of evidence of dominant 
oncogenic activity in lymphomagenesis, Runx1 deficient 
cells in chimeric mice develop T-cell lymphomas after 
treatment with ENU [17], suggesting that loss of Runx1 
activity can also predispose to lymphoid malignancy. A 
similar dichotomy of observations exists for RUNX1 in 
human haematopoietic cancers. RUNX1 is among the most 
over-expressed genes in childhood ALL [18] and is highly 
amplified in a poor prognostic B-ALL subgroup [19] while 
presumptive loss-of-function RUNX1 mutations have been 
observed in a small proportion of T-ALLs where network 
analysis further implicated RUNX1 as a candidate tumor 
suppressor [20]. More extensive evidence of a tumor 
suppressor role for RUNX1 has come from myeloid 
malignancies where loss of function mutation is frequently 
observed in AML, and underlies familial platelet disorder 
with predisposition to AML [21, 22]. 

While the lymphomagenic effects of Runx over-
expression have been amply demonstrated, the requirement 
for basal gene expression in tumor maintenance is an 
important and potentially far-reaching question that has 
been much less well investigated. In this study we tested 
the effects of ablating the endogenous Runx1 gene in the 
well-characterised Eµ-Myc lymphoma model system [23] 
where ectopic expression of Runx1 is known to drive 
lymphomagenesis [12]. We show that primary Eµ-Myc 
lymphomas have an increased requirement for Runx1, 
while this dependency is reduced, but not eliminated, in 
end-stage p53-deficient lymphoma cell lines. Our findings 
shed light on the paradoxical observation that Runx1 
deficiency can also predispose to lymphoma but more 
importantly validate Runx1 function as a therapeutic target 
in p53 wild-type or mutant lymphomas. 

RESULTS

Addiction to Runx1 in primary Eµ-Myc 
lymphoma cells is attenuated in established cell 
lines

Eµ-Myc mice develop lymphomas with highly 
variable onset (average 30 weeks) during which they 
acquire a range of secondary mutations in the Cdkn2a-p53 
pathway [24]. To achieve more homogeneous tumor onset 
and facilitate tracking of p53 loss along with Runx1 
deletion, we crossed these mice to a Trp53+/- background. 
Eµ-Myc/p53+/- mice succumb to B-cell lymphomas within 
a much narrower time window [25]. These mice were 
further crossed to generate Mx1Cre/Runx1fl/fl cohorts in 
which we could examine the ability of lymphoma cells to 
survive deletion of the endogenous Runx1 gene. 

Surprisingly, we found no significant difference 
in the rate of onset of lymphoma in Eµ-Myc/p53+/-/
Runx1fl/fl mice with active Cre recombinase (Figure 1A, 
1B), initially suggesting that Runx1 loss had no effect 
on tumor onset. However, PCR analysis (Figure 1C) 
of tumor-bearing spleens showed that the intact Runx1 
allele was strongly retained in the primary tumors, even 
in pIpC-treated mice. Spleens from mice with end-stage 
disease, which were markedly enlarged due to lymphoma 
expansion, showed levels of Runx1 deletion significantly 
lower than normal splenic lymphoid cells from age-
matched Mx1Cre+/Runx1fl/fl mice without the Eµ-Myc 
oncogene, indicating an increased rather than a decreased 
requirement for Runx1 in primary lymphoma cells (Figure 
1C, upper panel and lower right panel). 

While the cell lines derived from these lymphomas 
almost uniformly retained the functional active Runx1 
allele on initial establishment in culture (Figure 1D, upper 
left panel), they were able to survive excision of both wild-
type alleles after treatment with IFNβ in vitro (Figure 1D, 
upper right panel). Moreover, single cell cloning of these 
lines after low dose IFNβ readily generated subclones with 
0, 1 or 2 intact Runx1 alleles (Figure 1D, lower panel). 
Using these lines we validated the direct PCR assay 
as a consistent measure of the proportion of excised to 
non-excised allele. In this assay, the observed ratio of 
excised to non-excised allele is proportionate to input and 
independent of DNA concentration (Figure S1A, S1B). 

Permissiveness for Runx1 deletion is lineage-
dependent

In accord with previous reports [26], analysis of 
non-tumor bearing mice revealed lineage-dependence 
in permissiveness for Runx1 deletion. Healthy tissues 
showed a marked difference in the levels of spontaneous 
and enforced deletion of Runx1, with thymus consistently 
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more resistant than kidney or spleen. However, even the 
permissive tissues showed at most 50% deletion (Figure 
2A). Mono-allelic deletion in Runx1fl/fl cells has been 
reported previously in Runx1-dependent tissues from 
vav-CreRunx1fl/fl mice [26]. These results suggest that a 
strong homeostatic process selects for cells that retain at 
least one copy of Runx1. Consistent with this hypothesis, 
the cell type composition of spleen showed remarkably 
little change after enforced Runx1 deletion (Figure 2B). 
However, fractionation of spleen cells into lymphoid 
(B220+ or CD3+) or myeloid (Mac1+) confirmed the 
relative permissiveness of the myeloid compared to the 
lymphoid compartment for deletion of Runx1 [26] (Figure 
2C). 

Enforced deletion of Runx1 promotes the 
outgrowth of p53 null cells in Eµ-Myc/p53+/- 
lymphomas

Established lymphoma cell lines were found to 
have lost the wild-type Trp53 allele in most cases and 
displayed consistent de-repression of Cdkn2a/p19Arf 

[24] (Figure 3A, S2A). We therefore considered whether
the contrasting behaviour of primary lymphomas and
established cell lines with regard to retention of Runx1
was a consequence of loss of the wild-type Trp53 allele.
To address this hypothesis further and examine the
temporal order of events in vivo, we analysed the minor

Figure 1 : Eµ-Myc lymphomas strongly resist deletion of Runx1 in vivo but not in vitro. A. Outline experimental design 
Lymphomas derived from Mx1Cre+/Runx1fl/fl/Eµ−Myc/p53+/- mice were analysed and also used to establish cell lines that could be treated 
in vitro with IFNβ to induce Runx1 excision. B. Survival curve for Runx1fl/fl/Eµ−Myc+/p53+/- mice with or without the Mx1Cre transgene 
and with or without pIpC treatment to excise Runx1. Statistical analysis by Wilcoxon Rank Sum test showed no significant difference in 
survival between the groups of mice. C. Upper panel : Runx1 excision PCR on genomic DNA derived from lymphoma spleen tissue of 
pIpC-treated Mx1Cre+/Runx1fl/fl/Eµ-Myc+/p53+/- mice (lymphoma spleen) and age-matched Eµ-Myc- (lymphoma-free) littermate controls 
(littermate control spleen). Arrows indicate Runx1-floxed (f) and Runx1-deleted (∆) bands. The panel below left shows a diagram of the 
multiplex PCR for detection of deleted (∆) and floxed (f) Runx1. The cartoon shows loxP sites flanking exon 4 in the floxed allele before 
and after excision, location of primers (colored arrows) and size of PCR products. The panel below right shows the ratio of excised:non-
excised band intensity determined by densitometry for the Runx1 excision PCR samples shown in 1C. Boxplot shows the distribution of all 
the ∆:f ratios with the box representing the 1st to 3rd quantiles (Q1 to Q3) and the midline representing the median. Whiskers represent the 
smaller of the most extreme data point, or 1.5x the Q1-Q3 interquantile range. Asterisks denote statistical significance, with p = 0.008 D. 
The upper left panel shows Runx1 excision PCR on genomic DNA from a series of independent cell lines derived from Mx1Cre+/Runx1fl/fl/
Eµ-Myc+/p53+/- lymphomas. The right panel shows Runx1 excision PCR on genomic DNA from samples of 44s and 6s Mx1Cre+/Runx1fl/fl/
Eµ-Myc+/p53+/- cell lines treated with IFNβ to excise Runx1 or with vehicle control; cell samples were taken 2 days after the start of IFNβ 
treatment. The lower panel shows Runx1 excision PCR on genomic DNA from single cell clones derived from the 44s and 6s Mx1Cre+/
Runx1fl/fl/Eµ-Myc+/p53+/- cell lines; cells were treated with a sub-optimal dose of IFNβ to induce partial excision of Runx1 and single cell 
cloned as detailed in Materials and Methods. Arrows indicate Runx1floxed (f) and Runx1-deleted (∆) bands.
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blastic fraction of cells from end-stage lymphoma-bearing 
spleens, a procedure that has been shown to enrich for 
the most rapidly proliferating cells within the tumor 
[27]. The fractionated blasts displayed strong enrichment 
for cells that had lost the wild-type Trp53 allele (Figure 
3B). The fact that most lymphoma blast cells retained at 
least one Runx1 allele indicated that loss of p53 was an 
earlier event that preceded permissiveness for Runx1 loss, 
a conclusion reinforced by findings on newly established 
cell lines (Figure 1D, upper left panel). Enrichment for 
p53-deleted blasts was observed most strongly in pIpC-

treated mice, suggesting that attempts to enforce deletion 
of Runx1 may have perturbed the tissue sufficiently to 
create a permissive niche for outgrowth of bystander p53-

/- blasts. These results further emphasise the importance 
of Runx1 for survival of Eµ-Myc lymphoma cells in vivo, 
even though it becomes dispensable in established cell 
lines in vitro. 

The hypothesis that Runx1 is required to counteract 
the growth suppressive effects of p53 was tested by 
transduction of a p53 null Eµ-Myc/Runx1fl/fl lymphoma 
cell line (3s) with a temperature-sensitive p53 allele 

Figure 2: Healthy tissues display lineage-specific differences in permissiveness for Runx1 deletion. A. Runx1 excision 
PCR analysis of genomic DNA from whole thymus (T), spleen (S) and kidney (K) of non-lymphoma-bearing adult Runx1fl/fl mice treated 
(upper panel) or untreated (lower panel) with pIpC to induce Mx1Cre expression. Arrows indicate Runx1floxed (f) and Runx1-deleted (∆) 
bands. B. Flow cytometric analysis of spleen cell populations in pIpC-treated Mx1Cre- and Mx1Cre+ Eµ-Myc- healthy littermate control 
mice. Plot shows mean ± SD for measurements from 3 mice in each group; no statistically significant differences between the Mx1Cre+ and 
Mx1Cre- cell populations were found. C. Runx1 excision PCR analysis of genomic DNA from sorted lymphoid (B220+ or CD3+ cells; L) 
and myeloid (Mac1+; M) cells from non-lymphoma-bearing spleens of 5 pIpC-treated adult Runx1fl/fl mice. Boxplot shows the distribution 
of all the ∆:f ratios as described in Figure 1. Asterisk indicates that the difference is statistically significant (p = 0.01) . 
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(Val135). After transduction, interferon treatment was 
used to produce matched pairs of cell lines with or without 
endogenous Runx1 that could be tested for sensitivity to 
p53-induced death. However, the p53 “add-back” cells 
died by apoptosis at the permissive temperature (32°C) 
regardless of their Runx1 status or exposure to UV 
irradiation (Figure 3C, 3D, S2B). The functional integrity 
of the p53 pathway was maintained with respect to down-
regulation of Cdkn2a/p19ARF in response to temperature 
shift but the major target for p53-mediated growth arrest, 
Cdkn1a/p21WAF1, was undetectable in these cells (Figure 
3E), suggesting a partial functional deficit. As it has been 
reported that p53 can affect Runx1 expression in T-cells 
[28], we also examined Runx1 expression in 3s cells, but 
saw no evidence of modulation by p53 (Figure 3E).

Runx1 deficient cells display down-regulation of 
genes involved in growth and proliferation along 
with de-repression of Rag genes

Changes in gene expression resulting from 
deletion of Runx1 were examined using Affymetrix 
gene expression microarrays (Affymetrix GeneChip 
MTA 1.0). Three biological replicates of the 3s cell line 
were compared. Possible confounding effects of IFNβ 
treatment and Cre recombinase induction were controlled 
by comparison with a phenotypically matched Eµ-Myc 
lymphoma cell line (30s) of the same genotype apart from 
the non-deletable Runx1wt/wt allele. Treatment with IFNβ 
had no effect on Runx1 expression in these cells (Figure 
S3A, S3B). 

Many genes showed changes in expression specific 

Figure 3: Loss of p53 precedes permissiveness for Runx1 deletion during establishment of lymphoma cell lines. A. Left 
panel: p53 allele PCR on genomic DNA from a series of independent cell lines derived from lymphomas in Mx1Cre+/Runx1fl/fl/Eµ-Myc+/
p53+/- mice; arrows indicate p53null (p53KO) and wild type (p53WT) alleles in control samples for p53wt/wt and p53+/-; asterisks indicate cell 
lines established from pIpC-treated mice. Right panel: western blot analysis of total protein extracted from two established and independent 
lymphoma cell lines derived from lymphomas in Mx1Cre+/Runx1fl/fl/Eµ-Myc+/p53+/- mice that did not receive pIpC treatment. Extracts 
were probed with antibodies to p53, p19ARF and p21WAF1. Actin was used as a loading control. Positive controls are listed in Materials & 
Methods and used in all subsequent analyses. B. Upper panel shows p53 allele PCR on genomic DNA from sorted blast cells  (B) or whole 
tissue (T) from lymphoma-bearing spleens of untreated and pIpC-treated Mx1Cre+/Runx1fl/fl/Eµ-Myc+/p53+/- mice, while the lower panel 
shows Runx1 excision PCR on the same DNA samples. Blast cells were sorted using CD45/SSC on B220+ cells as detailed in Materials 
and Methods. Arrows indicate p53null (p53KO) and wild type (p53WT) alleles, and Runx1floxed (f) and Runx1-deleted (∆) bands. C. Cells 
transduced with vector expressing temperature-sensitive p53V135 or the MigR1 control vector were treated with IFNβ to excise endogenous 
Runx1, and expression of p53 and Runx1 examined by western blot analysis. D. Paired Runx1+ and Runx1null p53 addback cell lines treated 
with 5J/m2 UV were grown at 32°C to activate temperature sensitive p53 and stained for intracellular activated caspase 3 after 3, 4, 6 and 
8h incubation. The percentage of cells expressing activated caspase 3 was determined by flow cytometry. Line colors are indicated by the 
color-coding of the western blots samples in 3C. E. Western blot analysis of total protein extracted from the experiment as shown in (D) 4h 
after UV treatment. Extracts were probed as before and loading confirmed by actin expression. 
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Figure 4: Gene expression microarray analysis of Eµ-Myc lymphoma cells before and after Runx1 excision A. Process 
overview. 3s+ and 30s+ cell lines derived from Mx1Cre+/Runx1fl/fl/Eµ-Myc+/p53+/- mice were treated with IFNβ, excising Runx1 from 
3s cells (Runx1fl/fl) but not 30s controls where interferon responses induce Cre expression but deletion does not occur on the Runx1wt/wt 
background (see also Figure S3). RNA was extracted and gene expression examined by Affymetrix microarray. Significantly changed 
genes were selected by p-value and fold-change and a subset that were also significantly changed in 30s cells were subtracted to exclude 
non-Runx1 related changes. This gene list was then used in downstream analyses such as pathway analysis. B. Heat map of all genes 
significantly changed in 3s cells, defined as p < 0.05 and fold change  >  |1.25|. Shown is raw intensity for 3s and 30s cells. Low expression 
is shown in blue and high expression in yellow. 30s gene expression was normalised to 3s control (-IFNβ) expression. 

Figure 5: Gene expression changes specific for Runx1 deletion in Eµ-Myc lymphoma cells. A. Ingenuity Pathway Analysis 
of the most changed genes (Figure 4) revealed significant enrichment for genes involved in the processes depicted. P-values are shown 
for top sub-processes in relevant categories. B. Venn diagram showing the overlap of the gene signatures for the significant processes in 
A. Genes in bold italics show increased expression on loss of Runx1, while the remainder are down-regulated. C. Validation of key target
genes contributing to the Runx1 deletion signatures. Fold changes estimated by microarray and RQ-PCR are shown alongside comparable
array values for the 30s control cells.
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to the Runx1fl/fl genotype. To focus on the most prominent 
changes we applied a statistical significance threshold 
of p = < 0.05 and a fold change cut-off of 1.25. After 
subtraction of genes significantly changed in the 30s 
control, this left 123 genes of which 70 were up-regulated 
and 53 down-regulated on excision of Runx1 (Figure 
4A). As can be seen from the heat map in Figure 4B, the 
control 30s cells showed relatively modest changes after 
IFNβ treatment compared to Runx1fl/fl 3s cells. The gene 
set specific for Runx1 loss was subjected to Ingenuity 
Pathway Analysis which revealed significant associations 
with cancer and in particular with proliferation, apoptosis 
and differentiation of lymphocytes (Figure 5A). The 
direction of changes on deletion indicated that Runx1 
is acting to sustain proliferation and survival while 
impeding differentiation in these cells (Figure 5B). Rag1 
and Rag2 were common components of all four pathway 
clusters (Figure 5B) and were among the most strongly 
de-repressed genes in Runx1-deleted cells. Validation of 
the changes in Rag genes and other signature genes by 
quantitative real-time PCR confirmed the array findings 
and revealed larger fold changes in most cases, consistent 

with the precision but systematic underestimation of 
differences by this methodology [29] (Figure 5C). 

As recent studies have defined Runx1/RUNX1 gene 
expression signatures in other contexts, we examined our 
array data for similar changes in the key genes. An RNA-
Seq study of normal haematopoietic stem and progenitor 
cells using the same Runx1fl/fl allele revealed a ribosome 
biogenesis gene expression signature associated with loss 
of Runx1 [30]. However, we saw no significant difference 
in these genes. A subset of the most changed genes from 
the signature gene set is shown in Figure S3C. Nor did 
we note any obvious change in cell size or morphology in 
Runx1-excised Eµ-Myc lymphoma cell lines (Figure S3D). 
We also examined a mitotic checkpoint gene signature 
that was reported in Kasumi/AML cells after knockdown 
of RUNX1 [31]. The genes shown in Figure S3E were 
all significantly downregulated in Kasumi knockdown 
cells but were mostly unchanged in Runx1null Eµ-Myc 
lymphoma cells. Only Nek6 was significantly down-
regulated while two of the genes showed a significant 
increase (Nek2, Bub1b). 

Figure 6: RUNX1 mRNA expression is negatively correlated with RAG1 and RAG2 in a large panel of human ALLs. 
Pearson correlation plots of gene expression (probeset intensities) of RUNX1 vs RAG1 or RAG2 in A all ALL subtypes within the MILE 
database (ref [33]) (n = 750), B. all ALL subtypes with the exception of the t(12;21)/ETV6-RUNX1 subset (n = 692), C. the t(12;21) 
translocation only (n = 58). Plots show p-value and r-value.
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Negative correlation of RUNX1 and RAG mRNA 
expression in a human leukemia panel

Aberrant RAG activity has recently been reported as 
a major source of cancer driver mutations in TEL-RUNX1 
t(12;21) B-cell leukemias [32], leading us to consider 
whether there may be a wider role for RUNX1 in RAG 
mis-regulation in human leukemia/lymphomas. Using 
Partek Genomics Suite 6.6 we examined the relationship 
between expression of RUNX1 and RAG1/RAG2 
expression in a panel of acute and chronic leukemias from 
the MILE study (Microarray Innovations in LEukemia), 
a global microarray study comprising gene expression 

analysis of  > 4000 patients [33]. As shown in Figure 
S4, RUNX1 mRNA expression was relatively uniform 
compared to the RAG genes that displayed markedly 
higher expression in ALLs compared to normal tissues 
and myeloid leukemias. Also, expression of RAG1 was 
significantly higher in t(12;21) ALLs than in other ALL 
types (Figure S4). Comparison of the levels of RUNX1 
and the RAG genes within the dataset (n = 750) identified 
significant, negative correlations between RUNX1/RAG1 
and RUNX1/RAG2 (Figure 6). This pattern was evident in 
the total ALL dataset with or without the t(12;21) subset, 
where interpretation is more complex due to the detection 
of TEL-RUNX1 as well as RUNX1 mRNAs by the RUNX1 

Figure 7: Excision of Runx1 impairs proliferation and survival of Eµ-Myc lymphoma cells in vitro. A. Runx1 excision 
PCR analysis of genomic DNA from duplicate samples of Runx1+ (+) and Runx1null (null) cells or of a 1:1 mixture of these cells (M) on day 
0 and after culture for 43 days. Arrows indicate Runx1 floxed (f) and Runx1-deleted (∆) bands. Results shown are from a single experiment 
representative of 3 independent experiments. B. Increased doubling time of Runx1null cells. Runx1+ and Runx1null cells were plated at a 
density of 2x105 cells/ml and cultured for 24h before counting. Doubling time was calculated as described in Materials and Methods. C.-E.
Increased sensitivity of Runx1null cells to chemotherapeutic agents and oxidative stress. Runx1+ and Runx1null were plated at 2x105 cells/ml 
and treated with 1.0µM doxorubicin (C), 0.8% ethanol (D) or 1.0µM dexamethasone (E) for 24-30 hours before viability counting. Plots 
show mean ± SD for a single experiment carried out in triplicate and are representative of at least 3 independent experiments; * = p < 0.05, 
** = p < 0.01.  
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probe sets. While the lack of significant correlation 
between RUNX1 and RAG1 and the weaker correlation 
between RUNX1 and RAG2 in t(12;21) cells is therefore 
difficult to interpret, the strongly negative correlation in 
other ALL sets is a robust observation. 

Eµ-Myc lymphoma cells lacking Runx1 display 
growth impairment and increased sensitivity to 
genotoxic stress and dexamethasone-induced 
apoptosis

Careful observation suggested that the Runx1null cell 
lines grew more slowly, and this suspicion was confirmed 
by serial passage of clonal Eµ-Myc/Runx1fl/fl cell lines in 
which partial excision had been induced. Cells retaining 
Runx1 consistently outgrew their null clonal siblings 
(Figure 7A). This disadvantage could be accounted for 
by the observed lengthening of doubling time in Runx1-
deleted cells (Figure 7B) operating over the prolonged 
culture period. Marked differences were also noted 
when cells were exposed to genotoxic stresses, where 
Runx1null cells displayed more rapid death in the presence 
of doxorubicin or ethanol (Figure 7C, 7D). The effects 
of ethanol were particularly potent on Runx1null cells 
(Figure 7D), possibility reflecting the fact that ethanol 
elicits wider oxidative stress-induced effects in addition 
to DNA damage [34, 35]. In light of our previous findings 
that ectopic Runx1 expression suppresses glucocorticoid 
growth inhibition in murine fibroblasts [36] we also tested 
the effects of dexamethasone. Again, Runx1-deficient 
Eµ-Myc lymphoma cells displayed significantly greater 
induction of cell death (Figure 7E) 

Eµ-Myc lymphoma cells are tumorigenic 
but circulating tumor cells display increased 
sensitivity to dexamethasone

The unexpected survival of Eµ-Myc lymphoma 
cell lines after Runx1 excision in vitro led us to consider 
whether Runx1 is required for lymphoma re-establishment 
in vivo. This was tested by inoculation of NOD-SCID/ 
γCnull (NSG) mice with cell lines with and without excision 
of Runx1 (Figure 8). Retrospective analysis showed 
that the Runx1-excised input cells had a small residual 
fraction of non-excised cells, while the non-excised input 
cells were virtually pure (Figure 8A). Notably, the non-
excised cells appeared to have a significant advantage in 
cells obtained from ascites but not in tumors that arose 
within the skin at the injection site, where mainly excised 
cells were observed. As these mice were not treated 
with pIpC, the non-excised cells had clearly undergone 
spontaneously induced deletion in the skin tumor deposits. 
While this phenomenon may also reflect local production 
of endogenous IFNβ in skin e.g. by plasmacytoid 
dendritic cells [37] the key observation for this study is 
that tumors can develop in vivo with no detectable Runx1. 
This analysis also shows that there is a strong selective 
advantage for retention of Runx1 in cells growing in 
suspension in the peritoneal cavity. 

We also tested the effects of administration of 
dexamethasone on tumor formation. The most striking 
observation here was in circulating cells in blood, where 
dexamethasone treatment had a much greater effect in 
eliminating excised cells compared to their non-excised 
counterparts (Figure 8B). This observation illustrates the 
fact that the growth requirements of cells in vivo cannot 
be fully elucidated in vitro and suggests that free cells 

Figure 8: Runx1null lymphoma cells are tumorigenic but are out-competed by Runx1fl/fl cells in ascitic fluid and in the 
blood of in dexamethasone-treated mice. A. Runx1 excision PCR on genomic DNA from vehicle control (Runx1+) or IFNβ-treated 
(Runx1null) 3s cell line cells (“input”), and from cells from ascites fluid (upper panel) and tumors in skin (lower panel) derived from 4 mice 
transplanted IP with each of the input cell types. B. Runx1 excision PCR on genomic DNA of cells derived from blood and spleen of 12 
mice comprising 6 mice transplanted intravenously with Runx1+(3s+) and 6 with Runx1null (3s-) cells, and 3 mice from each of these groups 
treated with dexamethasone or vehicle control as detailed in Materials and Methods.
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in circulation are most dependent on Runx1 for their 
survival. Notably, some splenic lymphomas appeared to 
consist of exclusively Runx1null cells (Figure 8B, lower 
panel), again indicating attenuation of Runx1-dependency 
compared to primary lymphomas. 

DISCUSSION

Previous studies have shown that ectopic expression 
of the Runx genes as a result of retroviral insertional 
mutagenesis or transgenic over-expression is potently 
synergistic with over-expressed Myc or loss of p53 in 
lymphomagenesis [9-11, 38, 39]. The present study shows 
that basal expression of the normal Runx1 gene is vital for 
maintenance of primary Myc-driven lymphoma in vivo and 
that this dependence is stronger than in normal lymphoid 
cells, providing evidence of oncogene addiction in vivo. 
Surprisingly, lymphoma-derived cell lines were able to 
proliferate indefinitely and remained tumorigenic after 
complete excision of Runx1. This is a telling observation, 
as it demonstrates that Runx1 is not merely a structural 
component of the transcriptional apparatus that confers 
B-cell identity and sustains viability. However, Runx1null

lymphoma cells displayed growth impairment compared
to Runx1 non-excised controls and were hypersensitive
to DNA damaging agents and glucocorticoids. On
transplantation, cells retaining Runx1 also had a selective
advantage when growing as non-adherent cells in the
peritoneal cavity and as circulating cells in the blood of
mice treated with glucocorticoid. These observations
suggest that Runx1null cells may be partially protected by
supportive sites of high cell density in vivo.

The ability of p53null Eµ-Myc lymphoma cell 
lines to survive Runx1 deletion suggested a possible 
functional link whereby Runx1 protects against Myc-
driven induction of p53 and/or downstream responses, and 
becomes superfluous after loss of the intact Tp53 allele 
during in vitro establishment. However, reintroduction of 
a temperature-sensitive p53 expression construct (Val135) 
into cell lines did not discriminate between Runx1 positive 
and negative cells, which succumbed to apoptosis with 
similar kinetics after temperature shift with or without 
irradiation. It is conceivable that another change, 
secondary to Trp53 allele loss, allows the established cells 
to survive without Runx1. This hypothesis is consistent 
with the observation that the Trp53null blast cell fraction 
in vivo showed substantial retention of the intact Runx1 
allele. However, we cannot exclude the possibility 
that ectopic p53 in vitro fails to recapitulate fully the 
behaviour of endogenous p53 in vivo. For example, we 
were surprised to observe a lack of induction of detectable 
CDKN1A/p21Waf1 protein expression in response to 
irradiation and p53 activation. This observation implies 
that established Eµ-Myc lymphoma cells may have lost 
the capacity to undergo cell cycle arrest in response to p53 
induction and choose cell death as the default pathway. 

This phenomenon could account for the increased 
selection against wild-type p53 in cultured lymphoma 
cells compared to their in vivo counterparts [14]. 

The cell-type specific regulatory processes 
controlled by the Runx transcription factors are underlined 
by transcriptome analysis of Eµ-Myc lymphoma cells 
before and after Runx1 excision, which revealed many 
changes that were not evident in control Runx1wt/wt 

lymphoma cells with inducible Cre expression. The 
Runx1 gene expression signature we observed in Eµ-Myc 
lymphoma cells was significantly enriched for regulators 
of lymphocyte proliferation, survival and differentiation, 
with changes consistent with the observed growth 
advantage and chemo-resistance associated with intact 
Runx1 expression. 

The marked up-regulation of Rag1 and Rag2 after 
Runx1 deletion is of particular interest. These genes 
are regulated in a complex, lineage-specific manner in 
T- and B-cells and undergo waves of expression during
B-lymphocyte development [40]. The promoters of both
genes harbour multiple Runx binding sites, while further
Runx motifs are essential for the function of an intergenic
Rag silencer in T-cells which is over-ridden in double
positive thymocytes by an anti-silencer upstream of Rag2
[41]. We also noted strong inverse correlations between
RUNX1 and RAG1/RAG2 mRNA expression in a panel
of human leukemias and lymphomas. This is interesting
in light of evidence that driver mutations are frequently
induced by aberrant RAG activity in t(12;21) TEL-
RUNX1 leukemias [42] which express unusually high
levels of RAG1, but also in other genotypes that have no
known lesion in RUNX1 [43, 44]. The weaker correlation
between RUNX1 and RAG expression in t(12;21)
leukemias may be an artefact of the detection of mRNA
for both TEL-RUNX1 and the untranslocated RUNX1
allele but may also be a function of direct interference with
RAG repression by the fusion oncoprotein. Moreover, the
increased incidence of T-cell lymphomas in ENU-treated
chimeric mice [17] and the occurrence of apparent loss-
of-function RUNX1 mutations in a subset of ALLs [20]
might be explained at least in part by dysregulation of
recombinase gene expression.

We noted very little overlap with changes associated 
with Runx1 deficiency in murine haematopoietic precursor 
cells where ribosomal biogenesis was implicated recently 
as a Runx1-directed function [45]. Apart from their 
separation in the differentiation hierarchy, Eµ-Myc 
cells differ from HPSCs in over-expression of Myc, a 
known driver of ribosome biogenesis [46]. It is therefore 
conceivable that the effect of Runx1 deletion on ribosomal 
gene expression in HSPCs is mediated indirectly through 
loss of signalling to Myc. We also noted diametrically 
opposite effects of Runx1 deficiency on responses to DNA 
damage, where HSPCs were reported to display increased 
resistance [47], while we noted increased sensitivity of 
Runx1null Eµ-Myc cells. While this difference might be 
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related to cell transformation, the relative permissiveness 
to Runx1 deletion of the myeloid compartment in normal 
spleen suggests that lineage-specific factors are likely to 
be involved. Moreover, the increased fragility of Myc-
driven lymphoma cells lacking Runx1 indicates that 
targeting of Runx pathways is likely to be of therapeutic 
benefit in the context of Myc-driven lymphoma. We also 
noted little overlap with the mitotic checkpoint signature 
observed after knockdown of RUNX1 in Kasumi t(8;21) 
AML cells [31]. While lineage-specific differences may 
again be invoked to explain this discrepancy, the AML 
cells also express the RUNX1-ETO fusion protein which 
is likely to modulate at least some of the key promoters 
and enhancers vacated by RUNX1 knockdown.

The finding that basal Runx1 activity is critical 
for Myc-driven lymphoma maintenance in vivo and that 
dependence is only partially attenuated in established 
cell lines lacking p53 is encouraging for ongoing efforts 
to target the Runx genes and their downstream effectors 
in cancer therapy [48, 49]. Moreover, the increased 
sensitivity of Runx1-deleted cells to components of 
standard chemotherapeutic regimens in current use for 
lymphoma therapy suggests that these may be combined 
with Runx inhibition for greater efficacy.

MATERIALS AND METHODS

Generation of transgenic crosses and animal 
experiments

Mx1Cre+/Runx1fl/fl mice [26] were crossed with Eµ-
Myc mice and p53-/- mice to produce highly tumour-prone 
Mx1Cre+/Runx1fl/fl/Eµ-Myc+/p53+/- mice and littermate 
controls lacking Mx1Cre and/or Eµ-Myc. Litters were 
treated at two weeks of age with 8.5mg/kg pIpC injected 
intraperitoneally (IP; two injections two days apart) or 
left untreated; animals were humanely culled when they 
showed signs of tumour development. Runx1wt controls 
(Mx1Cre+/ Runx1wt/wt/Eµ-Myc+/p53+/-) were treated in 
the same way. Adult Eµ-Myc-/Runx1fl/fl mice were treated 
with 6 injections of 600µg pIpC 2-3 days apart at 5 weeks 
of age. Transplantation assays were performed in NOD/
SCID/γCnnull (NSG) mice, which were transplanted IP 
or intravenously (IV) with 5 x 106 Runx1+ or Runx1null 
cells; IV-transplanted mice were treated with 20mg/
kg Dexadresone® IP or vehicle control daily, Monday-
Friday for 3 weeks and 5-10µl blood for flow cytometric 
analysis of B220+ cell counts were removed weekly by 
tail-tipping. Animal protocols used in this work were 
evaluated and approved by the University of Glasgow 
Ethics and Welfare Committee and were carried out under 
Home Office License (approval granted September 2012, 
license number PPL 60/4408) as governed by the Animal 
Scientific Procedures Act, 1986.

Statistical analysis

Survival curves were compared using the Wilcoxon 
rank sum test. All other statistical comparisons were 
performed using the Student’s t-test.

Flow cytometry and cell sorting

Phenotyping of spleen cells was performed using 
the following antibodies: anti-B220-phycoerythrin, 
anti-CD4-phycoerythrin, anti-Mac1-PerCPCy5.5 (all 
BD Biosciences) and anti-CD8-FITC (Serotec). Spleen 
cell suspensions in PBS + 0.1% BSA (wash buffer) 
were stained with combinations of antibodies or isotype 
controls for 30 minutes at 4°C, red cells were lysed using 
Pharmlyse (BD Biosciences) and cells were analysed 
using an Accuri C6 flow cytometer and Cflow Sampler 
software (BD Biosciences). Analysis of activated caspase 
3 expression was performed by flow cytometry using the 
PE Active Caspase 3 Apoptosis Kit (BD Biosciences) 
according to manufacturer’s instructions. Sorting of 
spleen lymphoid and myeloid cells was performed using 
a combination of anti-B220-phycoerythrin and anti-CD3-
phycoerythrin to identify lymphoid cells and anti-Mac1-
PerCPCy5.5 to identify myeloid cells. Sorting of blast 
cells from primary lymphomas was performed by staining 
cells with anti-B220-phycoerythin and anti-CD45-FITC; 
in the B220+ population, blast cells were identified using 
CD45 and SSC as reported in [27]. All sorting was 
performed using a FACSAria (BD Biosciences).

Genomic DNA extraction and PCR

Genomic DNA was extracted from cell lines using 
the DNeasy kit (Qiagen) and from tissues using the 
illustra Nucleon BACC2 DNA extraction kit (GE Life 
Sciences). Determination of DNA concentration was 
carried out using a Nanodrop 2000 (Thermo Scientific, 
Walatham, MA. USA). Analysis of Runx1 excision in 
primary cells/tissues and cell lines was carried out using 
previously described primers and cycling conditions [50]; 
master mix was prepared with 2x ReddyMix, 1.6µM 
each primer and 10ng template DNA. Validation of this 
assay for quantitative determination of Runx1 excision 
was performed by analysing excision in standards 
containing mixtures of 0-100% excised cells. PCR for 
p53 wild-type and null alleles was performed using 
20ng template DNA, 2x ReddyMix (ThermoFisher 
Scientific) and primers directed against p53 intron 
4 (WP53: GTGTTTCATTAGTTCCCCAC), exon 5 
(UP3: ATGGTGGGGGCAGCGTCTCA), and the null 
allele (NP5: CGGTCTTGTCGATCAGGATG); cycling 
conditions were 5 minutes at 94°C, 35 cycles of 1 minute 
at 94°C, 1 minute at 55°C and 1 minute at 72°C, then 7 
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minutes at 72°C, generating PCR products of 242bp (p53 
wt allele) or 470bp (p53 null allele). All PCR products 
were separated on a 1.5 or 2% agarose gel and visualised 
with ethidium bromide and UV transillumination. 
Densitometry was carried out using ImageJ software 
(http://imagej.nih.gov/ij/); images shown were adusted 
only for contrast.

Cell culture, constructs and retroviral 
transductions

The 3s, 6s and 44s cell lines were established from 
spleen tissue from primary lymphomas in Mx1Cre+/
Runx1fl/fl/Eµ-Myc/p53+/- transgenic mice and grown in 
RPMI 1640 supplemented with 10% FCS, 100U/ml 
penicillin and streptomycin, 2mM L-glutamine and 50µM 
2-mercaptoethanol (complete RPMI; all reagents from
Life Technologies). Paired Runx1null and Runx1+ cells
were created from Runx1fl/fl parental cell lines by treatment
with 5-50U/ml IFNβ (R&D Systems) or vehicle control
(PBS+0.1% BSA); Runx1 excision in IFNβ-treated lines
was confirmed by Runx1 excision PCR. The p53V135-GFP
was constructed by ligating the 1.4kb EcoR1 fragment
containing murine p53V135 [51] into the Mig-R1 vector
[52]. Viral supernatants were prepared following transient
transfection of GP86+E or 293T cells respectively and
used to infect 3s cells as described previously [53].
Infected cells were sorted for GFP+ cells. Doubling time
assays were performed in 12-well cell culture plates with
2x105cells/ml and counted 24 hours after initiation of
culture; doubling times were calculated using the formula
Td = ti x (log(2)/log(q2-q1)) where Td = doubling time, ti =
incubation time, q1 = number of cells at start of assay and
q2 = number of cells at end of assay. Competition assays
were performed by mixing equal numbers of excised
and non-excised cells; cells were cultured in duplicate in
complete RPMI, passaging three times per week, returning
105 cells to 10ml culture at each passage; Runx1 excision
in the culture was monitored weekly by Runx1 excision
PCR. Ethanol, doxorubicin (Stratech Scientific #S1208
10mM in DMSO) or dexamethasone (Sigma D2915)
treatment of pairs of excised and non-excised cell lines
was carried out in 12-well plates using 2x105 cells/ml
and with the addition of ethanol (0.8%), doxorubicin
(1.0µM) or dexamethasone (1.0µM). Single cell cloning
of cell lines was performed by partially excising Runx1 by
sub-optimal IFNβ treatment and sorting single cells into
96-well plates in complete RPMI; growing clones were
transferred to larger culture dishes until sufficient cells to
analyse were obtained.

RNA extraction and microarray analysis

Total RNA was isolated by RNeasy kit (Qiagen, 
Manchester, UK) from three cultures each of established 

lymphoma lines 3s (Mx1Cre+/Runx1fl/fl/Eµ-Myc+/p53+/-)  
and 30s (Mx1Cre+/Runx1wt/wt/Eµ-Myc+/p53+/-), treated 
with and without IFNβ to excise endogenous Runx1 
(Figure 4A). RNA was tested for quality on the Agilent 
2100 Bioanalyser (Agilent Technologies, Stockport, UK) 
and NanoDrop 2000 (Thermo Scientific, Walatham, MA. 
USA) before screening against Affymetrix GeneChip 
Mouse Transcriptome Array 1.0 (High Wycombe, UK, 
2014) by ATLAS Biolabs (Berlin, Germany) according to 
standard protocols. RMA normalisation followed by probe 
annotation and statistical analysis to generate p-values 
and fold changes was performed using Partek Genomics 
Suite 6.6 (Partek Inc., St.Louis, MO, USA). Microarray 
data are available at the Gene Expression Omnibus (GEO) 
repository, accession number GSE78001. 

Quantitative real-time PCR

cDNA was prepared from 1µg aliquots of RNA 
using a Quantitect Reverse Transcription kit (Qiagen) and 
diluted 1 in 20 in DEPC-treated water to give a working 
stock. For quantitative real-time PCR, 12.5ng aliquots of 
cDNA were amplified in triplicate on an ABI 7500 real-
time PCR system using Power SYBR Green PCR master 
Mix (Thermo Fisher Scientific, UK), and primers for 
murine Bcl11a, Cd55, Daf2, Il7r, Nckap1, Ptpn22, Prkcb, 
Rag1, Rag2 or endogenous control 18S rRNA (Qiagen 
QuantiTect Primer Assays). Relative quantification was 
carried out and calibrated to vector control samples 
where appropriate. Data were analysed using the standard 
software for the ABI 7500 real-time PCR system. 

Western blotting and antibodies

Preparation of whole cell protein extracts was 
performed as described previously [54]. Samples 
equivalent to 50μg of protein (Bio-Rad protein assay) 
were resolved on 8-12% SDS polyacrylamide gels and 
transferred to enhanced chemiluminescence (ECL; Fischer 
Scientific), nitrocellulose membranes. The antibodies 
used were α Runx1 (#8229 New England Biolabs), α 
p53(FL393), α p21WAF1, α Actin (sc-6243, sc-471 and 
sc-1616, Santa Cruz Biotechnology) and α CDKN2A/
p19ARF (ab80, Abcam). Positive controls were as follows: 
Runx1 (NIH3T3 transduced with pBabeRunx1 P1 [15], 
p53 and p21WAF1 (UVC-treated wild type MEF extract), 
p19ARF (SV3T3 cell extract). 

CONCLUSIONS

Primary lymphoma cells from Eµ-Myc mice show 
evidence of addiction to Runx1 in vivo, but become 
permissive for deletion in vitro. Loss of p53 function 
appears to be necessary but not sufficient for this 
process. In this context Runx1 controls a network of 
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genes involved in lymphocyte proliferation, survival and 
differentiation, shedding light on its dualistic behaviour 
in lymphomagenesis. While the ability of Myc-driven 
lymphoma cells to grow in the absence of Runx1 is 
surprising, their impaired proliferation and increased 
chemo-sensitivity validates Runx1 function as a candidate 
target in future combination therapies.
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AbstrAct
Introduction: The subventricular zone (SVZ) has been implicated in the 

pathogenesis of glioblastoma. Whether molecular subtypes of glioblastoma arise 
from unique niches of the brain relative to the SVZ remains largely unknown. Here, 
we tested whether these subtypes of glioblastoma occupy distinct regions of the 
cerebrum and examined glioblastoma localization in relation to the SVZ.  

Methods: Pre-operative MR images from 217 glioblastoma patients from The 
Cancer Imaging Archive were segmented automatically into contrast enhancing (CE) 
tumor volumes using Iterative Probabilistic Voxel Labeling (IPVL). Probabilistic maps 
of tumor location were generated for each subtype and distances were calculated 
from the centroid of CE tumor volumes to the SVZ. Glioblastomas that arose in a 
Genetically Modified Murine Model (GEMM) model were also analyzed with regard to 
SVZ distance and molecular subtype.

Results: Classical and mesenchymal glioblastomas were more diffusely distributed 
and located farther from the SVZ. In contrast, proneural and neural glioblastomas 
were more likely to be located in closer proximity to the SVZ. Moreover, in a GFAP-
CreER; PtenloxP/loxP; Trp53loxP/loxP; Rb1loxP/loxP; Rbl1-/- GEMM model of glioblastoma where 
tumor can spontaneously arise in different regions of the cerebrum, tumors that arose 
near the SVZ were more likely to be of proneural subtype (p < 0.0001).

Conclusions: Glioblastoma subtypes occupy different regions of the brain and 
vary in proximity to the SVZ. These findings harbor implications pertaining to the 
pathogenesis of glioblastoma subtypes.

INtrODUctION

Glioblastoma remains one of the deadliest of 
human cancers [1]. Large-scale genomic analyses of 
clinical glioblastoma samples have identified at least 
five subtypes, each with distinct biologic and clinical 
behaviors [2-5]. These subtypes include classical, 
mesenchymal, neural, proneural, and the glioma-CpG 
island methylator phenotype (G-CIMP). Intriguingly, 
in Genetically Modified Murine Model (GEMM) of 

glioblastoma, the same set of cancer causing mutations 
can give rise to multiple glioblastoma subtype [6]. It 
remains unclear whether these molecular differences arise 
as a result of distinct cells of origin, epigenetic landscape, 
or microenvironment. 

The sub-ventricular zone (SVZ), which lies 
adjacent to the lateral wall of the lateral ventricle, is a site 
where neural stem cells (NSC) and astrocyte precursors 
are located in the adult brain [7-9]. During neural 
development, NSCs migrate radially and differentiate 

doi: 10.18632/oncotarget.8551

http://www.impactjournals.com/oncotarget/index.php?journal=oncotarget&page=article&op=view&path%5B%5D=8551&path%5B%5D=25455


Oncotarget  210www.impactjournals.com/oncotarget

into various progenitor cells during this process [10-12]. 
NSCs and progenitor cells are, thus, located at varying 
distance from the SVZ. The available data suggest that 
mutations occurring in these cell populations may give rise 
to glioblastomas [13, 14]. If the cell of origin contributes 
toward subtype-specific pathogenesis, then one would 
expect clustering of select subtypes with respect to 
distance from the SVZ. Here we tested this hypothesis. 

Using Iterative Probabilistic Voxel Labeling (IPVL) 
[15], a method of automatic tumor segmentation developed 
by our laboratory, and imaging data obtained through 
The Cancer Imaging Archive (TCIA), we quantitatively 
determined the geographic distribution for each of the 
molecular glioblastoma subtypes and quantified each 
tumor’s distance to the SVZ. Our analysis indicates that 
the proneural and neural glioblastoma subtypes are located 
in close proximity to SVZ. In a GFAP-CreER; PtenloxP/

loxP; Trp53loxP/loxP; Rb1loxP/loxP; Rbl1-/- Genetically Modified 
Murine Model (GEMM) of glioblastoma where tumor can 
spontaneously arise in different regions of the cerebrum 
[16], glioblastoma that arose near the SVZ were more 
likely to be of proneural subtype. These findings provide 
clinical evidence that subtype biology may be related to 
differing cells of origin.

rEsULts

Glioblastoma density map

The workflow for CE segmentation and CE centroid 
placement is described in Methods and shown in Figure 
1. Information regarding patient demographics, patient
survival, and tumor CE volumes for each patient are
available in Table 1. The filled CE volume from all subjects
are layered and generated in template space yielding a
glioblastoma density map and shown as Figure 2. The
centroid of CE volume for each patient was similarly
layered to create a density map, which confirmed the
same distribution (Supplemental Figure 1). Glioblastoma
tumor densities are enriched around the SVZ. 25.7% of
all CE volume probabilities were found within 10 mm of
the ventricular volume, a region representing only 12.6%
percent of the total brain volume. This finding is largely
consistent with two previous publications [17, 18].

Glioblastoma subtype specific density maps

We next generated CE density maps for each 
glioblastoma subtype. We observed that proneural and 
neural tumors tend to occur in the temporal and frontal 
lobe. Both of these subtypes demonstrated a predilection 

Figure 1: Workflow for generation of total CE and centroid density maps. Preprocessed images A. were registered to the 
Montreal Neurological Institute (MNI) template and segmented according to the IPVL pipeline B. CE volumes were filled C. and centroid 
of each were calculated D. E. Filled CE volumes from each subject (first three panels) were summed (right most panel) and then converted 
to tumor density map.
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towards asymmetry, having higher densities in the 
left temporal region relative to the right (Figure 3A). 
In contrast, the classical and mesenchymal subtypes 
were more diffusely distributed in the cerebrum, with 
significantly lower probabilities of overlap (p < 0.001) 
(Figure 3A). The classical subtype had higher probability 
densities within the periventricular white matter adjacent 
to the right atrium. Statistical comparisons between the 
probability density maps for all subtypes using voxel-
wise Fisher’s exact testing (see Methods) confirmed the 
distributions described above demonstrating regions that 
are highly specific for each subtype. The statistically 
significant regions associated with each subtype are 

demonstrated by Figure 3B. The limited number of 
G-CIMP glioblastomas (n = 11) did not exhibit specific
geographic association to any particular regions of the
cerebrum.

Glioblastoma subtypes and sVZ distance

To study the anatomic relation of glioblastoma 
subtype to the SVZ, we developed a quantitative measure 
of SVZ distance (See Methods). An illustrative example 
of the SVZ distance measure is demonstrated in Figure 
4A. Applying this measure to our dataset, we found that 
proneural and neural subtypes were located in closer 

table 1: Demographic data

Variable All G-cIMP+
Proneural

G-cIMP- 
Proneural Neural classical Mesenchymal Unknown

N (%) 217 (100) 10 (4.6) 46 (21.2) 39 (18.0) 51 (23.5) 57 (26.3) 14 (6.5)

Male, No. (%) 128 (59.8) 6 (66.7) 25 (55.6) 25 (64.1) 23 (45.1) 39 (68.4) 10 (76.9)

Female, No. (%) 86 (40.2) 3 (33.3) 20 (44.4) 14 (35.9) 28 (54.9) 18 (31.6) 3 (23.1)

Age, y, mean ± SD 59.3 ± 14.1 41.5 ± 15.4 57.9 ± 15.1 62.0 ± 13.3 61.2 ± 15.0 60.7 ± 11.2 56.6 ± 12.0

KPS, mean ± SD 77.9 ± 14.1 86.7 ± 10.0 76.6 ± 9.9 78.2 ± 19.3 75.0 ± 14.3 79.6 ± 13.4 75.5 ± 16.3

OS, d, mean ± SD 405.8 ± 336.0 680.8 ± 287.1 320.4 ± 343.2 427.8 ± 300.9 433.6 ± 291.8 429.0 ± 388.2 197.0 ± 159.5

PFS, d, mean ± SD 261.2 ± 271.8 441.6 ± 593.0 241.9 ± 315.9 255.2 ± 189.2 241.0 ± 169.2 294.1 ± 308.3 151.5 ± 118.2

CE volume, 
mean ± SD 34977 ± 33406 26809 ± 12454 29015 ± 18364 40504 ± 37324 32496 ± 20217 39371 ± 49242 35146 ± 25987

CE: contrast enhancing; SD: standard deviation

Figure 2: Glioblastoma density map. Total CE probability map revealed that glioblastoma, as a whole, exhibit a strong predilection 
occurrence in proximity to the SVZ. Red indicates the highest frequency of overlap and light-blue indicating the lowest frequency of 
overlap.
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Figure 3: Glioblastoma subtype density maps and regions of statistically significant subtype localization. A. Subtype-
specific density maps were generated using total CE volume. Red indicates the highest frequency of overlap and light-blue indicating the 
lowest frequency of overlap. Proneural and neural tumors tend to occur in the temporal and frontal lobe, having higher densities in the left 
temporal region relative to the right. In contrast, the classical and mesenchymal subtypes were more diffusely distributed in the cerebrum, 
with significantly lower probabilities of overlap (p < 0.001). B. Axial (first row) and sagittal (second row) of statistically significant clusters 
(p < 0.05) by subtype. Statistical comparisons were carried out using voxel-wise Fisher’s exact tests.
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proximity to the SVZ relative to the mesenchymal and 
classical subtypes (p = 0.035) (Figure 4B). Since clinical 
studies of glioblastoma growth based on serial MRI 
images suggest that the center of tumor mass approximates 
the site of tumor origin [19], our results suggest that 
glioblastoma subtypes arise in distinct regions of the 
cerebrum.

To confirm our clinical finding, we tested the 
distribution of glioblastoma subtypes in a GFAP-CreER; 
PtenloxP/loxP; Trp53loxP/loxP; Rb1loxP/loxP; Rbl1-/- GEMM model 
where glioblastoma can arise anywhere in the cerebrum 
[16]. The brains of the mice were sectioned in their entirety 
and examined for the presence of early glioblastomas, 
in particular recording their location. For this study, we 
focused on tumors located in the cortex (external to the 
corpus callosum and external capsule) and those in close 
proximity to or extending from the SVZ (including the 
overlying corpus callosum, rostral migratory stream and 
olfactory bulb). We characterized Olig2 staining intensity, 
an established biomarker for proneural glioblastoma [2, 
20-22], for each tumor (Figure 5A). The glioblastomas
that arose from the GEMM showed a wide range of Olig2
staining intensities, which we graded from a scale of 0 to

3+. Nearly all tumors staining of 2+ and 3+ were classified 
as proneural or neural subtype when mRNA profiling of 
these tumors were performed [6]. In contrast, tumors 
staining 0-1 were classified as mesenchymal or classical 
subtype. Consistent with our analysis of TCIA, the 
proneurral/neural glioblastomas (2+ and 3+ Olig 2 staining 
glioblastomas) tend to locate in proximity to the SVZ. In 
contrast, the mesenchymal or classical glioblastomas (0 
and 1+ Olig 2 staining glioblastomas) were more likely 
located in the cortex, distant from the SVZ (Figure 5B; 
p < 0.0001). These observations in the GEMM model 
confirm our clinical observation from human subjects 
that proneural glioblastomas are more likely to occur in 
proximity to the SVZ. 

DIscUssION

Our study provides a quantitative tumor density 
map of glioblastoma subtypes and demonstrates that these 
subtypes occupy distinct regions of the brain. Intriguingly, 
the subtypes exhibit regional associations with regard to 
the SVZ, an area of critical importance in neurogenesis 
and glioblastoma pathogenesis. The proneural and neural 

Figure 4: Association between SVZ distance and glioblastoma subtype. A. Graphical illustration of the SVZ distance 
measurement. SVZ distance is color coded so that blue indicates shorter SVZ distances while red indicates high SVZ distances. B. Median 
SVZ distances for the glioblastoma subtypes. * indicates statistical significance based on student’s t-test when comparing the SVZ distance 
of the proneural subtype to those of the classical or the mesenchymal subtype. The same comparisons were performed for the neural 
subtype. 
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glioblastomas exhibit anatomic tropism reminiscent of 
NSCs (in proximity to the SVZ) and show gene expression 
patterns resembling these cells [2, 22]. In contrast, the 
classical and mesenchymal glioblastomas exhibit a more 
diffuse distribution and are found farther from the SVZ - a 
distribution that is similar to those of neural progenitor 
cells. We further confirmed that in a GEMM model where 
glioblastoma can spontaneous arise in distinct regions of 
the cerebrum, proneural glioblastomas are more likely 
to arise in proximity to the SVZ. These findings provide 
clinical evidence that subtype biology may be related to 
differing cells of origin.

The asymmetric distribution of proneural and neural 
subtypes presents an unexpected phenomenon. A large 
body of work has documented asymmetry in cerebral 
function and activity [23], with inferred asymmetry 
in terms of anatomic substrate and physiologic circuit 
[24-26]. It is possible that molecular microenvironment 
or differential cell-related asymmetry contributes to 
glioblastoma pathogenesis. For instance, recent studies 
suggest that many neurotransmitters serve as trophic 
factors that mediate mitogenic signaling in glioblastomas 

[27]. Increased utilization of such neurotransmitters [28], 
or differential levels of adult neurogenesis may effect 
regional predisposition for glioblastoma pathogenesis. As 
an alternative explanation, patients with tumors affecting 
the left temporal lobe may present with symptoms earlier, 
potentially increasing their likelihood for detection and 
enrollment in the TCGA.

Amongst the limitations of our study is the 
assumption that the center of tumor mass approximates the 
site of tumor origin. This assumption is largely supported 
by mathematical studies that use imaging to model the 
growth pattern of glioblastomas [19]. Another challenge 
encountered during our study involves the deformation 
of ventricular contour by glioblastoma mass effect. 
To address this issue, we utilized established methods 
of registration [27] to MNI atlas to account for such 
deformations. Finally, while robust statistical analysis is 
performed in this dataset in a hypothesis-driven manner, 
further verification of our results is warranted. 

In conclusion, the integration of quantitative MR 
image analysis of 217 TCIA subjects and molecular 
subtyping of glioblastoma revealed subtype specific 

Figure 5: Analysis of glioblastoma location in a GEMM by subtype. The location and Olig2 staining characteristics of early 
glioblastomas were examined in GEMM model of glioblastoma [16]. A. Tumors were identified based on H&E staining (left column) and 
an adjacent slide stained for Olig2 (right column). Representative images demonstrating Olig2 staining intensity from 0 to 3 are shown. 
Scale bar in the upper right hand image is 50 µm and applies to all images. B. Olig2 staining of cortical tumors was compared to tumors 
of the subventricular zone (SVZ), overlying corpus callosum (CC), rostral migratory stream (RMS) and olfactory bulb (OB) in this scatter 
plot. Lines represent the mean and standard deviation. ****p < 0.0001.
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brain localization and differed with regard to the SVZ. 
Quantitative proximity to the SVZ, as determined by our 
methods, may be an imaging proxy for the underlying 
glioblastoma biology. 

MAtErIALs AND MEtHODs

Data acquisition and subtype classification

We searched the TCIA for subjects with at least one 
artifact-free pre-operative T1 weighted MR image with 
contrast. In total, 217 subjects with pre-surgical resection 
MR images were downloaded from the TCIA (http://
cancerimagingarchive.net) in November 2014. Level 3 
probe collapsed Messenger RNA (mRNA) expression 
data: Affymetrix HT-HG-U133A GeneChip and RNAseq, 
was downloaded for available patients via the TCGA Data 
Portal (http://tcga-data.nci.nih.gov/tcga/). Affymetrix 
expression data were normalized by robust multichip 
average (RMA). RNAseq data were RSEM normalized. 
When not already available in published literature, 
genomic subtypes were determined for subjects employing 
single sample Gene Set Enrichment Analysis (ssGSEA) 
as described previously [29, 30]. Additionally, G-CIMP 
status was determined using methods described previously 
[3, 30].

Image preprocessing and registration

MR images were corrected for gradient nonlinearity 
using previously described methods [18, 31]. Images were 
additionally preprocessed and intensity corrected utilizing 
N4 bias field correction [32], then registrations were 
performed to the Montreal Neurological Institute (MNI) 
152 1 mm3 template employing methods from Advanced 
Normalization Tools (ANTS) [27]. Visual inspections were 
subsequently performed by three independent reviewers 
(T.C.S, J.M.T, & K.S.P) to ensure accurate preprocessing. 
Variability in the technical parameters of the images 
analyzed is described in our previous study [15].

tumor segmentation and probability maps

Contrasting-enhancing (CE) regions of tumors 
were segmented using the iterative probabilistic voxel 
labeling (IPVL) algorithm developed in the laboratory 
[15] (Figure 1B) and the enclosed volume was filled
(See Methods, Figure 1C). Tumor density maps were
calculated as the number of observations at each
voxel divided by the number of subjects (Figure 1E).
Similarly, centroid density maps were generated using
the regionprops(matrix,’centroid’); function in MATLAB
(The MathWorks, Inc., Natick, Massachusetts, United

States.) where a 15-mm sphere placed at the center of 
mass for each filled CE volume (Figure 1D). Visual 
inspection by two independent operators (T.C.S, J.M.T) 
was performed to ensure adequacy of region filling 
and centroid estimation. Probability distributions were 
quantitatively compared using a voxel-wise two-tailed 
Fisher’s exact test [33] comparing the number of tumors 
observed for each subtype at each voxel. Only significant 
clusters which had a >5% probability of occurring by 
chance were kept. 

Subventricular zone distance

To measure SVZ distance with respect to each 
tumor’s filled CE volume, the MNI template’s lateral 
ventricle segmentation was used as a basis of comparison. 
Linear transformation of the glioblastoma volume to 
the MNI template was performed. SVZ distances were 
calculated by taking the mean of the distance from the 
nearest MNI template ventricular border to each point 
within a subject’s CE volume. 

GEMM model of glioblastoma

Quadruple conditional knock-out (cKO) mice 
have been described elsewhere [16]. Briefly, the 
genotype of the mice used in this study is GFAP-CreER; 
PtenloxP/loxP; Trp53loxP/loxP; Rb1loxP/loxP; Rbl1-/-. Deletion of 
conditional alleles was induced in five week old mice 
by intraperitoneal tamoxifen injections, 9 mg/40 g body 
weight daily for three days. Six weeks after tamoxifen 
injections, mice were euthanized by transcardial perfusion 
with phosphate buffered saline (PBS). The brain was 
dissected, cut sagittally down the midline and fixed by 
immersion in 4% paraformaldehyde in PBS for 12 hrs. 
The tissue was processed for paraffin embedding and 5 
µm thin sections prepared. Every fifth slide was stained 
with hematoxylin and eosin to identify and localize 
tumors, which were confirmed by immunohistochemical 
staining for the proliferation marker, Ki67. To characterize 
the tumor, selected adjacent slides were stained for Olig2 
(dilution 1:500; EMD Millipore, Temecula, CA). Staining 
intensity was graded as absent or weak (0), positive in 
>50% of tumor cells (1), positive in >90% of tumor cells
(2) or strongly positive (3). Average staining intensity in
tumors from each location was calculated and significance
determined using the two-tailed t-test.

Abbreviations

T1WI with Contrast: T1wCE; Contrast-Enhancing 
Volume: CEV; FLAIR Hyperintensity Volume: FHV; 
Subventricular Zone: SVZ; CpG Island Methylator 
Phenotype: G-CIMP; The Cancer Genome Atlas: TCGA; 
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ABSTRACT
Oncogene inactivation in both clinical targeted therapies and conditional 

transgenic mouse cancer models can induce significant tumor regression associated 
with the robust induction of apoptosis. Here we report that in MYC-, RAS-, and 
BCR-ABL-induced acute lymphoblastic leukemia (ALL), apoptosis upon oncogene 
inactivation is mediated by the same pro-apoptotic protein, BIM. The induction of 
BIM in the MYC- and RAS-driven leukemia is mediated by the downregulation of 
miR-17-92. Overexpression of miR-17-92 blocked the induction of apoptosis upon 
oncogene inactivation in the MYC and RAS-driven but not in the BCR-ABL-driven ALL 
leukemia. Hence, our results provide novel insight into the mechanism of apoptosis 
upon oncogene inactivation and suggest that induction of BIM-mediated apoptosis 
may be an important therapeutic approach for ALL.

INTRODUCTION

Although cancers evolve through a multistage 
process with accumulation of both genetic and epigenetic 
changes, many cancers are dependent on specific driver 
oncogenes for maintenance of the malignancy [1]. This 
phenomenon of oncogene dependence, termed “oncogene 
addiction”, provides the rationale for targeted therapy of 
human cancers. 

The inactivation of driver oncogenes in mouse 
cancer models and human targeted therapy often leads 
to tumor regression associated with the induction of 
apoptosis [2-5]. The mechanism by which oncogene 
inactivation induces apoptosis in cancer has not been 
defined. Apoptosis occurs through two pathways: the 
extrinsic and intrinsic pathways. The activation of the 
intrinsic apoptosis pathway is determined by the balance 
between the pro-apoptotic BCL-2 family proteins BIM, 
BAD, BAX, and PUMA, and the anti-apoptotic proteins 
BCL-2, BCL-xL, and MCL1 [6-8]. BIM-mediated 
apoptosis is critical for the development and homeostasis 
of immune cells [9]. Bim deficient mice often develop 
autoimmune diseases, and lymphocytes from these mice 
are refractory to apoptotic stimuli. More recently, BIM, 

together with other BCL-2 family proteins, have been 
implicated in the mechanism of apoptosis and therapeutic 
sensitivity of BCR-ABL positive cells treated with 
imatinib, lung adenocarcinoma cells treated with EGFR 
inhibitors, and breast cancer cells treated with HER2 
inhibitors [10-18]. 

Oncogenes, such as MYC, RAS, and BCR-ABL, 
are frequently involved in the pathogenesis of human 
acute lymphoblastic leukemia (ALL) [19]. We and 
others have developed multiple conditional transgenic 
mouse models of ALL using the Tet-off system [3, 4]. 
The immunoglobulin heavy chain enhancer (Eμ) is used 
to regulate the expression of Tet transactivator (tTA) in 
lymphocytes. By crossing of Eμ-tTA mice with mice 
carrying different oncogenes controlled by a tetracycline-
responsive element (TRE), we are able to regulate 
oncogene expression in lymphocytes (Figure 1A). Eμ-tTA/
TRE-MYC and Eμ-tTA/TRE-RAS mice develop T-cell ALL, 
while Eμ-tTA/TRE-BCR-ABL mice develop B-cell ALL 
[3, 4, 20]. Upon oncogene inactivation by administering 
doxycycline, the leukemia undergoes dramatic regression 
associated with proliferative arrest, senescence, and 
apoptosis [3, 4]. Here we have used these transgenic 
mouse models driven by different oncogenes to investigate 

doi: 10.18632/oncotarget.8731

http://www.impactjournals.com/oncotarget/index.php?journal=oncotarget&page=article&op=view&path%5B%5D=8731&path%5B%5D=26270


Oncotarget  219www.impactjournals.com/oncotarget

the mechanism by which oncogene inactivation induces 
apoptosis.

RESULTS

BIM expression is induced by oncogene 
inactivation in MYC-, RAS-, and BCR-ABL-
driven ALL leukemia models

Tumor derived cell lines were generated from the 
MYC-, RAS-, and BCR-ABL-induced ALLs. Upon 
oncogene inactivation with doxycycline, the Eμ-tTA/TRE-
MYC leukemia cells underwent significant cell death as 
shown by 7-AAD staining (Figure 1B). To determine the 
mechanism of apoptosis, we measured the level of many 
BCL-2 family proteins by Western blot analysis. The 
level of BAD, BAX, and BCL-2 did not change, whereas 

PUMA decreased upon MYC inactivation (Figure 1C). 
BIM was the only pro-apoptotic protein induced and 
temporally associated with activation of Caspase 3. The 
level of BIM gradually increased starting at 24 hours of 
MYC inactivation and was about ten-fold higher at 72 
hours (Figure 2A). Similarly, BIM protein increased eight-
fold upon RAS inactivation and three-fold upon BCR-
ABL inactivation in the Eµ -tTA/TRE-RAS and Eµ-tTA/
TRE-BCR-ABL leukemia, respectively (Figure 2B-2C). 
Interestingly, the timing of BIM induction corresponded to 
the timing of apoptosis induction in all three tumor types. 
These data suggest that BIM may be a common mediator 
of apoptosis induction upon oncogene inactivation. 

Suppression of BIM blocks the induction of 
apoptosis and impedes tumor regression

Next, we examined whether the shRNA-mediated 
knockdown of BIM expression influenced the induction 

Figure 1: Apoptosis induction upon oncogene inactivation in Tet-regulated mouse ALL models. A. The ALL mouse models 
controlled by the Tet-off system. In the absence of doxycycline (DOX), tTA binds to TRE to drive the overexpression of the oncogenes. In 
the presence of DOX, tTA cannot bind and oncogene expression is off. B. Inactivation of the oncogenes induced massive apoptosis of tumor 
cells according to 7-AAD staining. Oncogene expression was shutoff for three days in the MYC and RAS models and for one day in the 
BCR-ABL model. Each time point includes three replicates. Data are presented as mean +/- SEM. Student’s t test. *p < 0.01, **p < 0.001. 
C. Expression of BCL-2 family proteins and caspase 3 cleavage upon the inactivation of MYC. Protein samples were collected every two
hours for the first 12 hours and then every 12 hours.
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of apoptosis. A miR-30-based shRNA was used to 
knockdown BIM expression by 80% as measured by 
Western blot analysis [21] (Supplementary Figure 1). 
BIM knockdown blocked apoptosis upon inactivation 
of the driver oncogenes (MYC 39% versus 12%; RAS 
48% versus 15%; BCR-ABL 74% versus 23%; as shown 
in Figure 2D-2F and further quantified in Figure 2G-2I). 
Thus, suppression of BIM expression blocks the induction 
of apoptosis upon oncogene inactivation. 

We then examined if knockdown of BIM expression 
influences the kinetics of tumor regression upon oncogene 
inactivation. The MYC ALL tumor cells were labeled with 
firefly luciferase and transplanted subcutaneously into 
syngeneic FVB/N hosts. After tumors were established, 
oncogene expression was turned off with administration 
of doxycycline in drinking water. We observed that the 
kinetics of tumor regression was significantly delayed 
upon BIM knockdown as shown by bioluminescence 

Figure 2: BIM mediates apoptosis induced by inactivation of the driver oncogene. A.-C. The gradual induction of Bim 
protein expression upon the inactivation of the MYC, RAS, and BCR-ABL. Both BIM-EL and BIM-L isoforms are shown. The level 
of tubulin served as loading control. D.-F. Knockdown of BIM expression blocks the induction of apoptosis by oncogene inactivation. 
Oncogene expression was shutoff for three days in the MYC and RAS models and for two days in the BCR-ABL model. The gates for 
7-AAD positive populations are set as indicated. Apoptosis rates are labeled in the top right corners of the plots. For each cell line, only one 
representative plot is shown. Data for the replicates was further quantified and presented in figure G-I. G.-I. Quantification of the apoptosis
rates in control versus tumor cells with BIM knockdown. Each time point includes three replicates. Data are presented as mean +/- SEM.
Student’s t test. Data are presented as mean +/- SEM. Student’s t test. *p < 0.05, **p < 0.001.
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imaging (Figure 3A-3B). Thus, our data suggests that BIM 
is important for robust tumor regression upon oncogene 
inactivation.

miR-17-92 expression blocks the induction of 
BIM-mediated apoptosis in MYC-, RAS-, but not 
in BCR-ABL-driven ALLs

BIM level is known to be suppressed by miR-17-
92 during normal development of lymphocytes [22, 23]. 

We speculated that downregulation of miR-17-92 upon 
oncogene inactivation may lead to the induction of BIM. 
We thus examined changes in the expression of individual 
microRNAs in the miR-17-92 cluster upon oncogene 
inactivation in our ALL models driven by MYC, RAS, and 
BCR-ABL. In both MYC- and RAS-driven ALL models, 
significant downregulation of miR-17-92 was observed 
upon oncogene inactivation (Figure 4A-4B). In contrast, 
the downregulation of miR-17-92 in the BCR-ABL-driven 
leukemia cell lines was modest (Figure 4C). 

To delineate whether miR-17-92 expression could 

Figure 3: Suppression of BIM expression delays in vivo tumor regression upon oncogene inactivation. A. Kinetics of 
tumor regression in control versus BIM knockdown tumors. The total flux of bioluminescence signal was used to measure the tumor 
mass. Five mice per group were imaged immediately before doxycycline treatment and then daily after doxycycline treatment for 18 
days. The data at each time point were presented and plotted as mean +/- SEM. The kinetics of tumor regression between control and Bim 
shRNA group is significantly different (p < 0.05. two-way ANOVA with Bonferroni post-test). B. Tumor mass shown by bioluminescence 
imagining. Both MYC ON tumors and MYC OFF (day 9) tumors are shown. The colored scale bar indicates the range of the average 
radiance (p/s/cm2/sr) of the tumor area.
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Figure 4: The microRNA cluster, miR-17-92, regulates apoptosis in MYC-, RAS- but not BCR-ABL-driven ALL model. 
A.-C. Expression of individual microRNAs in the miR-17-92 cluster upon inactivation of the driver oncogenes. The expression levels of 
each microRNA were quantified using real-time PCR and normalized to expression level of endogenous U6 snRNA. D.-F. Apoptosis 
induction and cell cycle distribution in the control and miR-17-92 expressing tumor cells. Cell cycle distribution was assessed by flow 
cytometric analysis of propidium iodide-stained cells. Apoptosis was quantified by gating on the sub-G1 populations. Oncogene expression 
was shut off for three days in the MYC and RAS models and for two days in the BCR-ABL model. The gates for sub-G1 populations are 
set as indicated. The relative percentage of apoptotic populations is labeled in the top right corner of the plots. For each cell line, only 
one representative plot is shown. Data for the replicates was further quantified and presented in figure G-I. G.-I. Quantification of sub-G1 
populations in the control and miR-17-92 expressing tumor cells. Each time point includes at least three replicates. Data are presented as 
mean +/- SEM. Student’s t test. *p < 0.001. n.s. stands for Not Statistically Significant.
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block the induction of apoptosis, we infected the ALL 
cell lines with Murine Stem Cell Virus containing miR-
17-92 (MSCV-miR-17-92) [24]. miR-17-92 expression
blocked the induction of BIM upon MYC inactivation
(Supplementary Figure 2). The apoptosis of tumor cells
was examined using flow cytometric analysis of cell cycle
distribution after propidium iodide staining. miR-17-92
expression significantly blocked apoptosis as shown by
the reduced sub-G1 populations in MYC and RAS but
not BCR-ABL-driven tumors (MYC 38% versus 5%;
RAS 40% versus 9%; BCR-ABL 60% versus 63% as
shown in Figure 4D-4F and further quantified in Figure
4G-4I). Notably, expression of miR-17-92 also blocked
the proliferative arrest induced by inactivation of MYC or
RAS (Figure 4D-4E). These findings suggest that miR-17-
92 plays a pivotal role in maintaining the cancer phenotype
by sustaining proliferation and survival in MYC and RAS-
driven ALLs. In contrast, miR-17-92 expression does not
seem to regulate apoptosis and proliferative arrest in BCR-
ABL cells (Figure 4F).

BIM induction upon BCR-ABL inactivation is 
correlated with JNK phosphorylation

To explain how BIM is induced in the BCR-ABL 
model, we tested other potential mechanisms, such as 
transcriptional stimulation [25, 26] and JNK- or ERK-
mediated phosphorylation [27-30]. Transcriptional 
stimulation was ruled out because BIM mRNA expression 
was significantly decreased upon BCR-ABL inactivation 
(Supplementary Figure 3A). The level of phosphorylated 
ERK remained constant upon BCR-ABL inactivation 
as revealed by Western blot analysis (Supplementary 
Figure 3B). However, we did observe increased JNK 
phosphorylation upon oncogene inactivation in BCR-ABL 
but not in MYC or RAS-driven ALLs (Supplementary 
Figure 3B). Thus, we infer that BIM induction in the 
BCR-ABL model may be regulated post-transcriptionally 
through JNK phosphorylation.

DISCUSSION

We used three conditional transgenic mouse models 
of ALL driven by different oncogenes to demonstrate that 
BIM activation is the convergent mechanism of apoptosis 
associated with oncogene addiction. Interestingly, the 
mechanism of BIM activation was different depending 
on the specific driver oncogene. The microRNA cluster, 
miR-17-92, regulates BIM induction and apoptosis in 
MYC- and RAS- but not in BCR-ABL-driven ALLs. 
The regulation of BIM-mediated apoptosis in BCR-ABL-
driven ALL appears to be post-transcriptional and related 
to JNK phosphorylation.

Multiple prior studies have correlated BIM 
activation with clinical response to targeted therapies. 

Lung adenocarcinoma cells treated with gefitinib, breast 
cancer cells treated with lapatinib, and melanoma cells 
treated with B-RAF inhibitors all exhibit BIM activation. 
In these solid tumors, BIM is often activated via inhibition 
of the MEK/ERK pathway and/or the PI3K/mTOR 
pathway [10, 11, 15, 31-33]. Our research highlights 
the critical role of microRNA miR-17-92 and/or JNK 
phosphorylation in regulating BIM-mediated apoptosis 
upon oncogene inactivation particularly in the leukemia 
contexts. Thus, our work provides novel insight into 
the mechanism of apoptosis associated with oncogene 
addiction.

The activity of BIM seems to be particularly 
critical in regulating the balance between pro-apoptotic 
and pro-survival signals. Even modest changes in BIM 
activity can significantly influence tumorigenesis and 
therapeutic responses of cancer. For examples, the loss of 
one allele of BIM is sufficient to substantially accelerate 
lymphomagenesis [34, 35]. Epigenetic silencing of 
BIM by promoter hypermethylation mediates tumor 
chemoresistance in Burkitt’s lymphoma [36]. An intronic 
deletion polymorphism that produces a less active 
form of BIM in chronic myeloid leukemia and lung 
adenocarcinoma patients leads to therapeutic resistance 
to tyrosine kinase inhibitors [14, 18]. Thus, BIM is a 
central mediator of apoptosis associated with therapeutic 
responses of cancer. Our results support the notion that 
induction of BIM-mediated apoptosis may be an effective 
therapeutic option. In particular, activation of BIM-
mediated apoptosis pathway using BH3 mimetics may 
synergize with targeted therapeutics to induce sustained 
tumor regression [17, 37-41]. 

MATERIALS AND METHODS

Cell culture

The murine ALL leukemia cell lines derived from 
Eμ-tTA/TRE-MYC, Eμ-tTA/TRE-KRAS, and Eμ-tTA/
TRE-BCR/ABL mice were cultured in RPMI-1640 media 
(Gibco) supplemented with 10% fetal bovine serum 
under standard culture condition. Inactivation of the 
Tet-regulated oncogenes was achieved with doxycycline 
treatment (20ng/ml) in the culture media. 

Western blot and antibodies

Western blots were performed as described before 
[24]. The following antibodies were used for Western 
blot: MYC (9E10, EMD Biosciences), Tubulin (Sigma), 
BIM, phospho-JNK, phospho-ERK, cleaved-caspase 3, 
and other BCL-2 family proteins (Cell Signaling). For 
optimizing Western blot images for presentation, only 
brightness or contrast was adjusted uniformly over the 
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entire image and images represent the original data.

BIM shRNA knockdown and retroviral expression 
of miR-17-92

The knockdown of BIM expression was 
accomplished using LMP miR-30-based shRNAs with 
puromycin selection marker (V2LMM_220682 from Open 
Biosystems). Retrovirus was prepared using the phoenix 
retrovirus packaging system. The leukemia cells were spin 
infected and selected with puromycin (2μg/ml).

Bioluminescence imagining of in vivo tumor 
regression

The tumors cells were labeled with MSCV-luciferase 
and transplanted subcutaneously into FVB/N mice. When 
tumors reach approximately 1.0cm in diameter, mice 
were imaged and then treated with doxycycline (20μg/
ml). For imaging procedure, the mice were injected 
intraperitoneally with 100μl of d-luciferin (33mg/ml) 
about ten minutes before detection using the IVIS 200 
cooled CCD camera system (Xenogen). Mice were 
imaged daily for 18 days following doxycycline treatment. 
Quantification of bioluminescence signals was done using 
Living Imaging software 4.3.1 (Perkin Elmer). All animal 
experiments were approved by Stanford’s Administrative 
Panel on Laboratory Animal Care (APLAC) and were 
performed in accordance with institutional and national 
guidelines.

Quantification of Bim mRNA and miR-17-92 
expression

Bim mRNA expression was quantified in 
triplicates using SYBR based quantitative PCR and 
normalized to Ubc mRNA level. Primers used are: 
Bim-F 5’-CACCTGCTGTGTGCTTCCTA-3’ and 
Bim-R 5’-TTCAGTGAGCCATCTTGACG-3; Ubc-F 
5’-AGCCCAGTGTTACCACCAAG-3’ and Ubc-R 
5’-ACCCAAGAACAAGCACAAGG-3’. Total microRNA 
was extracted with miRNeasy microRNA extraction kit 
(Qiagen). The microRNAs were first reverse-transcribed 
and then quantified with TaqMan microRNA assay kits 
(Applied Biosystems) following manufacturer’s protocols. 
Each sample was run in triplicate and normalized to U6 
snRNA. 

Flow cytometric analysis of cell death

Propidium iodide staining was used for the study 
of cell cycle distribution and apoptosis. Briefly, leukemia 
cells were resuspended in PBS and fixed with ice-cold 

ethanol. Cells were treated with RNase and propidium 
iodide and analyzed on a FACScan flow cytometer (Becton 
Dickinson). For live/dead staining, cells were stained with 
7-AAD. FACS data was analyzed with FlowJo software
(Tree Star).
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ABSTRACT
The evolutionarily conserved Hippo inhibitory pathway plays critical roles in 

tissue homeostasis and organ size control, while mutations affecting certain core 
components contribute to tumorigenesis. Here we demonstrate that proliferation 
of Hippo pathway mutant human tumor cells exhibiting high constitutive TEAD 
transcriptional activity was markedly inhibited by dominant negative TEAD4, which 
did not inhibit the growth of Hippo wild-type cells with low levels of regulatable TEAD-
mediated transcription. The tankyrase inhibitor, XAV939, identified in a screen for 
inhibitors of TEAD transcriptional activity, phenocopied these effects independently 
of its other known functions by stabilizing angiomotin and sequestering YAP in the 
cytosol. We also identified one intrinsically XAV939 resistant Hippo mutant tumor 
line exhibiting lower and less durable angiomotin stabilization. Thus, angiomotin 
stabilization provides a new mechanism for targeting tumors with mutations in Hippo 
pathway core components as well as a biomarker for sensitivity to such therapy. 

INTRODUCTION

The Hippo pathway is an evolutionarily conserved 
signaling pathway that plays a fundamental role in growth 
control, stem cell function, tissue regeneration, and 
tumor suppression [1, 2]. It features a core kinase module 
characterized by MST1/2 and LATS1/2 that phosphorylate 
and inhibit the transcriptional co-activators, YAP/TAZ, 
by preventing their nuclear localization [1]. YAP/TAZ 
lack an intrinsic DNA-binding domain and thus they can 
contact the DNA only through transcription factor partners 
such as TEAD1/-2/-3/-4, Runx1/-2, p73, Pax3, AP-1, or 
TBX5 [3]. Among these, TEAD family members appear to 
play a dominant role as primary mediators of YAP/TAZ-
dependent gene regulation with target genes including a 
number involved in cell proliferation and cell motility [4-
6].

YAP overexpression in model systems in vivo was 
initially shown to confer transforming, invasive, and 

prosurvival properties [7], which could be abrogated 
by YAP downregulation [8], and Hippo pathway 
alterations have increasingly been implicated in human 
tumorigenesis. In addition to YAP amplification or over 
expression observed in various epithelial malignancies [9] 
as well as YAP or TAZ translocations [9] or point mutation 
[10], loss of function mutations of core components of 
the Hippo inhibitory pathway such as LATS, or NF2 
are found at high frequencies in mesotheliomas [11, 
12]. Moreover, NF2 is commonly mutated in familial 
meningiomas and schwannomas as well as in spontaneous 
tumors of these and other tumor types [13]. Recent studies 
have identified GPCRs, which signal to either activate or 
inhibit Hippo signaling [14], and mutations in some G 
proteins have now been shown to activate YAP-dependent 
TEAD transcriptional activity in a high fraction of uveal 
melanomas and at lower frequency in other melanomas 
[15, 16]. Deep sequencing studies have revealed that 
almost 20% of human tumors harbor mutations in 
GPCRs [17], suggesting that mutations in other GPCRs 
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and G proteins may also deregulate the Hippo pathway. 
Epigenetic silencing of Hippo components has been 
reported in human cancer as well [18-20]. 

The emerging role of Hippo pathway deregulation 
in cancer has increasingly focused attention on this 
signaling pathway as an anticancer target [1]. However, 
efforts focused on chemical inhibition of deregulated 
hippo signaling tumors are still in their infancy. In the 
present study, we genetically validated constitutive high 
TEAD-mediated transcription levels in human tumor cells 
with loss of function mutations in well-established Hippo 
pathway core components, LATS and NF2, as therapeutic 
targets and identified a mechanism by which small 
molecule tankyrase inhibitors specifically antagonize such 
Hippo pathway deregulated tumor cells.

RESULTS

Hippo pathway mutant tumor cells are reliant on 
high constitutive TEAD transcriptional activity 
for proliferation

The Hippo pathway regulates cell proliferation 
in response to cell density and external stimuli such 
as serum deprivation [14, 21, 22]. To characterize the 
effects of recurrent mutations in Hippo pathway core 
components in human tumor cells, we measured TEAD 
transcriptional activity in several tumor lines bearing loss 
of function mutations in NF2 (H2373, MESO25) [11], 
LATS1 (MSTO-211H (211H)) [23] and NF2/LATS2 
(H2052) [11] or in immortalized non-tumorigenic (293T, 
MCF10A) cell lines, which are wild-type for NF2, LATS1 
and LATS2 genes (Supplementary Figure S1A). Using a 
TEAD luciferase reporter assay, we observed that tumor 
lines harboring Hippo pathway mutations showed much 
higher reporter levels, which were insensitive to serum 
deprivation or high cell density as compared to Hippo 
pathway wild-type lines (Figure 1A). An antibody that 
recognizes both YAP and TAZ proteins detected higher 
YAP levels in each line. Of note, YAP protein levels 
were markedly higher in Hippo mutant as compared 
to wild-type cells despite their similar mRNA levels 
(Supplementary Figure S1A, S1B). 

To determine how inhibition of TEAD-mediated 
transcription influenced cell proliferation, we stably 
expressed a dominant negative mutant form of TEAD4 
(dnTEAD4) that is unable to interact with YAP to drive 
gene transcription [24] (Supplementary Figure S1C, 
S1E and S1G-S1J). Expression of dnTEAD4 effectively 
decreased TEAD reporter activity in both Hippo wild-
type and mutant cells (Figure 1B). Moreover, expression 
levels of well-recognized TEAD target genes (CYR61 
and CTGF) [14, 24] were significantly decreased under 
these conditions (Figure 1C; Supplementary Figure S1D, 

F). Of note, dnTEAD4 expression markedly inhibited 
the proliferation of Hippo mutant cell lines but had no 
detectable effect on colony formation by Hippo pathway 
wild-type lines (Figure 1D). These data demonstrate that 
tumor cells with loss of function mutations in the Hippo 
pathway core components were dependent on high TEAD 
transcriptional activity for their proliferation even in 
serum containing medium. In contrast, cells that lacked 
mutations in the pathway exhibited low, regulatable TEAD 
transcriptional activity, which was dispensable for their 
proliferation. Thus, we hypothesized that pharmacological 
inhibitors of TEAD transcriptional activity might 
specifically antagonize the transformed phenotype of 
Hippo pathway deregulated tumor cells.

A small molecule screen identifies XAV939 as a 
novel inhibitor of TEAD transcriptional activity

To search for small molecule inhibitors of TEAD 
transcriptional activity, we screened a library of in-house 
kinase and commercially available inhibitors by measuring 
their effect on TEAD reporter activity in 293T cells 
(Figure 2A). Whereas a few increased and 5 decreased 
the reporter activity by at least 50%, only one, XAV939, 
a tankyrase inhibitor initially identified as an inhibitor of 
Wnt signaling [25], decreased TEAD reporter activity by 
75% (Figure 2A). Thus, we focused on investigating the 
effects of XAV939 on Hippo pathway mutant and non-
mutant cells. 

Similar to results with dnTEAD4 overexpression, 
XAV939 treatment markedly decreased TEAD reporter 
activity and the expression of TEAD target genes in all cell 
lines tested with the exception of H2052 cells (Figure 2B 
and Supplementary Figure S2A-S2F), in which the reporter 
and TEAD target gene expression were only modestly 
affected (Figure 2B and Supplementary Figure S2F). 
XAV939 treatment, as with dnTEAD4 overexpression 
(Figure 1D), had no effect on the proliferation of 293T 
and MCF10A (Figure 2C), nor was there any effect on 
the proliferation of 501T human diploid fibroblasts (data 
not shown). Whereas XAV939 markedly inhibited the 
proliferation of Hippo pathway mutant H2373, MESO25 
and 211H, it had no effect on H2052 cells (Figure 2C), 
whose colony forming ability like that of the other Hippo 
mutant tumor lines was strongly inhibited by dnTEAD4 
(Figure 1D). Cell cycle analysis further revealed that those 
tumor lines whose proliferation was inhibited, showed 
increased G1 and reduced S phase fractions without 
an obvious increase in apoptosis while there was no 
detectable cell cycle alteration in those, which were not 
growth inhibited (Supplementary Figure S3). These results 
demonstrated that XAV939 phenocopied the G1 arrest 
induced by dnTEAD4 in Hippo mutant tumor lines that 
were sensitive to XAV939-mediated inhibition of TEAD 
transcriptional activity. 
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Figure 1: Hippo pathway mutant tumors are reliant on TEAD transcriptional activity for proliferation. A. TEAD 
reporter activity in Hippo pathway wild-type (black) and mutant (red) cells. Cells were seeded at either low (2x104 cells) or high (1.5x105 
cells) density in 24 well plates, in the absence or presence of 10% serum and the TEAD luciferase reporter was measured and normalized 
to the renilla luciferase in each cell line after 15 hours incubation. These values are shown as relative to those in 293T line cultured at low 
density and in the presence of serum. B., C. TEAD reporter activities B. and mRNA expression levels relative to those in 293T empty 
vector C. in Hippo pathway wild-type and mutant cells stably expressing dnTEAD4. D. Representative images of colony formation by the 
cell lines as indicated in B. Error bars indicate standard deviation (SD) of experiments performed in triplicate. ***P≤0.001. Student t-Test. 
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Figure 2: A small molecule screen identifies XAV939 as a novel inhibitor of TEAD transcriptional activity. A. TEAD 
reporter activity of 293 cells treated for 24 hours with inhibitors at a concentration of 10μM. B. TEAD reporter activity of Hippo pathway 
wild-type and mutant cells treated with XAV939 or 0.1% DMSO as control (CTR) for 24 hours. C. Representative images of colony 
formation by the indicated cell lines treated with XAV939 or CTR. Error bars indicate SD of experiments performed in triplicate. 
***P≤0.001. Student t-Test.
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Figure 3: XAV939 downregulates TEAD transcriptional activity through tankyrase inhibition. A., B. TEAD reporter 
activity of 293T A. or H2373 B. cells treated for 24 hours with the indicated inhibitors or CTR. C., D. Representative images of colony 
formation by 293T C. or H2373 D. cells treated with the indicated inhibitors or CTR. E., F. TEAD reporter activity in 293T E. or H2373 F. 
cells in the absence or presence of TNKS silencing. Western blot analysis showing knockdown efficiency of TNKS1/2 is also shown. G., 
H. Representative images of colony formation by 293T G. or H2373 H. cells with TNKS silencing. Error bars indicate SD of representative 
experiments performed in triplicate. *P≤0.05, **P≤0.01, ***P≤0.001. Student t-Test.
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XAV939 regulates TEAD transcriptional activity 
through tankyrase inhibition

XAV939 was initially identified as an inhibitor of 
both tankyrase 1 and 2 (TNKS1/2), members of the Poly-
ADP-ribosyltransferase (PARP) family of enzymes that 
regulate protein interactions and/or protein stability [25, 
26]. To determine whether XAV939’s inhibition of TEAD-
mediated transcription was indeed the result of TNKS 
inhibition, we measured TEAD reporter activity in 293T 
and H2373 cells treated with two other commercially 
available TNKS inhibitors, MN-64 and IWR1, which 
each had a different chemical structure [27, 28]. Both 
compounds were able to inhibit TEAD reporter activity 
and target gene expression similarly to XAV939 (Figure 

3A, B and Supplementary Figure S4A-S4F). Furthermore, 
both MN-64 and IWR1, significantly decreased colony 
formation by H2373 but not by 293T cells (Figure 3C, 
3D). In contrast, treatment with ABT-888, a PARP1/2 
specific inhibitor [29], did not affect TEAD reporter 
activity, target gene expression or cell proliferation under 
the same conditions (Figure 3A-3D and Supplementary 
Figure 4SA-4SF). 

We also genetically abrogated the expression of 
endogenous TNKS by lentiviral-mediated transduction of 
an shRNA that targets TNKS1/2. TNKS1/2 knockdown 
markedly inhibited TEAD reporter activity, as well as 
target gene expression, in both 293T and H2373 cells 
(Figure 3E, 3F and Supplementary Figure S4G, S4H). 
As with TNK inhibitors, TNKS1/2 silencing inhibited the 

Figure 4: XAV939 inhibits YAP-dependent transformation by a S127 phosphorylation-independent mechanism. A.-
C. Western blot analysis A., TEAD reporter activity B. and relative mRNA expression of TEAD target genes C. in MCF10A cells stably
expressing YAP-WT, YAP-S127A or YAP-S94A. D. Anchorage-independent growth of MCF10A cells stably expressing YAP-WT, YAP-
S127A or HRAS-V12 and treated with XAV939, verteporfin (VP) or CTR. E. Anchorage-independent growth of MCF10A cells stably
expressing YAP-WT, YAP-S127A or HRAS-V12 in the presence or absence of dnTEAD4 overexpression. Error bars indicate SD of
experiments performed in triplicate. ***P≤0.001. Student t-Test.
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proliferation of H2373 but not 293T cells (Figure 3G, 3H). 
All of these results strongly argued that XAV939 functions 
through TNKS inhibition to specifically downregulate 
TEAD transcriptional activity and inhibit the proliferation 
of Hippo mutant tumor cells.

XAV939 was reported to inhibit Wnt signaling 
by stabilizing Axin and consequently leading to the 

degradation of ß-catenin [25]. Since the Wnt signaling 
pathway has recently been implicated in crosstalk with 
the Hippo pathway [30-33], we investigated the possibility 
that XAV939 suppressed TEAD transcriptional activity 
through inhibition of Wnt signaling. Thus, we analyzed 
Hippo pathway mutant (H2373 and 211H) and non-mutant 
(293T and MCF10A) cell lines for evidence of upregulated 

Figure 5: XAV939 induces YAP cytoplasmic relocalization. A., B. Immunofluorescence images of endogenous YAP expression 
A. and western blot analysis of indicated proteins B. in H2373 cells treated with XAV939 or CTR for 24 hours. C.-E. Western blot analysis
C., TEAD reporter activity D. and relative mRNA expression levels of TEAD target genes E. in MCF10A cells stably overexpressing YAP-
S127A. F. Immunofluorescence analysis of MCF10A stably expressing YAP-S127A treated with XAV939 or CTR for 24 hours. Bar: 10
µm. Error bars represent SD of experiments performed in triplicate. ***P≤0.001. Student t-Test.
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Wnt signaling by means of a TCF luciferase reporter for 
TCF-ß-catenin-dependent transcription. Whereas HCT116 
colon carcinoma cells with Wnt pathway activation 
by mutant ß-catenin [34] exhibited high TCF reporter 
activity, the Hippo pathway mutant lines had very low or 
undetectable TCF reporter activity (Supplementary Figure 
S5A). These findings excluded the possibility that TEAD 
transcriptional activity in these lines was inhibited by 
XAV939 in a Wnt-dependent manner

TNKS inhibition by XAV939 blocks YAP-
dependent transformation through a S127 
phosphorylation-independent mechanism

TEAD-mediated transcription is activated by its 
interaction with the co-transcription factor YAP, whose 
nuclear localization is highly regulated [1]. LATS1/2-
mediated phosphorylation causes YAP to relocalize to the 
cytosol by a mechanism that involves 14-3-3 binding [21] 
and targets it for proteasomal degradation as well [35]. 
YAP activity is also regulated through phosphorylation-
independent physical interaction with the angiomotins, 
a family of proteins that include AMOT, AMOTL1 and 
AMOTL2. Angiomotin proteins recruit YAP to tight 
junctions or to the actin cytoskeleton leading to YAP 
cytoplasmic retention [36].

YAP overexpression in MCF10A cells promotes 
anchorage-independent colony formation in soft agar 
[37], a property that has been shown to correlate with in 
vivo tumorigenicity [38]. To test the ability of XAV939 
to antagonize YAP overexpression by phosphorylation- 
dependent and independent mechanisms, we stably 
overexpressed YAP-WT or a YAP-S127A mutant, which 
has a point mutation in the LATS phosphorylation site 
required for YAP cytoplasmic retention by 14-3-3 [21]. 
Both significantly increased TEAD reporter activity and 
target gene expression, as well as colony formation in soft 
agar (Figure 4A-4C and Supplementary Figure S5B). In 
contrast, overexpression of a YAP-S94A mutant, which 
is unable to bind TEAD [6], failed to induce TEAD 
transcriptional activity or anchorage-independent growth 
at similar levels of overexpression (Figure 4A-4C and 
Supplementary Figure S5B). Of note, XAV939 completely 
abolished YAP-S127A as well as YAP-WT-induced 
anchorage-independent cell growth (Figure 4D), consistent 
with a mechanism of XAV939 action independent of 
LATS1/2-mediated phosphorylation of YAP-S127.

A recent study indicated that HRAS-V12 
overexpression stabilizes YAP protein levels and 
induces anchorage independent growth by a YAP-
dependent mechanism in BJ cells [39]. When we stably 
overexpressed HRAS-V12 in MCF10A cells, we did not 
observe any changes in either YAP protein levels or its 
phosphorylation at S127, whereas the RAS pathway was 

indeed activated as confirmed by increased levels of pERK 
(Supplementary Figure S5C). Moreover, TEAD reporter 
activity was not increased in HRAS-V12 overexpressing 
compared to vector control MCF10A cells (Supplementary 
Figure S5D), arguing that the RAS transformed phenotype, 
including acquisition of agar colony forming ability, was 
independent of deregulated Hippo transcription in these 
cells. XAV939 lacked any effect on HRAS-V12-induced 
colony formation (Figure 4D), results consistent with 
the specificity of dnTEAD4, which blocked YAP but 
not RAS induced agar growth (Figure 4E). In striking 
contrast, verteporfin, an inhibitor that has been reported 
to interfere with TEAD-YAP protein-protein interactions 
[40], completely blocked agar colony formation by both 
YAP and RAS transformed MCF10A cells (Figure 4D). 
Together, these findings demonstrate that XAV939, but 
not verteporfin, specifically targets TEAD transcriptional 
activity and YAP-mediated transformation. 

XAV939 increases YAP cytoplasmic localization 
independent of S127 phosphorylation

To further investigate XAV939’s mechanism of 
action, we analyzed YAP sub-cellular localization in the 
presence or absence of XAV939. Immunofluorescence 
staining demonstrated that YAP was mainly localized in 
the nucleus of untreated NF2 mutant H2373 cells, whereas 
XAV939 treatment induced YAP re-localization to the 
cytoplasm of these same cells (Figure 5A). Moreover, 
H2373 cells treated with varying XAV939 concentrations 
did not show any significant differences in YAPS127 
phosphorylation status as assessed by Western blot (Figure 
5B). We next tested the effects of XAV939 on TEAD 
transcriptional activity and subcellular localization of YAP-
S127A in MCF10A cells. Both TEAD reporter activity 
and expression of target genes were inhibited by XAV939 
treatment (Figure 5C-5E). Furthermore, this decrease 
was associated with a significant shift of YAPS127A to 
the cytoplasm (Figure 5F). All of these results indicated 
that XAV939 inhibited TEAD transcriptional activity by 
a mechanism involving YAP cytosolic re-localization 
independent of S127 phosphorylation, excluding a LATS-
dependent mechanism of YAP sequestration by 14-3-3 and 
potentially implicating angiomotins. 

TNKS inhibition downregulates YAP activity by 
stabilizing angiomotins

TNKS catalyze the covalent linkage of ADP-
ribose polymer chains to target proteins, regulating 
their ubiquitylation, stability, and function [41]. It was 
previously reported that AMOT is degraded by the 
proteasome [42]. Moreover, in silico analysis revealed that 
all three angiomotin family members contain a recently 
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Figure 6: Tankyrase inhibition stabilizes angiomotin proteins and increases AMOT-YAP protein complex formation. A. 
mRNA expression levels of AMOT, AMOTL1 and AMOTL2 in the indicated cell lines. Values are represented relative to AMOT levels in 
MCF10A. B. Western blot analysis showing AMOT, AMOTL1 and AMOTL2 expression in the indicated cell lines. C., D. mRNA expression 
levels of AMOT, AMOTL1 and AMOTL2 in 293T C. and H2373 D. cells treated with 10 µM of the indicated inhibitors or CTR for 24 hours. 
E. Western blot analysis of 293T and H2373 cells treated as in C., D. F. Western blot analysis of 293T cells treated with 10µM of XAV939
or CTR for 24 hours. At 24 hours, cycloheximide (20 µg/ml) was added for additional times as indicated. AMOT and Tubulin protein
levels were quantified with an Odyssey Infrared Imaging System, and relative expression levels are as shown. G. Co-immunoprecipitation
of endogenous AMOT and TNKS in 293T CTR cells or treated with 10µM of XAV939 for 24 hours. H. Co-immunoprecipitation of
endogenous AMOT and YAP in 293T CTR cells or treated with 10µM of XAV939 for 24 hours. I. Co-immunoprecipitation of endogenous
YAP and AMOT in 293T CTR cells or treated with 10µM of XAV939 for 24 hours. In all co-immunoprecipitation experiments, 10% of
total cell lysate was used as Input. Error bars indicate SD of experiments performed in triplicate.
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identified consensus sequence for TNKS substrates [41] 
and that this consensus sequence is evolutionary conserved 
(Supplementary table S1). Thus, we hypothesized that 
XAV939 might act to stabilize angiomotins by inhibiting 
their tankyrase-mediated degradation.

By qRT-PCR and Western blot analyses, we found 
that expression levels of the three-angiomotin genes varied 
in Hippo pathway mutant and wild-type cell lines (Figure 
6A, 6B). In both 293T and H2373 cells, XAV939, MN-
64 or IWR1 treatment did not markedly affect AMOT, 
AMOTL1, or AMOTL2 mRNA levels (Figure 6C, 6D), 
but strikingly increased angiomotin protein levels, as 
shown for AMOT and AMOTL2, respectively (Figure 
6E). In contrast, the PARP inhibitor, ABT-888, lacked 
any effect on either mRNA or protein expression of these 
same genes (Figure 6C-6E). We also observed increased 
AMOTL2 levels in Hippo mutant 211H and MESO25 
cells upon XAV939 treatment (Supplementary Figure 
S5E, S5F). These results indicated that TNKS inhibition 
either increased AMOT protein translation or stabilization. 
Cycloheximide chase experiments demonstrated increased 
half-life of endogenous AMOT in the presence of XAV939 
(Figure 6F), strongly arguing for a mechanism involving 
AMOT protein stabilization.

We next investigated the ability of AMOT and 
TNKS to form an endogenous complex and observed 
that anti-AMOT co-immunoprecipitated TNKS (Figure 
6G). Increased TNKS protein levels were also detected in 
cell lysates in response to XAV939 treatment, consistent 
with stabilization of TNKS due to XAV939 inhibiting 
its autoparsylation and proteasome degradation [43, 44]. 
Despite higher TNKS protein levels, we detected reduced 
AMOT-TNKS complex formation in the presence of 
XAV939 (Figure 6G). Finally, co-immunoprecipitation of 
endogenous AMOT or YAP in the presence or absence of 
XAV939 treatment revealed an enrichment of the AMOT-
YAP protein complex in treated cells (Figure 6H, 6I). Our 
findings that XAV939 treatment results in increased YAP 
sequestration by AMOT as well as YAP cytoplasmic re-
localization establish that TNKS inhibitors antagonize 
YAP-dependent TEAD transcriptional activity.

Angiomotin stabilization by XAV939 determines 
its ability to inhibit Hippo mutant tumor 
proliferation

H2052 cells were exquisitely sensitive to dnTEAD4 
inhibition of TEAD transcriptional activity and 
proliferation (Figure 1) but resistant to XAV939 (Figure 2). 
While XAV939 treatment resulted in increased AMOTL2 
protein levels in H2052 cells at 24 hrs (Figure 7A and 
Supplementary Figure S6A), time course experiments 
revealed that TEAD transcriptional activity was inhibited 
more strongly and durably in XAV939 sensitive H2373 
cells compared to resistant H2052 cells over the 12 

days of treatment (Figure 7B, 7C). Similarly, XAV939 
treatment stabilized higher, durable levels of AMOTL2 
protein in H2373 as compared to resistant H2052 cells 
(Figure 7D). These differences were not accounted for by 
differences in AMOTL2 mRNA levels, which were similar 
in the two lines (Supplementary Figure S6B). TNKS have 
been reported to parsylate itself as well as several other 
substrates leading to their ubiquitin-mediated proteasome 
degradation [45]. To compare the effectiveness of XAV939 
in both resistant and sensitive cell lines, we measured 
TNKS protein levels, which increased upon XAV939 
treatment even more in the resistant line (Figure 7D and 
Supplementary Figure S6C). Levels of PTEN, another 
reported TNKS substrate, increased modestly in both 
cell lines under the same conditions (Figure 7D). Further 
studies will be needed to understand the basis for the lack 
of durable angiomotin stabilization in the resistant line.

We next sought to genetically establish that 
the mechanism by which XAV939 inhibited TEAD 
transcriptional activity was specifically mediated by 
inhibition of angiomotin degradation. Silencing of 
AMOTL2 expression in H2373 cells by lentiviral 
transduction of AMOTL2 shRNA (Figure 7E, 7F) almost 
completely rescued the inhibitory effects of XAV939 
on TEAD transcriptional activity (Figure 7G-7I and 
Supplementary Figure S6D) as well as on TEAD-mediated 
cell proliferation, as assayed by colony formation (Figure 
7J). All of these results argue that the growth inhibitory 
effects of XAV939 in Hippo pathway mutant tumor cells 
were primarily due to its inhibition of TNKS-mediated 
angiomotin degradation. 

DISCUSSION

Our present studies establish that human tumor lines 
harboring mutations in Hippo pathway core components, 
LATS or NF2, exhibited constitutively up-regulated TEAD 
transcriptional activity compared to Hippo wild-type cells, 
whose low levels of transcription were regulated by both 
serum and cell density. We also observed much higher 
YAP protein levels in Hippo pathway mutant compared 
to wild-type cells, consistent with evidence that NF2 
and LATS regulate YAP activity and protein stability 
[21, 35, 46]. In contrast to Hippo wild-type cells whose 
TEAD-mediated transcription appeared to be dispensable 
for proliferation, Hippo pathway mutant tumor cells 
exhibited striking inhibition of proliferation in response 
to down regulation of TEAD transcriptional activity. 
These findings provide strong evidence for the critical 
importance of constitutively up-regulated TEAD-mediated 
transcription for Hippo pathway mutant tumor cells. While 
the mechanisms involved in this dependency remain to be 
elucidated, our results argue that agents that specifically 
target the constitutively high TEAD transcriptional activity 
in Hippo pathway deregulated tumors should exhibit a 
high therapeutic index in targeting such tumors. 
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Figure 7: Angiomotin stabilization determines the ability of XAV939 to inhibit TEAD-mediated transcription and 
proliferation of Hippo pathway mutant tumor cells. A. Western blot analysis of H2052 cell lysates following treatment with 
10µM of XAV939 or CTR for 24 hours. B. TEAD reporter activity in H2052 and H2373 cells treated with 10µM of XAV939 or CTR for 
the indicated time points. Fresh medium with XAV939 was replaced every 2 days. C., D. Relative CTGF mRNA expression level C. and 
western blot analysis of TNKS, AMOTL2 and PTEN D. in H2052 and H2373 treated as in B. AMOTL2 and Tubulin protein levels in D. 
were measured with the Odyssey Infrared Imaging System and relative expression normalized to H2052 t = 0 as shown. E., F. Relative 
AMOTL2 mRNA expression and protein level in H2373 cells stably expressing doxycycline-inducible shRNA, treated with 1µg/ml of 
doxycycline (DOX) for 72 hours and with 10µM of XAV939 or CTR in the 24 hours prior to lysing the cells. G.-I. TEAD reporter activity 
G. and relative mRNA expression levels of TEAD target genes H., I. in H2373 cells treated as in E. J. Representative images of colony
formation by H2373 cells treated initially as in E and then cultured under the same conditions for a total of 14 days by replacing the
media containing XAV939 or DOX, as indicated, every 48 hours. Error bars indicate SD of experiments performed in triplicate. *P≤0.05,
**P≤0.01, ***P≤0.001. Student t-Test.
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We included the TNKS inhibitor, XAV939, 
in a screen for small molecule inhibitors of TEAD 
transcriptional activity based on reports of Wnt/Hippo 
pathway crosstalk [30-32] and evidence that XAV939 
antagonizes TNKS parsylation-mediated degradation 
of Axin to inhibit canonical Wnt signaling [25]. Having 
identified XAV939 in this screen, we showed that it as 
well as other TNKS inhibitors and TNKS1/2 knockdown 
inhibited TEAD-mediated transcription, whereas an 
inhibitor of related members of the PARP superfamily 
lacked this activity. XAV939 phenocopied the effects of 
dnTEAD4 in inhibiting TEAD transcriptional activity and 
inducing a G1 growth arrest in most of the LATS or NF2 
mutant tumor lines analyzed without detectable growth 
inhibitory effects on other cells tested. It was possible 
to exclude involvement of the canonical Wnt pathway, 
since none of the Hippo pathway mutant lines analyzed 
exhibited increased TCF reporter activity, a sensitive 
marker of Wnt pathway activation [47].

Mechanistic studies revealed that XAV939 
treatment did not affect YAP phosphorylation and resulted 
in cytoplasmic retention of YAP independent of YAP 
phosphorylation on S127, required for YAP cytoplasmic 
sequestration by 14-3-3 [21]. Angiomotins, which 
sequester YAP independent of phosphorylation [36], 
possess a recently identified highly conserved consensus 
sequence for TNKS substrates [41], and TNKS inhibition 
increased angiomotin family protein expression by a 
mechanism involving protein stabilization. Moreover, 
increased angiomotin levels in response to XAV939 
resulted in increased YAP complex formation with 
angiomotin, known to sequester YAP in the cytosol [36]. 
TNKS have been reported to influence other processes 
involved in growth control in addition to Wnt signaling 
including regulation of telomere length (TRF1), spindle 
polarity (NUMA), DNA repair (DNAPK), metabolism 
(GLUT4) and tumor suppression (PTEN) through 
paryslation-mediated degradation or stabilization [45, 48]. 
We showed that knockdown of AMOTL2, the predominant 
angiomotin family member expressed in Hippo pathway 
mutant H2373 cells, almost completely rescued these cells 
from XAV939 inhibition of TEAD-mediated transcription 
and proliferation. All of these findings establish that TNKS 
inhibitors antagonize Hippo pathway mutant tumor cells 
primarily through angiomotin stabilization independent of 
other TNKS functions. 

A small molecule inhibitor, verteporfin, and a 
polypeptide termed super-TDU, comprising the TEAD 
binding domain of VGLL4, a TEAD transcriptional 
repressor [49], have been reported to physically interfere 
with TEAD-YAP interactions and to antagonize TEAD 
transcriptional activity [40, 50]. Verteporfin suppressed 
liver tumor growth induced by YAP overexpression or 
NF2 inactivation in mice [40], and super-TDU suppressed 
growth of gastric tumor xenografts with Hippo pathway 
deregulation [50]. While it is not yet known the degree 

to which super-TDU may be specific for Hippo pathway 
deregulated tumor cells, we found that verteporfin blocked 
anchorage-independent growth of RAS transformed cells, 
which was not inhibited by either dnTEAD4 or XAV939. 
These results argue against verteporfin’s Hippo pathway 
specific actions. In line with our findings, a recent 
publication showed a YAP-independent tumor suppressive 
function of verteporfin in colorectal cancer [51]. 

While our manuscript was in preparation, Wang 
et al. reported identification of XAV939 in a screen for 
small molecule inhibitors of TEAD transcriptional activity 
[52]. They showed that XAV939 stabilized angiomotin 
and inhibited acini formation in matrigel by YAP 
overexpressing MCF10A cells [52]. They also reported 
that the E3 ligase, RNF146, previously identified to work 
in concert with TNKS to target parslyated proteins such as 
Axin and PTEN for proteasome-mediated degradation [44, 
48], was the E3 ligase responsible for TNKS-mediated 
angiomotin degradation [52]. There is previous evidence 
that angiomotins have tumor suppressive functions by 
sequestering YAP in the cytosol and by causing cellular 
transformation when depleted in immortalized MDCK and 
MCF10A cells [36, 53]. However, there is also a report 
showing that angiomotins can play a positive role in YAP-
mediated cell proliferation in the liver [54]. Wang et al and 
our independent findings provide strong complementary 
evidence that the mechanism of XAV939 inhibition 
of TEAD transcriptional activity involves angiomotin 
stabilization. Moreover, our studies directly establish the 
biological importance of this mechanism in specifically 
targeting the proliferation of human tumor cells with 
mutations in Hippo pathway core components.

Among tumor lines with Hippo pathway mutations 
analyzed by us, one mesothelioma, H2052, with both 
LATS2 and NF2 mutations, was found to be resistant 
to XAV939 despite its striking sensitivity to dnTEAD4 
inhibition of TEAD-mediated transcription and 
proliferation. AMOTL2, the most abundant angiomotin 
in both resistant H2052 and sensitive H2373 tumor cells, 
showed lower and less durable stabilization in H2052 cells 
in response to XAV939. One possible explanation could 
be that another ubiquitin ligase(s) acts independently of 
TNKS, to preferentially inhibit angiomotin accumulation 
in the resistant tumor cells. However, mechanistic 
understanding, as well as the frequency of the recurrence 
of such resistance and the effectiveness of TNKS inhibitors 
in tumors with other Hippo pathway lesions, awaits further 
studies. Nonetheless, our findings indicate that the level of 
angiomotin protein stabilization could potentially provide 
a useful biomarker with which to assess the sensitivity of 
Hippo pathway mutant tumors to TNKS inhibitors. 

Our findings that TNKS inhibitors predominately 
induced G1 arrest rather than cell death in Hippo pathway 
mutant tumor cells have potential parallels with the G1 
arrest induced by tyrosine kinase pathway inhibitors 
in solid tumor cells [55, 56]. Several studies revealed 
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that growth factor signaling pathways also activate pro-
survival signaling and can be used in cooperation with 
standard chemo/irradiation therapies [57, 58]. While there 
is some evidence suggesting that TEAD-YAP transcription 
may have pro-survival properties [59, 60], further studies 
will be needed to determine whether inhibition of TEAD-
YAP signaling can cooperate with chemo/irradiation 
therapies. 

Under physiological conditions, growth factor 
signaling pathways are subject to stringent regulation 
through negative feedback mechanisms, which limit the 
strength and duration of such signaling. The development 
of biologically targeted therapies for oncogene activated 
signaling has revealed that pathway inhibition can relieve 
negative feedback, which can then promote oncogenic 
signals and contribute to therapy resistance. For example, 
a recent screen for genes increasing the efficacy of 
RAF inhibitors in cancer cells harboring BRAF-V600E 
mutations identified YAP as a key to drug resistance, and 
combined YAP and RAF or MEK inhibition was found to 
be synthetically lethal for BRAF and RAS mutant tumors 
[61]. Thus, it will be of interest to determine the extent 
to which TNKS inhibitors cooperate with RAF or MEK 
inhibitors in targeting such tumors as well as how BRAF 
or MEK inhibition may cooperate with down regulation of 
YAP-dependent TEAD transcriptional activity by TNKS 
inhibitors in Hippo pathway mutant tumors. 

Within the PARP superfamily, specific inhibitors 
of PARP1/2 are now in the clinic [62]. Efforts aimed 
at developing TNKS inhibitors to target Wnt activated 
tumors have recently led to new compounds with 
better drug-like properties compared to XAV939 with 
evidence of some efficacy in Wnt tumor models [63, 
64]. Nonetheless, stability issues, dose-limiting toxicity 
and weight loss attributed to Wnt inhibitory effects in 
the gastrointestinal tract [63, 64] pose challenges to their 
application as therapeutic agents. Thus, TNKS inhibitors 
with improved drug-like properties and/or less toxicity 
will likely be needed. However, the refractory nature of 
tumors such as mesothelioma to current treatments and 
the identification of angiomotin, whose stabilization by 
TNKS inhibitors specifically antagonizes the proliferation 
of such tumor cells, argues that approaches aimed at 
angiomotin stabilization could eventually lead to new 
targeted therapies for the increasing array of Hippo 
pathway deregulated tumors for which there are as yet no 
effective therapies.

MATERIALS AND METHODS

Cell culture and treatments

293 (CRL-1573), 293T (CRL-3216), MCF10A 
(CRL-10317), H2052 (CRL-5915), 211H (CRL-2081), 

H2373 (CRL-5943) were obtained from ATCC. MESO25 
was a gift from J. Testa (Fox Chase Cancer Center, 
Philadelphia, PA, USA). 293 and 293T cells were cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM) 
(Invitrogen, Carlsbad, CA) supplemented with 10% Fetal 
Bovine Serum (FBS) (Sigma-Aldrich, St. Louis, MO), 
50 units/ml of penicillin/streptomycin. H2373, MESO25, 
MSTO-211H (211H) and H2052 cells were cultured in 
RPMI-1640 medium supplemented with 10% FBS and 50 
units/ml of penicillin/streptomycin. MCF10A cells were 
grown in DMEM/F12 medium supplemented with 5% 
horse serum, 10µg/ml insulin, 100ng/ml cholera toxin, 
0.5mg/ml hydrocortisone, 20ng/ml EGF and 50 units/ml 
of penicillin/streptomycin. Cells were cultured at 37°C 
and 90% humidity in a 5% CO2 incubator. Cycloheximide 
was purchased from Sigma (Saint Louis, MO, USA). The 
following inhibitors were used: XAV939 (Maybridge, 
#03920SC), MN-64 (Sigma, #SML1012), IWR1 (Sigma, 
#I0161), PARP1/2 inhibitor, ABT-888 (Veliparib, Selleck 
Chemicals, #S1004); verteporfin (Sigma, # SML:0534-
5MG). Each inhibitor was dissolved in DMSO and was 
used at the indicated concentration in medium including 
0.1% DMSO. In all experiments, 0.1% DMSO in medium 
was used as control. Selectable markers to generate 
stably transduced cells were used as followes: 2µg/ml 
puromycin (Calbiochem, San Diego, CA, USA), 400 µg/
ml hygromycin B (Invitrogen, Carlsbad, CA, USA), 1µg/
ml doxycycline (Sigma, Saint Louis, MO, USA).

Plasmids and viral infections

A TEAD reporter was generated by cloning 10 
copies of GT-IIC motif (GTGGAATGT) into a NV-
Luciferase vector [65] using ClaI and NheI restriction 
sites. pQCXIH-Myc-YAP, pQCXIH-Flag-YAP-
S127A and pQCXIH-Myc-S94A were purchased from 
Addgene (Plasmid #33091, #33092 and #33094). The 
pQCXIH vector control was generated by removing 
YAP and religating the vector backbone. pBABE-puro 
and pBabe-puro-HRAS-V12 vectors were previously 
described [66]. dnTEAD4 was cloned from the pSPORT6 
Vector (Dharmacon, Lafayette, CO, USA) into NSPI-
CMV-MCS lentiviral vector [67] using the following 
primers containing Nhe1 and BamH1 restriction sites: 
FW-TAAGCAGCTAGCGCCACCTTGGAGGGCA
CGGCCGGCAC and Rev- ACTATGGGATCCTCA 
TTCTTTCACCAGCCTGTGGATGTGGTGCTGAGC. 
The dominant negative (dn) mutation, Y429H (TAC— 
> CAC) [6], was introduced into TEAD4 gene by site-
directed mutagenesis. We generated stable shRNA and
inducible shRNA vectors by cloning the oligos into
pLKO.1 or pLKO-Tet-Puro vectors, respectively. The
sequences of the specific oligos used in the study will be
provided upon request. Retro and lenti-virus production
and infection were carried out as previously described
[67].
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Small-molecule inhibitor screen and reporter 
luciferase assay

A compound library consisting of 277 novel kinase 
inhibitors [68] and few commercially available inhibitors 
were used to screen for effects on the TEAD luciferase 
reporter assay. 293 cells expressing the TEAD reporter 
along with firefly-renilla luciferase (20:1 ratio) were plated 
at low density (2x104 cells) in 24 well plates in triplicate. 
24 hours after plating, the cells were treated with 10µM 
of each compound or DMSO as control. 24 hours later, 
dual-luciferase reporter assay was performed according 
to the manufacturer’s protocol (Promega, Madison WI, 
USA), using TD-20e Luminometer (Turner Biosystem, 
Promega, Madison WI, USA). TEAD reporter activity was 
normalized to renilla luciferase. The Log2 values were 
calculated for each compound using the DMSO sample as 
control. Potential hits were repeated in both 293 and 293T 
cells with similar results. 

Cell proliferation assay

For clonogenic proliferation assay, cells were plated 
in triplicate at 1x103 cells in 6-well plates. For analysis of 
the effects of inhibitors on cell proliferation, fresh medium 
with inhibitor was replaced every 48 hours. After 10 to 14 
days of treatment, cultures were fixed and stained with 1% 
crystal violet (in ethanol) and photographed. 

Anchorage-independent growth assay

For analysis of anchorage-independent growth, 
2.5x103 MCF10A or MCF10A cells stably expressing 
lentiviral or retroviral transduced cDNAs as indicated were 
seeded in triplicate in 1ml of growth media containing 
0.3% agar (BD #214050) on top of 1ml of 0.48% agar 
in 35mm dishes. Cells were fed every 4 days for 3 weeks 
by adding 0.2 mL of growth medium containing either 
0.1% DMSO as a control or compounds in 0.1% DMSO 
at the concentrations indicated. Colonies were then 
fixed and stained with 1% crystal violet (in ethanol) and 
photographed. 

mRNA extraction and cDNA synthesis

Total RNA was extracted from cells using the 
RNeasy Mini kit (Qiagen, Hilden, Germany) following 
the manufacturer’s instructions. 1µg of total RNA was 
used for cDNA synthesis using Superscript II (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer’s 
instructions.

Quantitative real-time PCR analysis

Quantitative RT-PCR was performed using the 
ViiA™ 7 Real-Time PCR System (Life Technologies, 
Carlsbad, CA, USA) using the FastStart SYBR Green 
Master mix (Roche, Indianapolis, IN, USA). Primers were 
as follows: CTGF FW-CCAATGACAACGCCTCCTG, 
Rev-TGGTGCAGCCAGAAAGCTC; CYR61 
FW- AGCCTCGCATCCTATACAACC, Rev- 
TTCTTTCACAAGGCGGCACTC; ANKRD1 
FW- CACTTCTAGCCCACCCTGTGA, 
Rev- CCACAGGTTCCGTAATGATTT; YAP 
FW-TAGCCCTGCGTAGCCAGTTA, Rev 
TCATGCTTAGTCCACTGTCTGT, AMOT 
FW-ACTACCACCACCTCCAGTCA, Rev-
ACAAGGTGACGACTCTCTGC; AMOTL1 
FW-GCAGACAGGAAAACTGAGGA, REV-
AAATGTGGTGGGAACAGAGA; AMOTL2 
FW-GCTACTGGGGTAGCAACTGA, Rev-
GAAGGCAGTGAGGAACTGAA; TNKS1 
FW-GACCCAAACATTCGGAACAC, Rev-
GCAGCTTCTAGGAGTTCGTCTT; TNKS2 
FW-AACGAGTCAAGAGGCTGGTG, REV-
TTCAACTACGTCTTTCCGCC; GAPDH 
FW- CTCTGCTCCTCCTGTTCGAC Rev- 
TTAAAAGCAGCCCTGGTGAC. PCR was performed 
in 384 well plates in 10 µl total volumes under the 
following conditions: 95°C for 15 min, followed by 40 
cycles of 94°C for 15 sec, 61°C for 30 sec, and 72°C for 
30 sec. Specificity was verified by a dissociation curve. 
Results were analyzed with ViiA7 RUO software (Life 
Technologies, Carlsbad, CA, USA). Gene expression 
levels were normalized to GAPDH expression. 

Western blot analysis

Cells were harvested in EBC lysis buffer (50 mM 
Tris-HCl at pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% 
NP-40), supplemented with Complete Mini Protease and 
Phosphatase Inhibitor Cocktails (Roche, Indianapolis, IN, 
USA). Cells were lysed and 30-80 µg protein subjected 
to SDS-PAGE followed by transfer onto an Immobilon-
FL PVDF membrane (Millipore, Billerica, MA, USA) 
and incubation with the indicated antibodies. Detection 
was carried out with an Odyssey Infrared Imaging System 
(LI-COR Biosciences, Lincoln, NE, USA) with IR dye-
tagged secondary antibodies (LI-COR Biosciences). The 
following antibodies were utilized: mouse anti-YAP, goat 
anti-NF2, mouse anti-AMOT, goat anti-AMOTL1, goat 
anti-AMOTL2 (Santa Cruz, Dallas, TX, USA), mouse 
anti-FlagM2 (Sigma, Saint Louis, MO, USA), rabbit 
anti-LATS1, rabbit anti-LATS2, rabbit anti-p-YAP (Cell 
Signaling, Danvers, MA, USA), TNKS1/2 (Santa Cruz, 
Dallas, TX, USA), mouse anti-TEAD4, mouse anti-RAS 
(Thermo Scientific, Waltham, MA, USA), mouse anti-
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α-Tubulin, mouse anti-β-actin (Sigma, Saint Louis, MO, 
USA). 

Immunoprecipitation analysis

Cells were harvested in RIPA lysis buffer (50mM 
Tris-Cl; pH 8.0, 5mM EDTA, 1% Triton X-100, 0.1% 
sodium deoxycholate, 0.1% SDS, 150mM NaCl) 
supplemented with Complete Mini Protease and 
Phosphotase Inhibitor Cocktails. 800µg proteins were 
incubated with 10µg of antibody overnight at 4°C. Anti-
mouse or anti-rabbit IgG (Santa Cruz, Dallas, TX, USA) 
was used as a negative control. Immunoprecipitated 
complexes were captured by 2h incubation at 4°C 
with Dynabeads Protein A/G B (Invitrogen, Carlsbad, 
CA, USA), followed by three washes in lysis buffer. 
Immunoprecipitated complexes were eluted by boiling 
for 5 min with Laemmli buffer (150 mM Tris-Cl; pH 6.8, 
20% glycerol, 4% SDS, 0.002% bromophenol blue, 2% 
2-mercaptoethanol) with 10% of the total lysates run on
the same gel for comparative immunoblot analysis.

Immunofluorescence microscopy

Cells cultured on glass coverslips were fixed for 
10 min with 4% paraformaldehyde in 1xPBS at 37°C 
and permeabilized for 3 min with 0.02% Triton-X100, 
following exposure for 1 hour to a blocking solution (PBS 
containing 5% BSA). Coverslips were then incubated at 
room temperature with the following primary antibodies: 
anti-YAP (Santa Cruz, Dallas, TX, USA) and anti-Flag M2 
(Sigma, Saint Louis, MO, USA). Corresponding secondary 
antibodies were Alexa fluor conjugated (Molecular Probes, 
Eugene, OR, USA). 2µg/ml DAPI was used as a counter 
stain and was used to label nuclei. Imaging was performed 
using an Axioplan 2 Imaging System (Zeiss, Oberkochen, 
Germany). 
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ABSTRACT
Recombinant immunotoxins (RITs) are genetically engineered proteins being 

developed to treat cancer. They are composed of an Fv that targets a cancer 
antigen and a portion of a protein toxin. Their clinical success is limited by their 
immunogenicity. Our goal is to produce a new RIT that targets mesothelin and is non-
immunogenic by combining mutations that decrease B- and T-cell epitopes. Starting 
with an immunotoxin that has B-cell epitopes suppressed, we added mutations step-
wise that suppress T-cell epitopes. The final protein (LMB-T14) has greatly reduced 
antigenicity as assessed by binding to human anti-sera and a greatly decreased ability 
to activate helper T-cells evaluated in a T-cell activation assay. It is very cytotoxic to 
mesothelioma cells from patients, and to cancer cell lines. LMB-T14 produces complete 
remissions of a mesothelin expressing cancer (A431/H9) xenograft. The approach 
used here can be used to de-immunize other therapeutic foreign proteins.

INTRODUCTION

Recombinant immunotoxins (RITs) are antibody-
toxin fusion proteins developed for cancer therapy. SS1P 
is a RIT composed of a Fv that targets mesothelin and 
a 38-kDa fragment of Pseudomonas exotoxin A (PE38).
SS1P was developed to treat a variety of mesothelin 
expressing tumors; these include mesothelioma, ovarian, 
pancreatic, lung, stomach and cervical cancer [1-4].In a 
phase 1 clinical trial in which SS1P was given QODx3 
every 21 days, neutralizing antibodies formed after 
the first cycle in 90% of patients and no major clinical 
responses were observed [5]. However, when SS1P 
was used in combination with an immunosuppressive 
regimen of cytoxan and pentostatin to kill B- and T-cells, 
additional treatment cycles could be given and major 
tumor responses were observed in several patients with 
advanced refractory mesothelioma [6]. This indicates that 
producing less immunogenic RITs should allow more 
treatment cycles and more clinical responses.

Formation of anti-drug antibodies is a major 

problem in the development of protein therapeutics [7] 
and specifically foreign proteins like a bacterial toxin [8]. 
The antibodies involved in the immunogenicity response 
against SS1P mostly react with PE38, the toxin portion of 
the RIT [8].The formation of high affinity IgG is primarily 
dependent on activation of three cellular entities: Antigen 
presenting cells that process the antigen and present it 
to T-cells, T-helper cells that secrete cytokines that are 
required for class switching and affinity maturation of 
B-cells, which then differentiate and secrete antibodies.
Activation of both B-and T-cells is dependent on specific
antigenic determinants. B-cells produce antibodies that
can bind directly to the surface of the protein, whereas
helper T-cells recognize peptides that are derived from the
protein and are presented by HLA class II molecules.

Mouse models have shown that elimination 
of murine B-cell epitopes can significantly reduce 
the formation of anti-drug antibodies (ADA) against 
therapeutic foreign proteins [9] and specifically against 
PE38 [10]. To identify the human B-cell epitopes in 
PE38, Liu et al. screened a phage display library that 
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contained the Fv portions of antibodies isolated from 
B-cells of patients who had made anti-SS1P antibodies
after treatment with SS1P. These Fvs were used to identify
the human B-cell epitopes in domain III and mutations
identified that suppressed these epitopes [11]. Finally
this information was used to make a new mutant RIT
(SS1-LO10-R),which has a deletion of domain II and six
mutations in domain III (Figure 1). This immunotoxin has
high cytotoxic activity and greatly reduced antigenicity,
but it has a short serum half-life, because of its small size.
To increase half-life and further decrease immunogenicity,
the mouse Fv was replaced with a larger humanized anti-
mesothelin Fab, resulting in an immunotoxin (RG7787)
with a molecular weight of 72-kDa (Figure 1). RG7787
has recently entered clinical trials.

Elimination of T-cell epitopes is also a well-accepted 
strategy to de-immunize protein therapeutics. Yeung et al. 
showed that elimination of a T-cell epitopes in the protein 
IFNβ resulted in elimination of ADA response in BALB/c 
mice [12]. Similarly, we recently demonstrated that 
elimination of two murine T-cell epitopes in SS1P resulted 
in elimination of anti-SS1P antibodies in mice [13].

We previously reported the location of the 
eight human T-cell epitopes in the PE38 portion of 

immunotoxins [14] and used this information to construct 
LMB-T20, a RIT that targets mesothelin and has 80% of 
its T-cell epitopes diminished by introducing six point 
mutations in domain III and deleting a large portion of 
domain II [15].The goal of this study was to make an 
immunotoxin reacting with mesothelin expressing cancer 
cells that has high cytotoxic and anti-tumor activity, and is 
optimized for minimal reactivity with the adaptive immune 
system by suppressing both B- and T-cell epitopes. 

RESULTS

Design of de-immunized RITs targeting 
mesothelin

To construct the new de-immunized RIT(LMB-T14) 
we used the dsFv and toxin present in SS1P, deleted 
most of domain II and made mutations in domain III 
as shown Figure 1. SS1P (Figure 1A) is composed of 
an anti-mesothelin dsFv fused to a 38-kDa fragment of 
Pseudomonas exotoxin A (PE38). PE38 is made up of two 
domains; domain II (amino acids 253-364) contains a furin 

Figure 1: Structural models of RITs.A. SS1P consists of the disulfide-stabilized heavy chain Fv (VH) (magenta) and light chain Fv
(VL) (Cyan) of the antibody SS1P. The VH is linked to a 38-kDa fragment of PE38 that is divided into domain II (gray), domain III (yellow), 
and part of domain Ib from native PE38. B. SS1-LO10R. 24-kDa fragment of PE24 with six point mutations in domain III designed to 
eliminate binding to B-cell receptor. Point mutations are marked with red balls. C. LMB-T20. PE24 with six point mutations in domain 
III designed to diminish T-cell epitopes. D. LMB-T14. PE24 with 10 point mutations in domain III designed to diminish B and T cell 
epitopes. All models are hypothetical arrangements based on the structures of native PE and immunoglobulin G; they do not represent 
actual structure determinations.
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cleavage site necessary for toxin processing, and domain 
III (amino acids 395-613) contains the ADP ribosylation 
activity. Previous work showed that modifying SS1P by 
deletion of the majority of domain II and retaining the 11 
amino acid furin cleavage site followed by a GGS spacer 
results in a RIT (SS1-LR-GGS) with high cytotoxic 
activity on many cell lines and decreased nonspecific 
toxicity in mice [16].

SS1-LO10R is derived from SS1-LR-GGS; it has 
six mutations in amino acids that suppress human B-cell 
epitopes (Figure 1B). Table 1 shows that SS1-LO10R has 
good cytotoxic activity with an IC50 of 1.7 pM, which 
is similar to that of the parent RIT that has no point 
mutations (SS1-LR-GGS) when evaluated on A431/H9 
cells. LMB-T20 (Figure 1C) contains the same deletion in 
domain II as SS1-LO10R and six mutations in domain III 
that suppress T-cell epitopes [15]. LMB-T20 also has very 
good cytotoxic activity on A431/H9 cells (Table 1) with 
an IC50 of 2.2 pM.
Combination of B- and T-cell mutations

To make a cytotoxic protein with mutations in both 
B- and T-cell epitopes, we started with SS1-LO10R and
introduced amino acid mutations that eliminate T-cell
epitopes, usually one at a time as shown in Table 1. We
previously observed that introduction of point mutation
R494A in CD22 targeting RIT induces a 2-4-fold decrease
in relative activity [14]. Here, similarly to the anti CD22
RIT, the mutation R494A (V3) resulted in a 4 fold decrease
in activity (Table 1).

The activity of the intermediate construct was 
improved by the addition of F443A, which by itself 

induces a positive effect on the activity (V4), and when 
combined, it moderated the decrease in activity to 2.5-fold.
LMB-T14 (Figure 1D) is the most de-immunized RIT. It 
includes a deletion of domain II and 10 point mutations 
in amino acids in domain III. Despite all the changes, it 
maintained very high cytotoxic activity, although a little 
less than LMB-T20 and LO10R.

Cytotoxic activity on cells from mesothelioma 
patients

Because SS1P has shown anti-tumor activity 
in patients with mesothelioma [6, 17], we established 
cell lines from mesothelioma patients and used them to 
examine the activity of the de-immunized variants. These 
cells resemble cells growing in patients more closely than 
established cell lines [18].We found that LMB-T14 and its 
parent molecules (LMB-T20 and LO10R) were all more 
cytotoxic than SS1P with IC50s that were less than 100 pM 
on NCI-Meso16, NCI-Meso19, NCI-Meso21, and NCI-
Meso29, (Figures 2A-2D). Figure 2E, which contains 
averaged data from four assays, shows that LMB-T14 had 
similar activity to LMB-T20 and LO10R and significantly 
better cytotoxic activity than SS1P (Figure 2E) (p < 0.05 
in one way ANOVA in Dunn’s multiple comparison test).

Cytotoxic activity on a variety of cells lines

We also compared the activity of LMB-T14 with 
the three other RITs on several mesothelin expressing 

Table 1: In vitro cytotoxic activity of various de-immunized RIT constructs in A431/H9 cells

RIT name Total 
mutations

R
427A

 

D
463A

 

R
467A

 

R
490A

 

R
505A

 

F443A
 

L
477H

 

R
494A

 

R
538A

 

L
552E

 IC50 
(pM)*

Relative 
activity to 
LMB-T20 
(%)

Relative 
activity to 
LO10R (%)

B+T B B B B+T T T T B T 

LR-GGS 0 1.4 157 121
V1 (LO10R) 6  + + + + + + 1.7 129 100
V2 (LMB-T20) 6 + + + + + + 2.2 100 77
V3 7 + + + + + + + 7.2 31 24
V4 7 + + + + + + + 1.5 146 113
V5 8 + + + + + + + + 4.3 51 40
V6 9 + + + + + + + + + 5.2 42 33
V7 (LMB-T14) 10 + + + + + + + + + + 4.2 52 40
V8 (LMB-36) 8 + + + + + +  + + 4.5 49 38

* IC50 was evaluated in A431/H9 cells as described in the Experimental Procedures
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cancer cell lines (Figure 3).We found that all cell lines 
had good responses to LMB-T14; however, a loss in 
activity between LMB-T14 and its parent molecules 
(LO10R and LMB-T20) was observed in all cell lines. In 
stomach cell lines, MKN45 and MKN74, LMB-T14 had 
a small change in activity compared to LMB-T20 with 
1.5-1.8-fold loss in activity. In HAY (mesothelioma cell 

line), L55 (lung cancer cell line) and KLM1 (pancreatic 
cell line) LMB-T14 had 3-5-fold lower activity than its 
parent molecules (LO10R and LMB-T20). Nevertheless, 
it had better activity than SS1P. Statistically significant 
differences are shown in Figure 3. In all the cell lines 
that naturally express mesothelin, SS1P was the least 
active (p < 0.01 in one way ANOVA with Dunn’s 

Figure 2: Activity of mesothelin targeting RITs on mesothelioma patients cells. Cells cultured from the pleural fluid or ascites 
of four mesothelioma patients. NCI-Meso16 A., NCI-Meso19 B., NCI-Meso21 C., and NCI-Meso29 D. were treated with increasing 
concentrations of RIT. After 72 hr, cells were evaluated for viability using a WST-8 assay and IC50 were calculated. E. Mean of the 
IC50 value for the four samples. Cells were treated in three replicas; line represents mean; error bar, SEM. Asterisk indicates significant 
differences of p < 0.05 (*).
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multiple comparison). A431/H9 cells were the only cells 
that displayed a different pattern in which SS1P had a 
significantly better or similar activity to all of the variants. 
This is a transfected cell line that does not normally 
express mesothelin.
Functional stability

To evaluate the stability of LMB-T14, we incubated 
LMB-T14 and the other RITs at 37oC for 1, 2, 6, and 
24 or 72 hr in PBS at 0.5 mg/ml and evaluated their 
cytotoxic activity on A431/H9 cells. Cells were treated 
with various concentrations of each immunotoxin and 
an IC50was calculated for each time point. We found that 
LMB-T14 was very stable with no loss in activity after 
24 hr (Figure 4A). LO10R also had excellent stability, 

whereas LMB-T20 was less stable and lost 2-fold activity 
in the time interval between 6 and 24 hr. To simulate 
the stability of LMB-T14 in the circulation of humans, 
we diluted it and the other variants in 100% human AB 
serum to 15µg/ml, incubated at 37oC for various times and 
measured cytotoxic activity. We found that LMB-T14 and 
LO10R were stable for 72 hr under these conditions and 
that LMB-T20 was less stable, losing 2-fold activity after 
24hr and more after 72 hr (Figure 4B).

Mouse toxicity

To evaluate the non-specific toxicity of LMB-T14, 
we treated small groups of Swiss mice with single doses 

Figure 3: Cytotoxic activity in six mesothelin expressing cell lines. The cytotoxicity of LMB-T14 was compared with SS1P, 
LMB-T20 and LO10R in a panel of six cells lines: HAY, L55, KLM1, MKN45, MKN74 and A431/H9. For each cell line, the mean IC50 of 
two or more assays is shown. Summary of all IC50s for all cell lines is shown in the bottom left. Error bars, SEM; p < 0.05 in the Freidman 
test with Dunn’s multiple comparisons.
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of LMB-T14 and LMB-T20 (Table S1). We found that 
LMB-T14 was better tolerated than LMB-T20. There was 
no significant weight loss at a dose of 20 mg/kg, where 
as a similar dose of LMB-T20 was toxic in 4/4 mice.
LMB-T14 was also well tolerated at a dose of 22 mg/
kg, which is the highest tolerated dose reported for active 
immunotoxins in our lab. We found that 28 mg/kg was 
toxic for 4/4 mice. Interestingly, four QOD doses of 7 mg/
kg (which adds up to 28 mg/kg) were well tolerated, with 
no weight loss. This indicates that 28 mg/kg is not toxic 
when administered over a period of time and suggests that 
LMB-T14 would be more efficacious if given in multiple 
small doses than in a single large dose. 

Efficacy of LMB-T14 in a mouse xenograft model 

To evaluate the anti-tumor activity of LMB-T14, we 
implanted A431/H9 tumors into the flank of athymic nude 
mice. Mice were treated with LMB-T14 on days 5, 7, 9 
and 12 after tumor implantation with doses of 5mg/kg or 
7 mg/kg (Figure 4C and 4D). While the tumors treated 
with vehicle grew rapidly, reaching an average of 800 
mm3 within 14 days, the treated groups had a significant 
decrease in tumor size as early as two days after the first 
dose. The tumors continued to decrease in size and by 
day 16, 5/6 tumors in both groups were undetectable. The 
complete tumor regressions persisted until day 30 when 
the experiment was terminated. In addition, this dose was 
well tolerated with no weight loss in the treated animals 
(Table S1).

Figure 4: Stability, anti-tumor activity and antigenicity of LMB-T14. A., B. Stability of RITs. RITs were warmed to 37oC for 
indicated durations and used to treat A431/H9 cells at serial concentrations. Cell viability was assayed, a curve fit was created for each 
RIT using a 4 parameter curve fit and IC50 was calculated. A. Fold change in IC50 after 0, 1, 2, 6 and 24 hr. B. Fold change in IC50 after 
incubation at 37oC in 100% human serum for 0, 1, 6, 24, and 72 hr. Cytotoxic activity was evaluated in six replicas for each data point with a 
standard deviation < 5% for all replicas. C., D.Anti-tumor activity of LMB-T14 in mouse xenograft. A-thymic nude mice were innoculated 
106 A431/H9 cells at time 0. Intravenous treatment with LMB-T14 with a dose of 5 mg/kg C. or 7 mg/kg D.or vehicle began on day 5 and 
continued every other day for a total of four doses. On day 30 the experiment was terminated when 5/6 mice in both dose groups were 
tumor free. Arrows indicate the days that treatment was administered. E. Human antigenicity of SS1P and variant RITs. The reactivity of 
SS1P, LMB-T14 and LO10R with preexisting antibodies in human sera from 19 patients with neutralizing antibodies were compared using 
a binding assay to determine the concentration at which time the RITs reduced the signal of an ELISA to detect serum antibodies by 50% 
(IC50). The IC50 values of the RITs relative to SS1P are plotted. Line represents mean. Asterisks indicate significant differences of p < 0.0001 
(****), p < 0.05 (*) in Friedman’s test and Dunn’s multiple comparisons.
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Antigenicity

Because LMB-T14 has mutations that are designed 
to diminish binding to B-cell receptors and to antibodies 
in human serum, we compared the reactivity of LMB-T14 
and SS1-LO10R with SS1P using serum from 19 
patients, who had developed neutralizing antibodies after 
treatment with SS1P. Figure 4D shows that LMB-T14 
had significantly reduced binding to human anti-sera, and 
the magnitude of the decrease ranged from very little to 
more than a 3-log decrease with a mean of 16% (p < 0.001 
in Friedman’s test and Dunn’s multiple comparisons).
LO10R also had significantly reduced binding compared 
to SS1P (p < 0.05 in Friedman’s test and Dunn’s multiple 
comparisons) (Figure 4D). These findings indicate that 
the B-cell epitopes in SS1P that bind to patients sera are 
significantly diminished in these proteins. No significant 
difference between LO10R and LMB-T14 was observed, 
which indicates that the addition of four T-cell mutations 
did not significantly affect the structure of the molecule.

T-cell activation

To investigate the magnitude of the decrease in 
T-cell immunogenicity and to determine whether the four
additional mutations (designed to remove B-cell epitopes)
induced formation of new T-cell epitopes, we stimulated
peripheral blood mononuclear cells (PBMC) from 10
normal donors with SS1P or the variants LMB-T20 and
LMB-T14. After 14 days of in vitro expansion, the cells
that were stimulated with SS1P were re-stimulated with
111 peptides spanning the sequence of PE38 and the cells
that were stimulated with LMB-T14 or LMB-T20 were

re-stimulated with 76 peptides spanning the sequence of 
LMB-T14 or LMB-T20, respectively. T-cell activation 
was detected using IL-2 ELISpot. As expected, both 
de-immunized RITs (LMB-T20 and LMB-T14) had a 
significant reduction in the number of IL-2 specific spots. 
The decrease was 61% with LMB-T14 and 81% with 
LMB-T20 (p < 0.01 in Wilcoxon matched-pairs signed 
rank test) (Figure 5).

Unexpectedly, 4/10 donors had a new and significant 
response to peptides 63-65 in LMB-T14 (Figure 5). 
Peptides 63-65 from LMB-T14 differ from WT and 
LMB-T20 by two separate mutations, which are D463A 
and R467A (labeled with blue stars). These mutations 
were introduced to eliminate B-cell epitopes. We further 
characterized this new epitope in 19 PBMC donors (Table 
S2) and searched for a correlation for specific HLA alleles. 
We found that 7/19 donors had a response to this epitope. 
The donors that responded to this epitope share three HLA 
DRB1 allele families: 15, 08, and 07.

DISCUSSION

We describe here the properties of a new RIT, 
LMB-T14, that has greatly reduced immunogenicity 
because it contains mutations that suppress both T and 
B-cell epitopes. The new protein, which contains a large
deletion of domain II and 10 amino acid mutations in
domain III, is very cytotoxic to mesothelioma cells as well
as other cancer cell lines, is well tolerated by mice and
produces complete remissions of mesothelin expressing
cancers in mice.

We have previously described immunotoxins 
with mutations in either B- or T-cell epitopes designed 

Figure 5: Stimulation of PBMC from 10 donors with LMB-T20, LMB-T14 and SS1P. PBMC from 10 naïve donors were 
stimulated with either SS1P LMB-T14 or LMB-T20. After 14 days of in vitro expansion cells were re-stimulated with either 111 peptides 
spanning the sequence of PE38, 76 peptides spanning the sequence of LMB-T14 or LMB-T20, respectively. T-cell activation was detected 
using IL-2 ELISpot. Response strength is shown in the Spot Forming Cells ladder. Red stars represent mutations of T-cell epitopes, blue 
stars for B-cell mutations and green stars for both B and T-cell mutations.
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to decrease immunogenicity [11, 14]. In principle, 
elimination of either B- or T-cell epitopes should prevent 
immunogenicity. Unfortunately, total elimination of all 
B- or all T-cell epitopes is difficult to accomplish due
to the complexity of the humoral immune system. One
major obstacle is the polymorphism of HLA class II which
makes it difficult to find single point mutations that will
completely prevent the binding of the peptide-epitopes to
various binding cores on the HLA. In addition, some of
the mutations were able to decrease but not completely
eliminate T-cell responses (Figure 5). Furthermore, the six
mutations that eliminated B-cell epitopes do not decrease
the binding of all tested human anti-sera [11]. In an attempt
to improve on the properties of immunotoxins with
only one arm of the immune system impaired, we have
explored the possibility of incorporating mutations that
decrease both B- and T-cell epitopes into one molecule. To
our knowledge, this is the first time a therapeutic protein
has been designed with silencing of both the B- and the
T-cell epitopes.

Clinical trials with immune suppressive regimens 
also indicate a need to address both the B- and T-cells 
arms of the adoptive immune system. Hassan et al. 
treated patients with Rituximab to induce depletion of 
all circulating B-cells and followed with RIT treatment 
[19]. They found that B-cell depletion with Rituximab 
was not sufficient to prevent ADA formation against 
PE38. On the other hand, a combination of pentostatin and 
cyclophosphamide [6] that depleted both B- and T-cells 
prior to RIT treatment significantly delayed the ADA 
response, and allowed additional treatment cycles to be 
given. This finding indicates that both B- and T-cells are 
involved in the ADA response against RIT and that de-
immunization against both should be beneficial.

In the process of combining six mutations designed 
to eliminate B-cell epitopes and the six mutations designed 
to diminish T-cell epitopes, we found that two point 
mutations (R427A and R505A) diminished both B- and 
T-cell mediated immunity. R505A and R427A have very
large ASAs (150Å and 142Å) indicating that the arginines
are located on the surface of the protein. Since B-cell
epitopes are known to contain bulky hydrophilic amino
acid like arginine [10, 20, 21], it is not surprising that
R505A and R427A, which we found to suppress T-cell
epitopes, also diminished B-cell epitopes. Others have
previously reported that important immunogenic epitopes
can be recognized by both B- and T-cells [22-24].

Our finding that the mutations (D463A and 
R467A) created a new T-cell epitope was unexpected, 
because alanine substitutions are frequently found to 
reduce the binding of a peptide to an HLA molecule 
due to loss of non-polar side chains [25, 26] and not to 
induce binding. The amino acid sequence that forms 
the new epitope is ARSQDLAAIWAGFYIAGD 
(peptides 64-65). A blast search of the mutant sequence 
(ARSQDLDAIWRGFYIAGD) revealed that the mutant 

did not resemble peptides found in other proteins except 
for the wild-type (WT) sequence. Similarly, a search in 
the immune epitope database (search for known epitopes 
with similar structure) [27] did not reveal similarity 
to other known epitopes. To eliminate this new epitope 
we constructed V8, which reverts residues 463 and 467 
back to WT. LMB-36 has similar cytotoxic activity to 
LMB-T14 (Table 1). However reverting D463A and 
R467A back to WT also restores the B-cell epitope that 
those mutations eliminated. At this point it is not possible 
to determine which epitope (B or T) is more important for 
de-immunization. We also plan to determine if only one of 
the mutated amino acids is required for creating the new 
T-cell epitope.

When incorporating multiple point mutations into 
a molecule, there is the risk in decreasing its activity. 
There is a delicate balance between the decrease in 
activity the molecule will endure and the benefit of the 
de-immunization. This tradeoff is demonstrated in Table 
1 that shows that addition of some of the de-immunizing 
mutations reduced the cytotoxic activity on several 
cancer cell lines, but not on cells from patients with 
mesothelioma (Figure 2). It is possible that LMB-T14 may 
be more efficacious in patients, due to its good stability, 
low nonspecific toxicity in animals so higher doses can be 
given and low immunogenicity will allow it to be given 
for more cycles.

MATERIALSAND METHODS

Human donor and patient samples

PBMC were isolated from apheresis samples 
from patients who were previously treated with a PE38-
containing RIT and from naïve donors were collected 
under research protocols approved by the NIH Review 
Board (08-C-0026) and (99-CC-0168), respectively with 
informed consent. PBMC were isolated using gradient 
density separation by Ficoll-Hypaque (GE Healthcare, 
Piscataway, NJ) according to manufacturer’s instructions. 
PBMC were frozen in 10% human AB serum (Gemini, 
Sacramento,CA) RPMI media (Lonza, Walkersville, MD) 
containing 7.5% DMSO (Cellgro, Manassas, VA) for 12 
months in liquid nitrogen. Human sera were obtained 
under protocols 01-C-0011, 03-C-0243, and 08-C-0026.

Peptide synthesis

Peptides for T-cell assays were synthesized by 
American Peptides (Sunnyvale, CA). All peptides were 
purified to 95% homogeneity by HPLC and confirmed by 
mass spectrometry.
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Construction, expression and purification of RIT

All RIT described in this work are composed of a 
heavy-chain Fv fused to LR-PE24 (VH-PE24) disulfide-
linked to the light-chain Fv (VL) of SS1 antibody [28]. 
The different point mutations described in the constructs 
were added one by one using PCR overlap extension. The 
resulting PCR products were cloned back into the parent 
plasmid, and the mutations were confirmed by DNA 
sequencing. All RITs were purified by a standard protocol 
[29].

Antigenicity assay

Binding of RITs to antibodies present in patients 
sera was assayed as previously described [10]. Briefly, 
ELISA plates were coated with 100 ng Fc-Mesothelin 
in 50 µl PBS over night at 4°C. In separate plates, the 
different RITs were incubated overnight at 4°C with 
patient’s serum in serial concentrations. After washing of 
the coated plates, the immune complexes were transferred 
to the ELISA plates and incubated at room temperature 
for 1 hr. The human antibodies not bound to the RITs were 
captured by SS1P and detected. Next HRP-conjugated 
rabbit anti-human IgG Fc (Jackson Laboratory) was 
added, followed by TMB substrate (Thermo Scientific). 
IC50 values were calculated from the binding curves. The 
IC50 values indicate the concentration of RIT that inhibits 
50% of the antibody reactivity with SS1P. The binding 
ratio was calculated from each IC50 value. 

In vitro expansion of PE38-specific cells and 
ELISpot assay

In vitro expansion using whole RIT and T-cell 
activation detection using IL-2 ELISpot were performed 
as previously described [30]. Briefly, PBMC from naïve 
donors were stimulated with 5µg/ml of SS1P, LMB-T14 or 
LMB-T20 in separate plates. The cells were supplemented 
with recombinant human IL-2 every 4 days (Millipore). 
On day 14, the cells were harvested and washed. They 
were brought to a concentration of 2x106 cells/ml and 50 µl 
were plated in pre-coated ELISpot plates (Mabtech). The 
enriched cells were then restimulated with peptide pools; 
cells that were expanded with SS1P were restimulated 
with 22 peptide pools spanning the sequence of WT PE38. 
Cells that were expanded using LMB-T14 or T20 were 
restimulated with 15 peptide pools spanning the sequence 
of the deimmunized RIT. Peptide pools that had a positive 
responses as defined [31] were fine screened to identify 
the individual immunogenic peptides by testing individual 
peptides from the pool. 

Cytotoxicity assay

Cytotoxicity of RIT against early passage mesothelioma 
tumor cells and cell lines

Early passage mesothelioma cells from the ascites or 
pleural fluid of four patients with mesothelioma seen at the 
National Cancer Institute on Institutional Review Board-
approved protocols (08-C-0026) [18]. Frozen tumor cells 
were thawed, washed and grown in T75 flasks for 4 days 
in cell culture media. After reaching confluence (5×103 

cells/ well) cells were seeded in a 96 well plate and 24 hr 
later were treated with various concentrations of the RITs. 

Cytotoxic activity in established mesothelin 
expressing cell lines

Cells were seeded in a 96 well plate at optimal cell 
concentrations (A431/H9 cells 2.5 ×103/well, KLM1, L55, 
MKN74, MKN45, and HAY cells at 5 ×103/well) and 24hr 
later were treated with various concentrations of the RITs. 
The A431/H9 cell line was transfected in our laboratory 
and previously described [32]. The KLM1 pancreatic cell 
line was provided by Dr. U. Rudloff (NCI, Bethesda,MD), 
the L55 lung adenocarcinoma cell line was provided by 
Dr. S. Albelda (University of Pennsylvania, PA), MKN74 
and MKN45 stomach cell lines were provided by Dr. T. 
Yamori (Pharmaceuticals and Medical Device Agency, 
Japan), and the HAY cells was provided by the Stehlin 
Foundation for Cancer Research (Houston, TX). 

Cell viability was determined 72 hr later using 
WST8 cell counting kit (Dojindo Molecular Technologies 
Inc,) according to manufacturer’s instructions. Color 
change was evaluated at O.D. 450nm.

Cell viability was normalized between 0-100 
percent. Complete cell death (0%) was obtained by 
treating the cells with Cyclohexamideor Staurosporine and 
100% by no treatment. 
Functional stability assays

LMB-T20, LO10R and LMB-T14 were diluted in 
D-PBS to concentrations of 0.5 mg/ml. RIT variants were
distributed in five aliquots and placed in an incubator at
37oC. Vials were taken out of the incubator and placed on
dry ice for 15 min and transferred to -80oC at the following
time points: 0, 1, 2, 6 and 24 hr. A431/H9 cells were plated
in a concentration of 2.5 ×103 cells/well and 24 hr later
were treated using serial dilutions of the treated RITs
in six replicas. Cell viability was detected 72 hr later as
described above.
Serum stability

RIT variants were diluted to a concentration of 15 
µg/ml in 100% human AB Serum (Gemini Bio-products). 
Five aliquots of 60 µl each were made for each protein and 
placed in 37oC.Vials were taken out of the incubator and 
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placed in -20oC in the following time points: 0, 1, 6, 24 
and 72 hr. Functional activity was evaluated as described 
above. 

Mouse xenograft tumor model

All animal experiments were performed in 
accordance with NIH guidelines and approved by the NCI 
Animal Care and Use Committee. Female athymic nude 
mice were injected subcutaneously in the flank with 1.0 × 
106 A431/H9 cells in 0.2 mL RPMI with 4 mg/mL Matrigel 
(BD Biosciences) on day 0. After 7 days, when the tumors 
reached 100 mm3, mice were injected IV with RITs in 
the indicated concentrations and the indicated schedules. 
Body weight and tumor size were observed for 30 days. 
Mice were euthanized if they experienced rapid weight 
loss or tumor burden greater than 10% body weight. No 
animals were excluded from statistical analysis. Tumor-
size evaluation was evaluated blindly using a caliper.

Nonspecific toxicity

Nonspecific toxicity was evaluated by IV injections 
of indicated doses to Swiss mice.

Statistical analysis

Statistical analysis and plots were done using 
Graph Pad Prism software. For comparisons between 
two parametric variables we used Student T test. For 
comparisons between two non- parametric variables we 
used Wilcoxon matched rank test. For comparisons of 
multiple parametric variables we used One way ANOVA 
followed by Holm-Sidak’s multiple comparisons test. For 
comparisons of multiple non-parametric variables we used 
Friedman test followed by Dunn’s multiple comparison 
test. For comparisons between different cell lines and 
different RIT we used two way ANOVA with multiple 
comparisons with Dunnet test. 
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AbstrAct
Recurrent fusion of the v-myb avian myelobastosis viral oncogene homolog (MYB) 

and nuclear factor I/B (NFIB) generates the MYB-NFIB transcription factor, which 
has been detected in a high percentage of individuals with adenoid cystic carcinoma 
(ACC). To understand the functional role of this fusion protein in carcinogenesis, we 
generated a conditional mutant transgenic mouse that expresses MYB-NFIB along 
with p53 mutation in tissues that give rise to ACC: mammary tissue, salivary glands, 
or systemically in the whole body. Expression of the oncogene in mammary tissue 
resulted in hyperplastic glands that developed into adenocarcinoma in 27.3% of 
animals. Systemic expression of the MYB-NFIB fusion caused more rapid development 
of this breast phenotype, but mice died due to abnormal proliferation in the glomerular 
compartment of the kidney, which led to development of glomerulonephritis. These 
findings suggest the MYB-NFIB fusion is oncogenic and treatments targeting this 
transcription factor may lead to therapeutic responses in ACC patients.

IntroductIon

Adenoid cystic carcinoma (ACC) is a malignant 
tumor type that arises in the salivary gland, breast, 
respiratory airways, and vulva [1]- [2]. Salivary cancers 
constitute ~3%-6% of all head and neck neoplasms, and 
ACC is among the most common carcinomas of the 
salivary gland, affecting 10%-15% of patients [3]. In the 
salivary glands, ACC is a typically aggressive form of 
cancer that has poor long-term prognosis. About 80%-
90% of patients with ACC in the head and neck die 
within 10-15 years after diagnosis [3] [4]. ACC in breast 
tissues constitutes ~1% of all invasive breast cancers and 
is categorized as triple-negative for estrogen receptor 
(ER), progesterone receptor (PR), and human epidermal 
growth factor receptor 2 (HER2). In contrast to salivary 

gland ACC, breast ACC has a non-aggressive phenotype 
and better prognosis [5]. Though extensively studied, very 
little remains known about the molecular pathogenesis of 
ACC.

Originally identified as a site for genomic integration 
for murine and avian retroviruses, accumulating evidence 
now suggests many roles for v-myb avian myelobastosis 
viral oncogene homolog (MYB) as a proto-oncogene. 
MYB functions primarily as a leucine zipper transcription 
factor that regulates expression of several families of 
genes, including housekeeping genes, cell differentiation 
factors, and oncogenes, including MYC, BCL2, and HSP70 
[6] [7]. Further, high MYB expression has been observed
in proliferating endothelial, epithelial, and hematopoietic
cells as well as leukemias, lymphomas, and tumors of
the breast, colon, and pancreas [7] [8]. In addition, breast
ACCs express high levels of MYB [5].
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Reciprocal translocation between the terminal 
part of the long arm of chromosome 6 in MYB and the 
short arm of chromosome 9, within nuclear factor I/B 
(NFIB), results in formation of a fusion gene that lacks 
its 3’-untranslated region, which contains target sequences 
for certain micro-RNAs. As with many such disruptions, 
this MYB-NFIB translocation leads to unusually high 
expression of MYB [8]. Recent studies have demonstrated 
a significant correlation between MYB-NFIB expression 
and ACC. MYB-NFIB expression was present in 5 
mammary ACCs and 6 head and neck ACCs analyzed 
in previous studies [4, 9, 10]. Another study performed 
whole exome sequencing using a combination of fusion 
transcript sequencing, quantitative real time PCR (RT-
PCR), fluorescent in situ hybridization (FISH), and 3’ 
rapid amplification of cDNA ends and found the fusion 
was present in 19/24 cases of primary ACC (74%) [11]. 

Additionally, a more extensive study investigated 
the presence of MYB-NFIB fusion transcripts and MYB 
expression in more than 300 ACC tissues, including 
75 salivary gland ACCs [12]. This study found fusion 
transcript mRNA in 28% of primary ACCs and 35% of 
metastatic ACCs. Further, an in-depth study of breast 
cancer samples using FISH and RT-PCR found the 
MYB-NFIB fusion gene in 12 out of 13 breast ACCs and 
mRNA expression in 4 out of 12 samples [5]. However, 
the remaining 8 samples did not produce RNA that was 
suitable to confirm the presence of the fusion transcript. 

Given the compelling genomic and in vitro data 
implicating MYB-NFIB in ACC tumorigenesis, we further 
dissected the role of this novel fusion transcription 
factor in vivo. We investigated the role of MYB-NFIB 
in a novel genetically engineered mouse (GEM) model 
with overexpression in the salivary gland and breast 
compartments, either as a single genetic event or in 
conjunction with concurrent tumor suppressor TP53 loss.

results

characterization of MYb-nFIb expression in 
transgenic mice

We initially attempted to investigate the role of 
MYB-NFIB as a potential driver oncogene in salivary 
glands. MYB-NFIB mice were crossed with MMTV-Cre 
mice to obtain bi-allelic mice that expressed MYB-NFIB 
in salivary and breast tissues [15]. Additionally, as a more 
direct method of expressing MYB-NFIB in salivary tissue, 
we directly injected adenovirus-Cre into the salivary 
tissues of 6-week-old mice. Immunohistochemical 
examination of salivary tissue in both cohorts of mice 
showed low levels of expression of MYB, although tissues 
were otherwise normal with no evidence of malignancy 
even 12 months after induction (Figure S1).

characterization of breast tumors in MYb-nFIb 
transgenic mice

Inactivation of TP53 frequently occurs in ACC [5] 
[11]. One study identified a lack of p53 expression in 
10 out of 13 breast ACC samples (76%) [5]. However, 
a recent study focusing on whole exome sequencing of 
12 breast ACCs expressing MYB-NFIB fusion transcripts 
found a lack of mutations in TP53 [16]. Therefore, the 
precise roles of MYB-NFIB and p53 in ACC remain to be 
determined. To address this question and accelerate tumor 
formation in vivo, we crossed MYB-NFIB mice with the 
p53fl/fl model to obtain tri-allelic mice and generated mice 
expressing wildtype, heterozygous mutant, or homozygous 
mutant p53 (Figure 1A). At 6 weeks of age, female tri-
allelic mice were kept in breeding cages so they could 
experience multiple pregnancies, as this has been shown to 
be required for breast carcinoma development in MMTV-
Cre models [15]. 

Introduction of the conditional p53 allele coincided 
with a reduction in average survival of mice—MYB-
NFIB/MMTV-Cre/p53+/+ mice survived longest (~110 
weeks), followed by MYB-NFIB/MMTV-Cre/p53+/fl 
mice (~65 weeks), and MYB-NFIB/MMTV-Cre/p53fl/
fl mice had the shortest average lifespan (~42 weeks) 
(Figure 1B). MYB-NFIB/MMTV-Cre/p53+/+ mice did 
not develop tumors, while all mice in the p53+/fl cohort 
developed numerous tumors in upper mammary glands 
(Figure 1C). MYB-NFIB/MMTV-Cre/p53fl/fl mice 
presented hyperplastic breast phenotypes at the time of 
sacrifice due to progressive lymphoma. 

To validate MYB-NFIB expression in the mouse 
model, immunohistochemistry was conducted on normal 
breast tissues and all tumor nodules acquired from the 
MMTV-Cre cohort. Although MYB staining was difficult 
to observe in normal breast tissue of the p53+/+ cohort, 
potentially due to lower cell density per section, p53+/
fl and p53fl/fl mice showed specific nuclear staining for 
MYB (Figure 1D). Interestingly, p53+/fl mice displayed 
a higher breast tumor burden compared to p53fl/fl 
mice. Tumors varied in sizes, ranging from ~6-20 mm. 
Surprisingly, no mice in any of these cohorts presented 
salivary cancer.

Loss of p53 activity yielded an increased penetrance 
of breast cancer phenotypes and decreased latency—
MYB-NFIB/MMTV-Cre/p53+/fl mice had penetrance of 
27.3% and a latency of ~44 weeks, while MYB-NFIB/
MMTV-Cre/p53fl/fl mice had penetrance of 45.5% and 
a latency of 16-39 weeks (Figure 1E). Control mice 
expressing MMTV-Cre/p53fl/fl alone did not present 
abnormal phenotypes in any analyzed tissues (data not 
shown).

A subset of MYB-NFIB/MMTV-Cre/p53+/fl mice 
presented tumors resembling poorly differentiated breast 
adenocarcinomas (Figure 1D, upper three panels). To 
further characterize the model, tumors were stained with 
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keratin, Ki67, ER, PR, and HER2 antibodies (Figure 2). 
Tumors stained strongly for keratin, which is a known 
biomarker for ACC [1]. We also found increased Ki67 
and ER staining, which coincides with findings that 
proliferation of ER-positive mammary cells have high 
levels of MYB [7] [15]. Statistical analysis correlating 
MYB and ER positivity showed no significant difference 
between the two datasets (Figure S2). 

Assessing MYb-nFIb expression on a global scale

Next, we conducted an additional study investigating 
the effects of widespread expression of this fusion gene. 
This was done to create an additional system with which 
we could investigate the role of MYB-NFIB expression 
in salivary tissue as well as other tissues. In addition, our 
study of MYB-NFIB using the MMTV-Cre driver system 

suggested a role for MYB-NFIB as an oncogenic driver of 
breast cancer. Therefore, we attempted to generate a model 
where we could study the role of MYB-NFIB as a driver 
of cancer in a more global setting. 

To do this, MYB-NFIB/p53fl/fl mice were crossed 
to a tamoxifen-inducible Cre allele, UCRE, which 
resulted in widespread expression of MYB-NFIB in most 
tissues at varying levels. At 3 weeks post-induction, mice 
appeared emaciated and were sacrificed. Histological 
analysis of brain, breast, kidney, liver, lung, mammary 
gland, and salivary gland tissues revealed necrosis of 
the liver and abnormal kidney structures (Figure 3A). 
Closer examination of the kidneys revealed tubules that 
were dilated with albumin. Further, glomeruli appeared 
shrunken and atrophied, with no thickening of the 
basement membrane, and what appeared to be fusion of 
glomeruli to the Bowman’s capsule (Figure 3A, upper 

Figure 1: Activation of MYb-nFIb in conjunction with MMtV-cre drives formation of breast adenocarcinoma 
in mice. A. Schematic showing GEM model constitutively expressing the MYB-NFIB fusion crossed with MMTV-Cre mice to create 
MYB-NFIB/MMTV-Cre bi-transgenic mice. b. Kaplan-Meier survival curve of MYB-NFIB-expressing p53 homozygous wildtype (+/+), 
heterozygous (+/fl), or homozygous mutant (fl/fl) mice. c. Gross anatomy shows tumor burden of MYB-NFIB/MMTC-Cre/p53+/fl mice, 
with all tumors located in the upper mammary glands. Magnification bar = 1 cm. d. Representative H&E, MYB, and Ki67 staining images 
of poorly differentiated breast nodules. Magnification bars = 50 μm. e. Table summarizing different genotypic cohorts and corresponding 
tumor grade, penetrance, cohort size, and latency for mice that presented with mammary gland abnormalities. 
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right panel). In addition, this cohort displayed hyperplasia 
and aberrant lactation in breast tissues (Figure 3A, upper 
left panel). Kidney and liver abnormalities were detected 
in all mice in this cohort (n = 3), and the breast phenotype 
was detected in female mice exclusively (n = 2). 

As with the MMTV-Cre cohort, 
immunohistochemical analysis of MYB-NFIB/UCRE/
p53fl/fl tissues showed strong nuclear staining of MYB 
in breast tissues as well as kidney and several other 
tissues (Figure 3B). A control group of UCRE/p53fl/fl 
mice were continually dosed with tamoxifen for a period 
of six months and then sacrificed. This cohort showed 
no abnormalities in any tissues, and no MYB expression 
or increased Ki67 expression was evident through 
immunohistochemistry (Figure S3).

dIscussIon

Here we characterized development of the first 

MYB-NFIB-driven GEM model. The MMTV-Cre 
promoter has been extensively used in mouse models 
to drive gene expression in breast and salivary glands 
[15]. We applied this promoter to drive MYB-NFIB 
expression in salivary glands and mammary tissue to study 
tumorigenesis driven by the fusion gene. The dominant 
breast cancer phenotype of the model precluded study 
of MYB-NFIB as an oncogene in the salivary gland, 
despite observed expression in epithelial cells of this 
tissue. Although attempts to induce MYB-NFIB by direct 
injection in the salivary gland did not result in robust 
MYB-NFIB expression, our injection technique needs 
further optimization (Figure S1). 

Although expression of MYB-NFIB has been 
shown in triple-negative (ER, PR, HER2) breast ACC 
[5], immunohistochemistry showed a strong correlation 
between expression of ER and MYB in higher grade 
tumors from our mouse model. Tumors also showed 
strong Ki67 and ER staining, which coincides with 

Figure 2: MYB-NFIB/MMTV-Cre/p53+/fl tumors express high levels of ER and keratin. Representative images of 
immunohistochemical staining of ER, PR, HER2, and keratin in MYB-NFIB/MMTV-Cre/p53+/fl mice (2/3) and controls. Magnification 
bars = 50 μm.
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findings that proliferation of ER-positive cells in these 
tumors relies on MYB expression [5]. The incidence of 
ER-positivity has been shown to be as high as 70% across 
all breast cancers [15]. Therefore, our findings correlating 
expression of MYB-NFIB and ER in breast cancer could 
advance understanding and treatment potential of this 
specific category of breast cancer [15].

It should be noted that the relatively low number 
of mice that presented breast carcinoma (n = 3) and 
hyperplasia (n = 5) is a consequence of latency (as high as 
44 weeks) and penetrance (as low as 23%) of the model 
presented in this study. In addition, although the MYB-
NFIB/MMTV-Cre/p53+/fl cohort presented late stage 
carcinomas, which stained positive for keratin, our study 
does not show conclusively that these can be categorized 
as ACCs. Therefore, a more thorough study with larger 
cohorts would be ideal for future experiments involving 
extensive statistical, histologic, and expression analyses.

Additionally, MYB-NFIB/UCRE/p53fl/fl tri-allelic 
mice that globally express MYB-NFIB presented an 
unexpected phenotype of significantly reduced lifespan 

upon activation of MYB-NFIB at 8-9 weeks of age. Much 
to our surprise, upon analysis of all organs, these mice 
displayed necrotic livers and a kidney phenotype with 
severe accumulation of albumin and structural distortion 
reminiscent of glomerulonephritis. This is possibly due 
to capillary damage, which would result in shrunken 
capsids and an accumulation of albumin in the kidneys. 
In addition to this curious phenotype, female mice in this 
cohort also displayed hyperplasia in mammary glands. 
High expression of MYB-NFIB in kidney and breast 
tissues suggests MYB-NFIB as a possible driver of both 
phenotypes. Differences in phenotype latency in our two 
driver systems (MMTV-Cre vs. UCRE) is unknown, 
although differing expression levels may be an inherent 
consequence of the models. 

In this study, we also attempted to address the 
contributions of p53 inactivation to the function of MYB-
NFIB as an oncogenic driver. We found a correlation 
between increased tumorigenesis and loss of either one 
or both copies of TP53. We also detected increased fusion 
protein expression in the absence of functional p53, 

Figure 3: detailed histology and characterization of MYb-nFIb mice. Representative H&E A. and MYB immunohistochemical 
staining b. of MYB-NFIB/UCRE/p53fl/fl mouse breast, brain, kidney, salivary gland, lung, and liver tissues. Magnification bars = 50 μm.
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suggesting that MYB-NFIB may be unstable or degraded 
through unknown mechanisms in the presence of p53. 
Even though a recent study by Mitani et al. found a lack 
of TP53 mutation in breast ACC, our results suggest that 
additional studies might be required to further elucidate 
the role of MYB and p53 in this context. 

Previous studies have examined expression profiles 
of human breast ACCs, but these studies focused on 
comparisons between ACCs and ductal carcinomas of no 
special type [5]. To our knowledge, there have been no 
expression profile studies comparing late stage human 
breast ACC to early stage ACC or healthy breast tissue. 
Such a study would prove valuable to gain a better 
understanding of ACC development and its relation to 
MYB-NFIB.

Several potential therapeutic approaches have been 
proposed for targeting MYB in cancer. These include 
inhibition of ER itself or its ability to interact with 
MYB or targeting of MYB transcription targets [7]. In 
addition to its interaction with ER, MYB’s interaction 
with coactivators, such as CBP/p300, is vital for its 
transactivation and transformation [7]. This interaction 
is also an avenue worth exploring for inhibitory agents. 
Direct targeting of MYB has also been considered 
through use of DNA vaccines that encode a fusion protein 
of two tetanus toxin peptides flanking the full-length 
MYB sequence [7] [8]. Finally, development of siRNA 
technology designed to target MYB provides a viable 
therapeutic opportunity [7]. 

In conclusion, these mouse studies demonstrate 
MYB-NFIB’s potential as an oncogenic driver in the 
breast. Although we acknowledge limitations in our study 
in regards to latency, penetrance, and cohort size, as a 
novel GEM model our studies provide ample opportunities 
for further understanding the function of MYB-NFIB as 
an oncogenic driver and for the application of relevant 
therapeutics.

MAterIAls And Methods

ethics statement

The Dana-Farber Institutional Animal Care and 
Use Committee (IACUC) reviewed and approved the 
animal procedures used in this study as documented 
by animal protocol 09-073. IACUC guidelines and 
regulations followed U.S. National Institute of Health 
guidelines, U.S. Public Health Service policy, and U.S. 
Food and Drug Administration regulations to minimize 
stress and pain on research animals. Monitoring health 
and wellbeing of animals was performed according to the 
Standard Operating Procedures of the Dana-Farber Cancer 
Institute’s Animal Resource Facility, “Procedures for 
Reporting Animal Health Issues SOP T031.” This protocol 

designates a well-trained, attentive technician to assist 
in the detection of illness, distress, and disease through 
twice-a-day health checks. Any observed sign of injury, 
illness, disease, or distress was promptly reported to the 
veterinarian, clinical staff, and/or manager, who informed 
us of the designated animal with appropriate follow-up 
and treatment or euthanasia recommendations made by 
the veterinarian or technical services manager. 

Generation of MYb-nFIb transgenic mice

MYB-NFIB was generated from human cDNA 
using primers to amplify MYB, which was then modified 
to include the NFIB fusion at the 3’ end using PCR. The 
sequence was based on a prior study and used the human 
MYB-NFIB fusion variant 8 mRNA from the Genbank 
database (#NM_001161660.1) [4]. MYB-NFIB variant 
8 was an ideal candidate because its sequence closely 
matched the predominant breakpoints found in this 
study—between MYB intron 14 and NFIB intron 8 [4] 
The complete sequence is available in Table S1. Sequence 
was verified and cloned into a modified transgenic vector 
and preceded by a lox-stop-lox sequence, which expressed 
MYB-NFIB upon exposure to Cre recombinase. 

This construct was co-electroporated with a FLPe 
recombinase plasmid into v6.5 C57BL/6J (female) x 
129/sv (male) embryonic stem cells (Open Biosystems) 
as described elsewhere [13] [14]. With this previously 
designed embryonic stem cell system, flip recombinase 
mediates recombination of the flip sites and integration 
of the transgene into the ColA1 locus. Transgenic 
positive clones were selected for hygromycin resistance 
and evaluated for transgenic integration using PCR. 
Transgenic-positive stem cell clones were injected into 
black 6 blastocysts, and the resulting chimeras mated with 
BALB/c wildtype mice to confirm germline transmission 
of MYB-NFIB and expand experimental colonies. 

breeding and tumor induction in transgenic mice

MYB-NFIB transgenic mice were bred with 
p53 conditional knockout mice (p53flox/flox, Jackson 
Laboratories #8462). MYB-NFIB mice were also bred 
with a strain that expresses Cre recombinase under the 
control of the mouse mammary tumor virus (MMTV) 
long terminal repeat promoter [B6129-Tg(MMTV-
Cre)4Mam/J, Jackson Laboratories #003553] and a 
ubiquitin-Cre-ERT2 (UCRE) strain (Jackson Laboratories 
#007001). For the MYB-NFIB/UCRE cohort, 6-week-old 
mice were dosed with tamoxifen (5 mg/kg) three times a 
week for two weeks to activate Cre.

To introduce adenovirus-Cre into salivary tissues, 
6-week-old MYB-NFIB mice were injected with
adenovirus-Cre (5 X 107 pfu, approximately 20 μL in
DMEM; obtained from University of Iowa) directly into



Oncotarget    262www.impactjournals.com/oncotarget

one side of the salivary tissue with a 27-gauge needle. 
Mice that showed tumor progression up to a 

maximum of 2 cm in any dimension were culled for 
analysis. Mice showing rapid weight loss (≥15% of normal 
body weight), dyspnea, diarrhea, progressive dermatitis, 
or hair coat abnormalities prior to reaching the study 
endpoint were euthanized. Animal weight and onset of 
signs of distress were followed as described in the IACUC-
approved protocol. Method of approved euthanasia for 
animals in our study was carbon dioxide asphyxiation on 
the basis of its rapidity, safety, and effectiveness in causing 
loss of brain function, followed by cervical dislocation. 
Unexpected deaths, although uncommon, did occur due to 
disease progression (most commonly occurring overnight), 
and all were appropriately reported. 

Immunohistochemistry and antibodies

Brain, salivary gland, lung, breast, liver, and kidney 
tissues were fixed in 10% buffered formalin overnight 
and then transferred to 70% ethanol. Lungs were inflated 
before fixation. Fixed tissues were embedded in paraffin 
and cut into thin sections. Sections were stained with the 
following antibodies: anti-v-Myb and c-Myb (Abcam 
#ab45150), anti-PR (Abcam #131486), anti-HER2/
ErB2 (Cell Signaling #4290S), anti-alpha-ER and beta-
ER (Biorbyt #orb10615), and anti-keratin (Abcam 
#6401). Staining kits for Ki67 (Vector #VP-K451) were 
performed per manufacturer’s instructions. Figures show 
representative images for each cohort.
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AbstrAct
Cancer cells display a variety of global metabolic changes, which aside from 

the glycolytic pathway largely involve amino acid metabolism. To ensure aggressive 
growth, tumor cells highly depend on amino acids, most notably due to their pivotal 
need of protein synthesis. In this study, we assessed the overall hypothesis that 
depletion of asparagine by E. coli-derived L-asparaginase might be a novel means 
for the therapy of one of the most recalcitrant neoplasms and for which no efficient 
treatment currently exists - glioblastoma (WHO grade IV). Our results suggest that 
certain glioma cell cultures are particularly susceptible to inhibition of proliferation 
by L-asparaginase, while others display a more resistant phenotype. In sensitive 
cells, L-asparaginase induces apoptosis with dissipation of mitochondrial membrane 
potential and activation of effector caspases. L-asparaginase-mediated apoptosis was 
accompanied by modulation of pro- and anti-apoptotic Bcl-2 family members, including 
Noxa, Mcl-1 and the deubiquitinase Usp9X. Given the impact of L-asparaginase on 
these molecules, we found that L-asparaginase potently overcomes resistance to 
both intrinsic apoptosis induced by the Bcl-2/Bcl-xL inhibitor, ABT263, and extrinsic 
apoptosis mediated by TRAIL even in glioma cells that are resistant towards 
L-asparaginase single treatment. RNA interference studies showed that Usp9X, Mcl-
1, Noxa and Bax/Bak are involved in ABT263/L-asparaginase-mediated cell death.
In vivo, combined treatment with ABT263 and L-asparaginase led to an enhanced
reduction of tumor growth when compared to each reagent alone without induction
of toxicity. These observations suggest that L-asparaginase might be useful for the
treatment of malignant glial neoplasms.

IntroductIon

Amino acid metabolism might represent an 
“Achilles heel” in cancer since a number of tumors 
acquire an altered dependency on some of these metabolic 
pathways [1-3]. For instance, it has been shown that some 
cancer cells are particularly dependent on glutamine. As 

a consequence, glutamine starvation elicits Bax/Bak-
dependent apoptosis [4]. Aside from glutamine, asparagine 
is pivotal for survival of a number of malignancies. This 
is exemplified most prominently in the setting of acute 
lymphoblastic leukemia since in many of these malignant 
cell clones the levels of the enzyme asparagine synthetase 
(ASNS), which utilizes aspartate and glutamine as a 
substrate to produce asparagine are suppressed [5, 6]. In 
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turn, asparagine appears to oppose apoptotic cell death, 
enabling cancer cells to entertain growth. Consequently, 
pharmaceutical formulations of L-asparaginase are an 
integral part of combination therapies for ALL. While 
initially most patients are susceptible, resistance emerges 
due to several factors, including up-regulation of ASNS 
[7, 8].

With regards to solid malignancies, L-asparaginase 
is not commonly employed due to the fact that most solid 
tumors display relatively high levels of ASNS and are 
therefore primarily resistant [9, 10]. Nevertheless, there 
is growing evidence that this view is too simplistic [11] 
and recent research shows that L-asparaginase might be 
useful for the treatment of solid malignancies as well 
[12]. In our study, we focused on glioblastoma WHO IV, 
which is the most common primary brain tumor in adults 
and bears a grim prognosis with median survival rates of 
less than 1.5 years [13]. The current standard of care is 
mostly focused on chemotherapy and radiation [13]. Most 
recently, anti-VEGF therapies have gained attention as 
they prolong progression-free survival, but not overall 
survival. However, reanalysis of the clinical trial data has 
shown that patients with glioblastomas of the proneural 
type displayed a significant increase in overall survival 
[14], indicating the need for tailored treatment approaches 
in the sense of precision medicine.

In order to establish a potential new therapeutic 
strategy for patients with glioblastoma, we analyzed 
different glioma cell cultures, including established, stem 
cell-like and patient-derived xenograft (PDX) cells, for 
their susceptibility to E. coli-derived L-asparaginase. Our 
results suggest that certain glioma cells are particularly 
sensitive to L-asparaginase. Moreover, we demonstrate 
that L-asparaginase treatment overcomes resistance to 
intrinsic and extrinsic apoptosis and therefore may be 
applicable in the context of combination therapies. Finally, 
our results suggest that the combination therapy of a BH3-
mimetic along with L-asparaginase exerts anti-glioma 
activity in vivo.

results

treatment with l-asparaginase yields anti-
proliferative activity in glioblastoma cells

We first assessed whether treatment with 
L-asparaginase (Figure 1A and 1B) has anti-proliferative
activity in glioblastoma cells in vitro. Established
glioblastoma cells (SF188, T98G, U251, LN229), glioma
stem-like cells (NCH421K, NCH644) and glioblastoma
cells derived from a PDX-model (GBM12) or a murine
transgenic model (MGPP-3; PDGFR+, PTEN-/-, TP53-/-
) were treated for 72h with increasing concentrations of
L-asparaginase prior to performing MTT- or CellTiter-

Glo®-assays. As shown in Figure 1C, treatment with 
L-asparaginase lead to a dose-dependent anti-proliferative
effect on SF188, T98G, U251 and MGPP-3 glioblastoma
cells. In LN229 established glioblastoma, NCH421K,
NCH644 glioma stem-like and GBM12 (PDX-derived)
glioblastoma cells treatment with L-asparaginase yielded
only little anti-proliferative activity.

treatment with l-asparaginase induces apoptosis 
in glioblastoma cells

To assess the mechanism of the anti-proliferative 
effect of L-asparaginase, we treated SF188 and U251 
glioblastoma cells with L-asparaginase prior to staining 
with annexin V and propidium iodide. In both cell lines, 
treatment with L-asparaginase lead to an enhanced 
fraction of annexin V-positive cells (apoptotic cells) in 
a dose-dependent manner (Figure 1D). Consistent with 
this finding, cleavage of caspases 8 and 3 as well as of 
PARP was enhanced after treatment with L-asparaginase 
(Figure 1E). Moreover, when SF188 cells were treated 
with L-asparaginase and the pan-caspase inihibitor zVAD.
fmk combined, the fraction of annexin V-positive cells 
was markedly reduced compared to cells treated with 
L-asparaginase alone (Supplementary Figure 1).

l-asparaginase treatment reduces the
mitochondrial membrane potential

Since L-asparaginase induced apoptosis in 
glioblastoma cells, we next examined whether this 
observation is at least in part due to activation of intrinsic 
apoptosis. We therefore performed staining for JC-1 
in SF188 glioblastoma cells treated with increasing 
concentrations of L-asparaginase. As shown in Figure 2A, 
treatment with L-asparaginase yielded a marked reduction 
of the mitochondrial membrane potential, suggesting a 
mitochondrial component of the apoptotic response. 

treatment with l-asparaginase leads to down-
regulation of Mcl-1

Our observations so far pointed towards an apoptotic 
response that is at least in part mitochondrially-driven. 
Therefore, we focused next on effects of L-asparaginase 
on the expression of anti-apoptotic Bcl-2 family members. 
Treatment with L-asparaginase resulted in a marked 
down-regulation of Mcl-1 in T98G, U251 and LN229 
glioblastoma cells (Figure 2B-2D). Expression of Bcl-
2 was reduced in T98G and LN229 glioblastoma cells. 
Bcl-xL expression was only reduced in LN229 cells. In 
SF188 glioblastoma cells, none of the anti-apoptotic Bcl-2 
family members we examined were down-regulated under 
these conditions (Figure 2E). However, protein levels 
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Figure 1: Treatment with L-asparaginase (Asp) inhibits proliferation and induces apoptosis across different 
glioblastoma cells. A., 3-dimensional graphical representation of Escherichia coli L-asparaginase. Modified with ChemBioDraw 
Ultra 13.0 based on PDB ID 3ECA [57], http://www.rcsb.org/pdb/explore/explore.do?structureId = 3eca, last accessed 02/03/2016. b., 
Representation of the chemical reaction catalyzed by L-asparaginase (ChemBioDraw Ultra 13.0). c., SF188 (pediatric), T98G (adult), 
U251 (adult), LN229 (adult), MGPP-3 (murine, transgenically-derived) glioblastoma cells and NCH421K, NCH644 glioma stem-like cells 
as well as GBM12 (PDX-derived ) glioblastoma cells were treated with increasing concentrations of L-asparaginase under serum starvation 
(1.5% FBS). After 72h, MTT assays were performed. Dose-response curves and IC50-values were calculated using non-linear regression. 
Data are presented as mean and SEM. d., Representative flow plots of SF188 and U251 glioblastoma cells subjected to 48h treatment with 
indicated concentrations of L-asparaginase prior to performing staining for annexin V and propidium iodide. e., SF188 glioblastoma cells 
were treated for 24h with increasing concentrations of L-asparaginase (Asp) under serum starvation (1.5% FBS). Whole-cell extracts were 
examined by Western blot for caspase 8 (CP8 - FL = full length form, CF = cleaved fragment), cleaved caspase 3 (cCP3), PARP and cleaved 
PARP (cPARP). Actin Western blot analysis was performed to confirm equal protein loading. 
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Figure 2: l-asparaginase (Asp) treatment reduces the mitochondrial membrane potential and expression of anti-
apoptotic bcl-2 family proteins. A., Representative flow plots of SF188 glioblastoma cells treated with increasing concentrations 
of L-asparaginase prior to staining for JC-1 and flow cytometric analysis. Treatment with the mitochondrial uncoupler carbonyl cyanide 
3-chlorophenylhydrazone (CCCP) served as positive control. b.-e., T98G (b), U251 (c), LN229 (d) and SF188 (e) glioblastoma cells
were treated as indicated with L-asparaginase under serum starvation (1.5% FBS). Whole-cell extracts were examined by Western blot
for Mcl-1, Bcl-2, Bcl-xL, Noxa and Usp9X. Actin served as a loading control. F., T98G glioblastoma cells were treated for 6 or 24h with
increasing concentrations of L-asparaginase prior to performing rtPCR for Mcl-1 and Noxa. Columns, mean. Bars, SD.
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of the pro-apoptotic Mcl-1-specific BH3-only protein 
Noxa were markedly increased after treatment with 
L-asparaginase in SF188 cells - a finding also observed

at lower concentrations of L-asparaginase in T98G and 
LN229 glioblastoma cells, indicating a potential cell type-
specific response to L-asparaginase treatment. 

Figure 3: combined treatment with l-asparaginase (Asp) and Abt263 results in anti-proliferative and pro-apoptotic 
synergism. A., SF188 and LN299 glioblastoma cells were treated for 72h with L-asparaginase and ABT263 as indicated prior to performing 
MTT-assays. Normalized isobolograms were calculated using the CompuSyn software. The connecting line represents additivity. Data 
points located below the line indicate a synergistic drug-drug interaction and data points above the line indicate an antagonistic drug-drug 
interaction. b., Representative flow plots of SF188 (Asp 0.5IU/ml, ABT263 1μM, 24h), LN229 (Asp 2IU/ml, ABT263 0.5μM, 24h), 
U251 (Asp 2IU/ml, ABT263 1.5μM, 24h) and T98G (Asp 1IU/ml, ABT263 1μM, 48h) glioblastoma cells subjected to treatment with 
L-asparaginase, ABT263 or the combination prior to staining for annexin V/propidium iodide and flow cytometric analysis. c., SF188 and
LN229 glioblastoma cells were treated with L-asparaginase and/or ABT263 as indicated. Western blot analysis was performed for caspase
9 (CP9), cleaved caspase 3 (cCP3), cleaved PARP (cPARP), Mcl-1, Usp9X and Noxa. Actin expression was determined to confirm equal
protein loading. CF = cleaved fragment; arrow head represents specific band for Mcl-1. d., Representative microphotographs of LN229
glioblastoma cells treated with 10 IU/ml L-asparaginase, 2 μM ABT263 or the combination for 48h. Magnification, x40; scale bar, 100 μm..
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l-asparaginase-mediated down-regulation of
Mcl-1 is due to a post-transcriptional mechanism

To further assess by which mechanism Mcl-1 is 
down-regulated, we performed real-time PCR analysis in 
T98G glioblastoma cells. Treatment with L-asparaginase 
did not result in reduced Mcl-1 mRNA expression after 
6h, but even in a markedly enhanced expression after 24h 
indicating a post-transcriptional mechanism (Figure 2F). 

up-regulation of noxa is transcriptionally 
mediated

We next assessed by which mechanism Noxa is up-
regulated. Real-time PCR analysis in T98G glioblastoma 
cells showed that treatment with L-asparaginase resulted 
in increased Noxa mRNA expression after 6h which was 
even more pronounced after 24h suggesting at least in 
part a transcriptional mechanism (Figure 2F). Since Noxa 
modulation was observed in cells that are TP53-mutated, it 
appears likely that L-asparaginase-mediated up-regulation 
of Noxa is independent of p53 signaling.

treatment with l-asparaginase sensitizes for 
intrinsic apoptosis

Enhanced expression or function of Mcl-1 has 
been shown to represent a major mediator of resistance 
towards ABT compounds such as ABT263. Given that 
treatment with L-asparaginase resulted in either down-
regulation of Mcl-1 or up-regulation of its pro-apoptotic 
counterpart, Noxa, we next assessed whether this 
molecular observation would sensitize for treatment with 
ABT263. As shown in Figure 3A, combined treatment 
with L-asparaginase and ABT263 yielded a synergistic 
anti-proliferative effect across a wide range of different 
pairs of concentrations tested in SF188, LN229, T98G, 
U251 glioblastoma cells and NCH644 glioma stem-like 
cells (Figure 3A, Table 1 and Supplementary Figure 2). 
These observations are mirrored by marked morphological 
changes as shown in representative microphotographs 
in LN229 cells (Figure 3D). To assess the mechanism 
of this effect we performed staining for annexin V/PI 
in SF188, LN229, U251 and T98G glioblastoma cells 
after treatment with the combination or single agents 
(Figure 3B). Consistently, combined treatment with 
L-asparaginase and ABT263 resulted in at least additive
pro-apoptotic effects across all cell lines tested. On the
molecular level, combined treatment resulted in enhanced
cleavage of caspases 9 and 3 in SF188 and LN229 as well
as of PARP in LN229 glioblastoma cells (Figure 3C).
Consistent with these observations, protein levels of Mcl-1
and its deubiquitinase Usp9X were markedly decreased in

SF188 glioblastoma cells treated with the combination. In 
LN229 glioblastoma cells, this effect was less pronounced. 
However, expression of the pro-apoptotic counterpart of 
Mcl-1, Noxa, was markedly enhanced.

treatment with l-asparaginase sensitizes for 
extrinsic apoptosis

Since we observed that treatment with 
L-asparaginase sensitizes for mitochondrially driven
apoptosis, we next assessed whether L-asparaginase
also sensitizes for apoptosis mediated through death-
promoting ligands. We therefore treated SF188 and LN229
glioblastoma cells with L-asparaginase, TNFα-related
apoptosis-inducing ligand (TRAIL) or the combination
of both as indicated. Combined treatment leads to a
pronounced synergistic anti-proliferative effect in both
cell lines tested (Figure 4A and Table 2). These findings
are reflected by prominent changes in morphology as
illustrated by respective microphotographs (Figure 4E). To
assess the subjacent mechanism, staining for annexin V/PI
was performed in SF188, LN229 and T98G glioblastoma
cells. Consistent with our previous isobologram analysis,
the fraction of annexin V-positive (apoptotic) cells was
enhanced in a synergistic manner when L-asparaginase
was combined with TRAIL (Figure 4B). On the molecular
level, expression of the total form of caspase 8 was
significantly decreased in SF188 and LN229 cells treated
with the combination, indicating enhanced cleavage of
caspase 8 and enhanced activation of the extrinsic pathway
(Figure 4C). Consistent with this observation, cleavage of
caspase 3 and PARP was increased. Notably, expression of
the cleaved form of caspase 3 did not differ substantially
when comparing LN229 cells treated with TRAIL alone
or the combination. However, total caspase levels (see
caspase-8) are already depleted, suggesting faster kinetics
of caspase cleavage due to the combination treatment.

To examine whether the pro-apoptotic synergism 
of the combination treatment is at least in part due to 
an enhanced activation of the mitochondrial pathway 
we performed JC-1-staining. As shown in Figure 4D, 
combined treatment with TRAIL and L-asparaginase lead 
to a marked loss of the mitochondrial membrane potential. 
Based on this finding we performed Western blot analysis 
of Mcl-1 and its interacting proteins Usp9X and Noxa. 
Combined treatment with L-asparaginase and TRAIL 
yielded a marked down-regulation of Mcl-1 and Usp9X 
in LN229 glioblastoma cells (Figure 4C). In contrast, 
in SF188 glioblastoma cells Mcl-1 expression was not 
significantly affected by the combination treatment. 
Moreover, there was no additional down-regulation of 
Usp9X levels when comparing SF188 cells treated with 
TRAIL alone or the combination. However, expression of 
the pro-apoptotic protein Noxa was markedly enhanced 
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Figure 4: combined treatment with l-asparaginase (Asp) and trAIl results in anti-proliferative and pro-apoptotic 
synergism. A., SF188 and LN299 glioblastoma cells were treated for 72h with L-asparaginase and TRAIL as indicated prior to performing 
MTT-assays. Normalized isobolograms were calculated using the CompuSyn software. The connecting line represents additivity. Data 
points located below the line indicate a synergistic drug-drug interaction and data points above the line indicate an antagonistic drug-drug 
interaction. b., Representative flow plots of SF188 (Asp 0.5IU/ml, TRAIL 25 ng/ml), LN229 (Asp IU/ml, TRAIL 100 ng/ml) and T98G 
(Asp 0.75IU/ml, TRAIL 4ng/ml) glioblastoma cells subjected to treatment with L-asparaginase, TRAIL or the combination for 24h prior 
to staining for annexin V/propidium iodide and flow cytometric analysis. c., SF188 and LN229 glioblastoma cells were treated with 
L-asparaginase and/or TRAIL as indicated. Western blot analysis was performed for caspase8 (CP8), cleaved caspase 3 (cCP3), cleaved
PARP (cPARP), Mcl-1, Usp9X and Noxa. Actin expression was determined to confirm equal protein loading. d., Representative flow
plots of T98G glioblastoma cells treated with increasing concentrations of L-asparaginase prior to staining for JC-1 and flow cytometric
analysis. E, Representative microphotographs of LN229 glioblastoma cells treated with 2 IU/ml L-asparaginase, 250 ng/ml TRAIL or the
combination for 48h. Magnification, x40; scale bar, 100 μm.
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Figure 5: Knock-down for Mcl-1 or usp9X sensitizes for Abt263- or trAIl-mediated apoptosis. A., T98G glioblastoma 
cells were treated with non-targeting (n.t.)-siRNA, or Mcl-1-siRNA followed by a treatment with ABT263 or solvent for 24h. Staining 
for annexin V/propidium iodide (PI) was performed prior to flow cytometric analysis. Representative flow plots are shown. b., T98G 
glioblastoma cells were treated with non-targeting (n.t.)-siRNA, or Mcl-1-siRNA followed by a treatment with TRAIL or solvent for 24h. 
Staining for annexin V/PI was performed prior to flow cytometric analysis. Representative flow plots are shown. c., T98G glioblastoma 
cells were transfected with n.t.-siRNA, Mcl-1-siRNA or Usp9X-siRNA. Whole-cell extracts were collected prior to Western blot analysis 
for Mcl-1, Bcl-2, Bcl-xL, Usp9X and Noxa. Actin served as a loading control. d., T98G glioblastoma cells were treated with non-targeting 
(n.t.)-siRNA, or Usp9X-siRNA followed by a treatment with ABT263 or solvent for 24h. Staining for annexin V/PI was performed prior 
to flow cytometric analysis. Representative flow plots are shown. e., T98G glioblastoma cells were treated with non-targeting (n.t.)-
siRNA, or Usp9X-siRNA followed by a treatment with TRAIL or solvent for 24h. Staining for annexin V/PI was performed prior to flow 
cytometric analysis. Representative flow plots are shown. F., T98G glioblastoma cells were transfected with n.t.-siRNA, Noxa-siRNA 
BAX-siRNA or BAK-siRNA. Whole-cell extracts were collected prior to Western blot analysis for BAX, BAK and Noxa. Actin served as 
a loading control. G., T98G glioblastoma cells were treated with non-targeting (n.t.)-siRNA or BAX/BAK-siRNA followed by a treatment 
with the combination of ABT263 and L-asparaginase (Asp) for 24h. Staining for PI was performed prior to flow cytometric analysis. 
Representative flow plots are shown. H., T98G glioblastoma cells were treated with non-targeting (n.t.)-siRNA or Noxa-siRNA followed 
by a treatment with the combination of ABT263 and L-asparaginase (Asp) for 24h. Staining for PI was performed prior to flow cytometric 
analysis. Representative flow plots are shown. I., Quantitative representation of the fraction of subG1-cells treated as described for G (black 
columns) and H (white columns with black border). Columns, means. Bars, SD.
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following combined treatment with L-asparaginase and 
ABT263. 

Knock-down of Mcl-1 sensitizes for treatment 
with Abt263 and trAIl

Given that L-asparaginase modulated Mcl-1 levels 
in various glioblastoma cells tested, we examined whether 
knock-down of Mcl-1 would be sufficient to enhance 
apoptosis induced by ABT263. SiRNA-mediated knock-

down of Mcl-1 enhanced apoptosis induced by ABT263 
in T98G glioblastoma cells and thereby phenocopied the 
sensitizing effect of L-asparaginase on ABT263 (Figure 
5A). Since we also observed that combined treatment 
with L-asparaginase and TRAIL yielded a synergistic 
pro-apoptotic effect, we tested the hypothesis that Mcl-
1 is involved in this process. Akin to ABT263, Mcl-
1 knockdown enhanced apoptosis induced by TRAIL 
(Figure 5B). Knock-down of Mcl-1 was confirmed by 
Western blot analysis (Figure 5C).

Figure 6: Combined treatment with L-asparaginase (Asp) and ABT263 yields enhanced anti-tumorigenic efficacy in 
vivo. 1x106 MGPP-3 glioblastoma cells were implanted subcutaneously. After tumor formation animals were treated intraperitoneally with 
vehicle (n = 9 tumors), ABT263 (25 mg/kg; n = 9 tumors), L-asparaginase (1500 IU/kg; n = 9 tumors) or both agents (n = 9 tumors) 3 times/
week over 2 weeks. A., Tumor growth curves showing the increase in tumor size for each treatment group. Data are presented as means and 
SEM. b., Quantification and statistical analysis (Student’s t-test) of the tumor size among different treatment groups 18 days after tumor 
implantation. c., Representative photographs of the tumors. d., Representative microphotographs showing the histological morphology 
(H&E staining) of tumors from animals receiving treatment either with vehicle or the combination of ABT263 and L-asparaginase. 
Magnification, x40; scale bar, 100μm. e., Representative microphotographs showing the histological morphology (H&E staining) of the 
indicated organs among animals receiving treatment either with vehicle or the combination of ABT263 and L-asparaginase. Magnification, 
x40; scale bar, 100μm.
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Knock-down of usp9X sensitizes for treatment 
with Abt263 and trAIl

Since treatment with L-asparaginase leads to a 
marked down-regulation of Usp9X, we next assessed 
whether knock-down of Usp9X would mirror the pro-
apoptotic synergism of L-asparaginase and ABT263 or 
TRAIL. We therefore performed knock-down experiments 
with Usp9X-siRNA. As shown in Figure 5D and 5E, 
siRNA-mediated knock-down of Usp9X resulted in a 
markedly enhanced fraction of annexin V-positive cells 
when combined with ABT263 or TRAIL, suggesting that 
down-regulation of Usp9X, as seen after L-asparaginase 
treatment, would suffice to sensitize for both extrinsic and 
mitochondrially-driven apoptosis. Western blot analysis 
was performed to verify efficient knock-down of Usp9X 
(Figure 5C).

simultaneous knock-down of bax and bak 
attenuates apoptosis induced by combined 
treatment with Abt263 and l-asparaginase

Our data showed that L-asparaginase treatment 
causes a decrease in the mitochondrial membrane 
potential. We therefore next assessed whether knock-down 
of the pro-apoptotic multi-domain effector proteins Bax 
and Bak would decrease the apoptotic response towards 
combined treatment with ABT263 and L-asparaginase. As 
shown in Figure 5G and 5I, in T98G cells treated with 
ABT263 and L-asparaginase combined, knock-down of 
Bax and Bak yielded a marked reduction of the fraction 
of sub-G1 cells (apoptotic cells). However, restoration 

of baseline apoptotic levels was not reached which could 
be explained by an incomplete knock-down of Bax and 
or Bak (Figure 5F) or only partial involvement of a 
mitochondrial pathway in the apoptotic response. 

Knock-down of noxa reduces Abt263/l-
asparaginase-mediated apoptosis

Based on our observation, that treatment with 
L-asparaginase lead to an up-regulation of Noxa protein
levels under certain conditions, we next examined
whether Noxa is involved in the pro-apoptotic effect of
the combination therapy. As shown in Figure 5H and 5I,
combined treatment with L-asparaginase and ABT263
lead to a significantly decreased fraction of sub-G1 cells
in T98G cells when Noxa was silenced. Notably, complete
rescue was not achieved indicating at the contribution of
additional molecular events. Knock-down of Noxa was
verified by Western blot (Figure 5F).

combined treatment with l-asparaginase and 
Abt263 results in enhanced inhibition of tumor 
growth in vivo

We next assessed whether the combination 
treatment with L-asparaginase and ABT263 would 
provide a therapeutic benefit in vivo. Therefore, MGPP-3 
(PDGF+, PTEN−/−, p53−/−) glioblastoma cells, that were 
derived from a transgenic proneural mouse model, were 
implanted subcutaneously into SCID SHO mice. After 
tumor formation, the mice were randomized and treatment 
with ABT263 (25 mg/kg), L-asparaginase (1500 IU/kg), 

Table 1: Combined treatment with ABT263 and L-asparaginase (Asp) results in a synergistic anti-proliferative effect 
in sF188, ln229 and ncH644 glioblastoma cells. 

The CompuSyn software (ComboSyn, Inc., Paramus, NJ, U.S.A.) was used for the drug-drug interaction analysis including 
the calculation of the combination index (CI). A CI < 1 was considered as synergistic, a CI = 1 as additive and a CI>1 as 
antagonistic.
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both agents or solvent was started. Combined treatment 
with ABT263 and L-asparaginase resulted in statistically 
significant smaller tumors when compared to single-agent 
or vehicle treatments (Figure 6A and 6B). Photographs of 
representative tumors are provided in Figure 6C and are in 
accordance with the notion that the combination treatment 
leads to an enhanced reduction of the tumor growth rate 
(Figure 6C). Notably, mean tumor size at the end of 
the experiment was smaller in animals treated with the 
combination when compared to the tumor size at onset of 
therapy indicating that this treatment not only reduced the 
tumor growth rate but even caused a mean regression of 
tumor size of 45.24% (Figure 6A). This finding is mirrored 
by a reduced cellularity in tumors harvested from animals 
subjected to the combination treatment (Figure 6D). To 
detect potential organotoxic effects histological analysis 
was performed which showed no tissue alterations in the 
indicated organs (Figure 6E). 

dIscussIon

Because of their aggressive growth rate and their 
inability to undergo physiological cell death, cancer 
cells acquire a variety of metabolic changes [15]. Most 
prominently known are the metabolic alterations in the 
glycolytic pathway, which were initially observed by the 
German scientist, Otto Warburg, in the last century and 
referred to as “aerobic glycolysis” [15, 16]. The term 
“aerobic glycolysis” implies that despite the abundance 
of oxygen, cancer cells metabolize glucose via pyruvate 
to lactate instead of subjecting pyruvate to oxidative 

decarboxylation in the pyruvate-dehydrogenase reaction, 
resulting in the production of acetyl-coA. While intuitively 
one would anticipate that cancer cells produce energy in 
the most efficient fashion, aerobic glycolysis is somewhat 
contradictory to this expectation since in aerobic glycolysis 
carbon is shunted away from the citric acid cycle and 
oxidative phosphorylation, resulting in a significant loss 
in NADH2 oxidation and ATP generation. While aerobic 
glycolysis is inefficient in energy production, it provides 
cancer cells with the unique opportunity to utilize carbon 
sources for the generation of nucleotides, enabling 
efficient DNA synthesis, cell division and an overall 
anabolic state [16]. 

Tumor cells have evolved with additional strategies 
to compensate for this rather inefficient energy production 
through reliance on amino acid metabolism [17]. In that 
context, many tumor cells, including glioblastoma cells 
(e.g. SF188), heavily depend on glutamine [18, 19], 
which is in part regulated by the oncogene c-myc. In that 
context, c-myc was shown to regulate several enzymes 
and transporters that facilitate glutamine metabolism, 
which is one of the reasons why interference with myc 
in myc-dependent tumors might be utilized as a therapy. 
While glutamine may serve as an energy source, it also 
represents a source for anaplerosis to maintain the activity 
of the citric acid cycle, which in turn provides metabolites, 
such as succinyl-coA, that are essential for the synthesis 
of pivotal cellular molecules [20, 21]. A recent report 
linked the amino acid asparagine to glutamine metabolism 
since in glutamine-susceptible tumor cells addition of 
asparagine rescued from glutamine withdrawal-mediated 

Table 2: Combined treatment with TRAIL and L-asparaginase (Asp) results in a synergistic anti-proliferative effect 
in sF188 and ln229 glioblastoma cells. 

The CompuSyn software (ComboSyn, Inc., Paramus, NJ, U.S.A.) was used for the drug-drug interaction analysis including 
the calculation of the combination index (CI). A CI < 1 was considered as synergistic, a CI = 1 as additive and a CI>1 as 
antagonistic.
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cell death [4]. This was in part explained by the notion 
that glutamine is a substrate for asparagine synthetase 
(ASNS) and consequently loss of glutamine would deplete 
cells from asparagine. In certain non-solid malignancies, 
ASNS is expressed at relatively low levels which suggests 
that such cells may be prone to asparagine depletion 
caused by L-asparaginase. Indeed, different formulations 
of L-asparaginase have been an integral part of the 
treatment for acute lymphoblastic leukemia for many 
years [22]. Resistance to L-asparaginase treatment is 
often accompanied by up-regulation of ASNS [10, 11, 23, 
24]. Therefore, means to inhibit ASNS enzyme activity 
or synthesis are considered to be helpful to counteract 
evolving resistance. In addition, ASNS levels were shown 
to correlate with unfavorable disease outcome in several 
malignancies. 

Since gliomas akin to other tumors display 
dependency on amino acids (foremost for driving 
protein synthesis), glutamine metabolism and potentially 
consequently on asparagine, we hypothesized that 
depletion of asparagine might be a potential therapeutic 
approach for the treatment of gliomas. In order to test 
this hypothesis, we assessed the effects of E. coli-derived 
L-asparaginase on a number of different glioma cell
cultures including patient-derived xenograft (PDX) and
stem cell-like glioma cells. Our findings showed that
SF188 pediatric glioblastoma cells display a remarkable
sensitivity to L-asparaginase in contrast to LN229 GBM
cells. These observations are in agreement with earlier
reports, showing that LN229 is resistant to glutamine
withdrawal-induced cell death, while in contrast SF188
is highly susceptible. In sensitive cells, L-asparaginase-
induced apoptosis was accompanied by dissipation of
the mitochondrial membrane potential and activation of
effector caspases. These findings are in agreement with
previous reports in solid and non-solid malignancies [6,
25, 26]. Given the relatively high sensitivity of SF188 to
L-asparaginase, it is conceivable that other glioblastomas
might be susceptible in a similar manner. For this reason, it
is of utmost importance to identify predictive biomarkers.
In the era of precision medicine, many interesting new
markers have been identified recently, including mutations
of histone and IDH1 proteins. Specifically, IDH1-mutated
gliomas are a defined group of neoplasms that includes
secondary glioblastomas and oligodendrogliomas. Due to
the IDH1 mutation these neoplasms gain a neomorphic
enzymatic activity, resulting in the production of
2-hydroxyglutarate which appears to modulate many
features of IDH1-mutated gliomas including a change
in the methylation pattern and dependency on certain
pathways of the amino acid metabolism. Future studies
may also indicate whether the IDH1 mutation might be a
predictive biomarker for certain therapeutics, potentially
also entailing L-asparaginase.

Some glioma cell cultures are relatively resistant 
towards apoptosis induction by L-asparaginase and the 

underlying mechanisms for this phenomenon remain to 
be elucidated. One potential explanation might be that 
L-asparaginase elicits a cytoprotective form of autophagy
in glioma cells, which in turn dampens overall cell death.
Consistent with this assumption, L-asparaginase caused
a form of cytoprotective autophagy in chronic myeloid
leukemia (CML) cells and pharmacological interference
with L-asparaginase-mediated autophagy (e.g. through the
lysosomotropic drug, chloroquine, or the PI3K inhibitor,
LY294002) further enhanced L-asparaginase-mediated
apoptosis and cell death in model systems of CML [27].
Therefore, targeting cytoprotective autophagy might
further enhance cell death induced by L-asparaginase
in model systems of glioma and compounds, such as
chloroquine or derivatives, might be combined with
L-asparaginase.

On the molecular level, L-asparaginase treatment 
affected the levels of pro- and anti-apoptotic Bcl-2 family 
members with up-regulation of Noxa and suppression 
of Mcl-1. Remarkably, cells that revealed relatively 
little sensitivity to L-asparaginase still showed marked 
regulation of the Bcl-2 family proteins, suggesting 
that L-asparaginase might enhance extrinsic as well as 
intrinsic apoptotic stimuli. In that context, it is worthwhile 
mentioning that L-asparaginase-mediated down-regulation 
of anti-apoptotic Bcl-2 family members, such as Mcl-1, 
does not directly correlate with asparaginase-mediated 
apoptosis induction, suggesting that the biochemical 
effects on Bcl-2 family members does not serve as a direct 
marker for treatment efficacy. 

Given that L-asparaginase affects protein synthesis, 
it is likely that the level of proteins with a short half-
life, such as Mcl-1 [28, 29], c-FLIP [30, 31] or survivin 
[32] are decreased by L-asparaginase which in turn
increases TRAIL-mediated apoptosis. Consistently, our
findings showed that L-asparaginase broadly sensitized
glioblastoma cells to TRAIL-mediated apoptosis in a
synergistic fashion. Mechanistically, this was achieved in
part by the ability of L-asparaginase to deplete Mcl-1 [33]
along with the deubiquitinase Usp9X [34] which is known
to stabilize Mcl-1 protein. While recombinant TRAIL as
a therapeutic has somewhat fallen short of expectation,
TRAIL-signaling cascade is still exploited as a potential
means for therapy [35-38].

This is reflected by the development of antibodies 
which agonistically activate TRAIL-receptor 1 and 2 and 
more recently by a small molecule that increases both the 
levels of TRAIL as well as of death receptors. While this 
molecule, TIC10/ONC201, was initially inaugurated in 
2013, it is remarkable that this molecule has entered phase 
II clinical trials in patients [39-41]. While recombinant 
TRAIL has never reached clinical trials for the treatment 
of glioblastoma, TIC10/ONC201 is being studied in 
patients suffering from recurrent high-grade gliomas 
(https://clinicaltrials.gov/ct2/show/NCT02525692?term 
= NCT02525692&rank = 1, last accessed 02/08/2016). 
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Recombinant TRAIL is not ideal with regards to 
its pharmacokinetics, e.g. its high susceptibility to 
degradation in the plasma. In contrast, TIC10/ONC201 as 
a small molecule possesses many advantages, including 
more suitable pharmacokinetics. Given its ability to 
inhibit other factors that are involved in TRAIL resistance, 
TIC10/ONC201 might serve both as an inducer of TRAIL 
as well as a sensitizer [41]. 

In connection with intrinsic apoptosis, 
L-asparaginase broadly enhanced ABT263-mediated
apoptosis in a synergistic fashion even in L-asparaginase-
resistant cells such as the LN229 and stem cell-like
glioma cell culture NCH644. Our observations suggest
that L-asparaginase sensitizes glioma cells to ABT263
in part by modulation of Noxa, Mcl-1 and Usp9X levels.
The finding that L-asparaginase decreases levels of the
deubiquitinase Usp9X has not been observed thus far.
In contrast, inhibition of Mcl-1 expression was shown
in other tumor entities before [25]. While Noxa was
increased both at the level of mRNA and protein, Mcl-
1 was only decreased at the protein level, suggesting
L-asparaginase-mediated suppression of Mcl-1 occurs
most likely independent of transcription. Results by others
have suggested that L-asparaginase potently inhibits
mTORC1 signaling and thereby interferes with protein
synthesis in cancer cells [42]. Consequently, proteins with
a short half-life, e.g. Mcl-1 or the inhibitor of apoptosis
protein, survivin, are rapidly depleted [43]. Despite the
inhibitory effect on protein synthesis, L-asparaginase may
control the stability of Mcl-1 as well since Mcl-1 was
shown to be highly prone to proteasomal degradation [44].
Factors that might mediate a transcriptional increase of
Noxa are ATF4 and p53 [45, 46]. Since Noxa levels were
up-regulated in TP53-mutated cells, it is more likely that
Noxa levels were increased independent of TP53.

Finally, we show that L-asparaginase along with the 
Bcl-2/Bcl-xL inhibitor ABT263 reduced tumor growth 
in vivo more efficiently than each compound on its own 
without induction of significant toxicity, providing a proof 
of concept that glioblastoma cells are more susceptible 
to treatments involving L-asparaginase. Future studies 
need to show whether L-asparaginase treatments are also 
effective in orthotopic model systems of glioblastoma. 
Since L-asparaginase mainly acts by depletion of 
L-asparagine from the extracellular environment, the issue
of overcoming the blood brain barrier may not be critical
for this compound.

MAterIAls And MetHods

ethics statement

All procedures were in accordance with Animal 
Welfare Regulations and approved by the Institutional 

Animal Care and Use Committee at the Columbia 
University Medical Center.  

reagents

Recombinant L-asparaginase from Escherichia 
coli was purchased from Sigma Aldrich (St. Louis, 
MO, U.S.A.) or from ProSpec-Tany Techno Gene Ltd. 
(Rehovot, Israel). A 500 IU/ml working solution in PBS 
was prepared prior to storage at -20°C. ABT263 was 
purchased from ChemieTek (Indianapolis, IN, U.S.A.). A 
10 mM working solution in dimethylsulfoxide (DMSO) 
was prepared prior to storage at -20°C. Recombinant 
TRAIL was purchased from Peprotech (Rocky Hill, 
NJ, U.S.A.). A 100 μg/ml working solution in PBS was 
prepared prior to storage at -20°C. 

cell cultures and growth conditions

LN229 (TP53 mut, PTEN wt) and T98G (TP53 
mut, PTEN mut) [47] human glioblastoma cells were 
obtained from the American Type Culture Collection 
(Manassas, VA, U.S.A.). U251 (TP53 mut, PTEN mut) 
glioblastoma cells were kindly provided by Dr. James 
Goldman (Columbia University, New York, NY, U.S.A.). 
NCH644 and NCH421K stem cell-like glioma cells were 
obtained from Cell Line Services (CLS, Heidelberg, 
Germany). SF188 (TP53 mut, PTEN wt) [47] pediatric 
glioblastoma cells were kindly provided by Dr. Craig 
Thompson (Memorial Sloan Kettering Cancer Center, 
New York, NY, U.S.A.). MGPP-3 PDGF+, p53-/-, 
PTEN-/-) is a murine proneural glioblastoma cell which 
was kindly provided by Dr. Peter Canoll (Columbia 
University, New York, NY, U.S.A.) [48]. GBM12 (TP53 
mut, PTEN wt) human, patient-derived glioblastoma 
primary cultures originated from Dr. Jann Sarkaria (Mayo 
Clinic, Rochester, MI, U.S.A.). The identities of the 
glioblastoma cell lines we purchased were confirmed by 
the respective source of purchase. All cells were cultured 
as previously described [49]. Briefly, LN229, U251, T98G 
and MGPP-3 cells were cultured in DMEM with 10% 
FBS, 4.5g/L glucose, 4mM L-glutamine, 1mM pyruvate, 
100 units/ml penicillin and 100 μg/ml streptomycin for 
maintenance. For experimental conditions these cells 
were cultured in DMEM containing only 1.5% FBS to 
mimick the nutrition-starved environment within tumors. 
For the culture of SF188 the fore-mentioned medium was 
supplemented in addition with 2mM L-alanyl-L-glutamine 
(GlutaMAXTM-I, Gibco, Japan). NCH644 and NCH421K 
glioma stem-like cells were cultured in MG-43 medium 
(CLS, Heidelberg, Germany) for both maintenance and 
experiments. GBM12 cells were cultured as described 
before [50].
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cell viability assays

In order to examine cellular proliferation, 3-[4, 
5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium
bromide (MTT) assays were performed as previously
described for adherent cells [51, 52]. Anti-proliferative
effects on neurosphere cultures were examined by using
the CellTiter-Glo® (Promega, Madison, WI) luminescent
cell viability assay according to the manufacturer’s
instructions. Briefly, the assay was performed in 96-well
plates. 100μl of CellTiter-Glo® Reagent was added to each
well containing 100μl medium and cells. Cell lysis was
induced by shaking for 2 min on an orbital shaker. Then
cells were incubated for 10 min at RT for stabilization of
the signal prior to measuring luminescence.

Measurement of apoptosis and mitochondrial 
membrane potential

For annexin V/propidium iodide (PI) staining 
the FITC Annexin V Apoptosis Detection Kit I (BD 
Pharmingen, San Diego, CA) was used according to the 
manufacturer’s instructions. Staining for PI was performed 
as previously described [51]. The data were analysed with 
the FlowJo software (version 8.7.1; Tree Star, Ashland, 
OR, U.S.A.).

real-time Pcr and cdnA synthesis

RT-PCR was performed as described before (Pareja 
et al.) using the following primers: Usp9X forward: GTG 
TCA GTT CGT CTT GCT CAG C; Usp9X reverse: GCT 
GTA ACG ACC CAC ATC CTG A; Mcl-1 forward: CCA 
AGA AAG CTG CAT CGA ACC AT; Mcl-1 reverse: CAG 
CAC ATT CCT GAT GCC ACC T; GAPDH forward: 
GTC TCC TCT GAC TTC AAC AGC G and GAPDH 
reverse: ACC ACC CTG TTG CTG TAG CCA A. 

Western blot analysis

Specific protein expression in cell lines was 
determined by Western blot analysis as described before 
[53] using the following primary antibodies: Mcl-1 (1:500;
CST: Cell Signaling Technology, Danvers, MA), human
caspase-9 (1:1,000; CST), human caspase 8 (1:500;
CST), cleaved caspase 3 (1:250; CST), cleaved PARP
(Asp214, 1:1000; CST), Bax (1:500; CST), Bak (1:500;
CST), Bcl-xL (1:500; CST), Usp9X (1:1000; CST), Noxa
(1:500, clone 114C307; Calbiochem), β-actin (1:2,000,
clone AC15; Sigma Aldrich) and secondary HRP-linked
antibodies were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA).

sirnA transfection

SignalSilence® Usp9X siRNA I #6308 was 
purchased from CST. Non-targeting siRNA-pool (ON-
TARGETplus Non-targeting Pool, # D-001810-10-05), 
BAX (SMARTpool: ON-TARGETplus BAX siRNA, # 
L-003308-01) and Mcl-1 (SMARTpool: ON-TARGETplus
Mcl-1 siRNA, L-004501-00-0005) were purchased from
Thermo Fisher Scientific. PMAIP1 siRNA and BAK
siRNA were purchased from Ambion. Transfections were
performed as previously described [54, 55]. Briefly, cells
were incubated for 6h with the formed complexes of
Lipofectamine® 2000 (Invitrogen, Carlsbad, CA) and the
respective siRNA (12-well condition) in DMEM without
FBS and antibiotics. After 6h, FBS was added to a total
concentration of 1.5%.

subcutaneous xenograft model

1 x 106 MGPP-3 proneural glioblastoma cells 
(PDGF+, PTEN-/-, TP53-/-) suspended 1:1 in Matrigel® 
Matrix (Corning Inc., Corning, NY) were implanted 
subcutaneously into the flanks of 6-8 week-old SCID 
SHO mice as previously described [53]. Treatment was 
performed intraperitoneally 3 times a week for 2 weeks. 
For intraperitoneal application ABT263 was dissolved 
in 80% Cremophor EL (SIGMA, St. Louis, MO) and 
20% Ethanol (Pharmco-Aaper, Brookfield,CT) (v/v). 
L-asparaginase was dissolved in PBS.

Histological analysis

Subcutaneous tumors and samples from organs 
were extracted from SCID SHO mice and fixed for at 
least 24h in 10% PBS-buffered formalin [56]. Then 
tissues were embedded in paraffin and 4μm thick sections 
were cut prior to staining with hematoxylin and eosin. 
Microphotographs were taken at x40 magnification. 

statistical analysis

Statistical significance was assessed by Student’s 
t-test using Prism version 5.04 (GraphPad, La Jolla, CA).
A p ≤ 0.05 was considered statistically significant. The
CompuSyn software (ComboSyn, Inc., Paramus, NJ -
www.combosyn.com last accessed 06/01/15) was used for
the drug combination analysis including the calculation of
the combination index (CI) and isobologram as described
before [58]. A CI < 1 was considered as synergistic,
a CI = 1 as additive and a CI > 1 as antagonistic. The
concentration for each compound resulting in 50 %
inhibition (ED50) is normalized to 1, plotted on x- or
y-axis and connected by a line which represents the
ED50 isobologram. Data points of drug combinations
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plotted below the connecting line represent a synergistic 
interaction, data points located on the line represent an 
additive interaction and data points located above the 
connecting line represent an antagonistic interaction.
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AbstrAct
Sustained autophagy contributes to the metabolic adaptation of cancer cells to 

hypoxic and acidic microenvironments. Since cells in such environments are resistant 
to conventional cytotoxic drugs, inhibition of autophagy represents a promising 
therapeutic strategy in clinical oncology. We previously reported that the efficacy 
of hydroxychloroquine (HCQ), an autophagy inhibitor under clinical investigation is 
strongly impaired in acidic tumor environments, due to poor uptake of the drug, a 
phenomenon widely associated with drug resistance towards many weak bases. In 
this study we identified salinomycin (SAL) as a potent inhibitor of autophagy and 
cytotoxic agent effective on several cancer cell lines under conditions of transient 
and chronic acidosis. Since SAL has been reported to specifically target cancer-stem 
cells (CSC), we used an established model of breast CSC and CSC derived from breast 
cancer patients to examine whether this specificity may be associated with autophagy 
inhibition.  We indeed found that CSC-like cells are more sensitive to autophagy 
inhibition compared to cells not expressing CSC markers. We also report that the 
ability of SAL to inhibit mammosphere formation from CSC-like cells was dramatically 
enhanced in acidic conditions. We propose that the development and use of clinically 
suitable SAL derivatives may result in improved autophagy inhibition in cancer cells 
and CSC in the acidic tumor microenvironment and lead to clinical benefits.

IntroductIon

Malignant cells develop under the selective pressure 
of metabolic stress conditions including chronic and 
intermittent hypoxia and limited nutrients availability 
[1-3]. Metabolic adaptation to such environment allows 
rapid and continuous growth of cancer cells, leading to 
developing of abnormal blood vessels, which arrange 
irregularly and are structurally heterogeneous [4]. The 
vascular endothelium in tumors is defective and leaky 

[5] and defective tissue perfusion coupled with high
metabolic rates contribute to extracellular acidosis in
the tumor microenvironment [6, 7]. It has been shown in
different animal models that the tumor extracellular pH
(pHe) ranges between 5.9 and 7.2 [8-10], with average
tumor pHe often reported ~6.5 [11-13]. Tumor acidosis
represents an important selective force affecting cancer
progression and therapeutic resistance [1, 14-18]. Indeed,
efforts and strategies to counteract tumor acidosis have
shown promising results in different preclinical models
[3, 13, 18-20].

Research Paper: Autophagy and cell Death

doi: 10.18632/oncotarget.9601

http://www.impactjournals.com/oncotarget/index.php?journal=oncotarget&page=article&op=view&path%5B%5D=9601&path%5B%5D=30068


Oncotarget    282www.impactjournals.com/oncotarget

Macroautophagy (autophagy) is an evolutionary 
conserved process that contributes to cellular homeostasis 
by degrading damaged or redundant organelles, and 
misfolded proteins [21]. The process begins with the 
formation of a double membrane structure, which engulfs 
parts of the cytoplasm creating a double membrane 
vesicle, which fuses with lysosome (autolysosome). 
Lysosomal enzymes active in the acidic environment of 
autolysosomes degrade the sequestered cargo and provide 
hydrocarbons, fatty acids, amino acids and nucleotides 
to cells. Autophagy has a context-dependent role in 
initiation, development and progression of cancer [22, 
23]. Autophagy suppresses malignant transformation 
by different mechanisms such as protection from 
genomic instability through elimination of dysfunctional 
mitochondria and decreased reactive oxygen species 
(ROS) production, degradation of onco-proteins, 
induction of senescence and cell death following oncogene 
activation, anti-inflammatory function and helping the 
immune system to eliminate the malignant cells [24]. 
After establishment of a neoplastic lesion, autophagy 
is believed to promote and sustain tumorigenesis and 
to mediate resistance to different forms of anticancer 
therapy [25]. In fact, proficient autophagy contributes 
to metabolic reprogramming and adaptation to different 
metabolic stresses, including hypoxia, acidosis and 
nutrient deprivation. About seventy clinical trials are 
registered in clinicaltrials.gov testing the use of HCQ or 
chloroquine (CQ) as autophagy inhibitors in combination 
anticancer therapies [26] but the use of CQ derivatives 
for this purpose may require further investigation. In fact, 
results from the first phase I/II trials support autophagy 
inhibition as a promising therapeutic strategy but also 
indicate limitation in the efficacy of HCQ to inhibit 
autophagy at the tumor site [27-32], underlining the need 
to identify better and more specific autophagy inhibitors 
[33]. Recently, others and we reported that autophagy 
contributes to the survival and adaptation of cancer cells 
to an acidic environment [34, 35]. However, CQ and HCQ 
fail to inhibit autophagy in acidic conditions because of a 
reduction in cellular uptake of the drugs [36]. Interestingly, 
the new CQ-derivative Lys-01, which displays lower pKa 
values, has a better activity both as cytotoxic agent and 
autophagy inhibitor in acidic conditions [36, 37].

CSC represent a subpopulation of cells with tumor 
initiating ability and they are believed to contribute 
to resistance to chemotherapy, metastatic spread and 
disease relapse [38]. It has also been suggested that tumor 
development is characterized by a dynamic transition 
between CSC and differentiated tumor cells and that both 
these subpopulations should be considered as target for 
therapy [39]. Gupta et al. reported that SAL, a polyether 
antibiotic widely used in veterinary medicine is a potent 
agent able to selectively target breast CSC and to inhibit 
mammary tumor growth in vivo [40]. It has been reported 
that autophagy promotes maintenance of breast CSC 

and tumorigenicity [41, 42] and that SAL can inhibit 
autophagy and lysosomal proteolytic activity in both 
breast CSC and cancer cells [43]. SAL has been described 
as a potassium ionophore inhibiting Wnt signaling and 
interfering with the proton gradient within lysosomes [44], 
although no effect on lysosomal pH have been reported in 
SAL-treated breast cancer cells [43]. 

In this study we analysed the pH-dependent 
cytotoxic and autophagy inhibiting activities of SAL 
towards cancer cell lines and CSC. We found that SAL is a 
potent inhibitor of the autophagic flux and cytotoxic agent 
showing increased efficacy towards cancer cells under low 
pH conditions. 

results

salinomycin is a potent autophagy inhibitor in 
acidic conditions

We recently showed that the clinically used 
autophagy inhibitors CQ and HCQ are not effective in 
blocking autophagy in the acidic environment of human 
tumors [36]. This effect was associated with a complete 
lack of cytotoxicity in acidic conditions in several cancer 
cell lines. In search of new autophagy inhibitors active 
also in acidic conditions we focused on SAL, an acidic 
ionophore compound used as anticoccidiosis in veterinary 
medicine. SAL was reported to induce cell death via 
autophagy upregulation in some experimental models 
[45, 46]. However, it was recently reported that 2 μM SAL 
inhibits the autophagic flux in breast and hepatocellular 
carcinomas [43, 47]. In order to establish the activity 
of SAL on autophagic flux, we started our investigation 
by using HOS cells stably transfected with a GFP-LC3 
vector, which allows the analysis of the autophagic flux 
by flow cytometry by monitoring the accumulation of 
GFP-LC3-positive autophagosomes in the presence of 
lysosomal inhibitors [48]. BafA1 acts as inhibitor of 
the V-ATPase and raises lysosomal pH, thus inhibiting 
autolysosomes formation and leading to accumulation 
of GFP-LC3-positive autophagosomes. The autophagic 
flux here represents the ratio of GFP-LC3 fluorescence 
between presence and absence of saturating concentration 
of Bafilomycin A1 (BafA1). First, we observed that 
HOS-GFP-LC3 cells treated with 2 μM SAL for 6 hours 
accumulate a large number of intracellular vacuoles, 
with cells cultured at pH 6.8 showing an increased 
vacuolization with respect to cells kept at pH 7.4 (Figure 
1A). As expected, autophagosomes-associated LC3-GFP 
fluorescence was increased in control cells treated with 
BafA1 at both pH conditions, indicating the presence 
of proficient autophagy in both pH conditions (Figure 
1B), with autophagic flux being 2.2±0.23 and 2.2±0.36, 
respectively at pH 7.4 and 6.8. A significant increase in 
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Figure 1: Effects of SAL on accumulation of GFP-LC3+ vesicles in HOS cells at pH 7.4 and 6.8. A. Phase contrast 
microscopy pictures of HOS-GFP-LC3 cells cultured with medium buffered at pH 7.4 or pH 6.8 overnight and treated with SAL (2 μM) for 
6 hours. B. In the same settings as in A, BafA1 (50 nM) was added for 2 hours before flow cytometric analysis of saponin-permeabilised 
cells to quantify autophagosomes-associated GFP-LC3 (data are from three independent experiments run in duplicate samples). Differences 
between MFI in the presence or absence of BafA1 is indicated by *, showing a P < 0.05. Differences between MFI in the presence or 
absence of SAL is indicated by §, showing a P < 0.05. C. Fluorescence microscopy images of GFP-LC3-HOS cells under different 
treatments showing the presence of GFP-LC3+ vesicles. D. Quantitative analysis of the dose-dependent activity of SAL on the number of 
GFP-LC3+ vesicles run in triplicates. E. The ratio between the number of GFP-LC3+ vesicles in presence and absence of BafA1 is shown. 
Ratio of 1 indicates no additive effects of BafA1 on the SAL-mediated inhibition of the autophagic flux.
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GFP-LC3 fluorescence was observed also in cells treated 
only with SAL in both pH conditions. The combined 
treatment with BafA1 showed only a minor increase in 
cells at pH 7.4, indicating that SAL reduces the autophagic 
flux without blocking it (1.5±0.1). Conversely, in cells 
kept at pH 6.8 and treated with SAL the GFP-LC3 signal 
intensity was similar in presence or absence of BafA1, 
suggesting that in HOS cells in acidic conditions SAL 
totally blocks the autophagic flux (1±0.1, Figure 1B). To 
further test the dose-dependent effects of SAL in these 
cells we used high-content fluorescence microscopy 
to quantify the number of GFP-LC3-positive vesicles 
in cells treated with different doses of SAL in absence 
or presence of BafA1. The data show that SAL induces 
a dose-dependent accumulation of GFP-LC3-positive 
vesicles (Figure 1C-1D) and that at 1-2 μM SAL the 
number of GFP-LC3-positive vesicles in BafA1 treated 
and untreated cells is similar, thus suggesting that SAL 
inhibits autophagic flux (Figure 1E).

In order to properly demonstrate the pH-dependent 
activity of SAL, we extended our analysis to different 
cell lines representing different tumor hystotypes and 
in conditions of both transient and chronic acidosis. 
First, we used HCT116 (colon carcinoma) and Me30966 
(melanoma) cell lines from which we developed sub-
lines chronically adapted to grow at pH 6.8 [36]. As 
indicated above, BafA1 as a lysosomal inhibitor blocks the 
degradation and turnover of LC3-II and other substrates 
such as SQSTM1. The autophagic flux was then defined as 
the ratio between the normalised LC3-II levels in presence 
and absence of BafA1 at saturating concentrations (100 
nM) (LC3-II AF). In these settings, a ratio of 1 indicates 
total blockage of autophagic flux. As observed in the 
HOS-GFP-LC3 cells, SAL induced a dose-dependent 
inhibition of the turnover of both LC3-II and SQSTM1 
in all cell lines tested, with best activity detected at 2 μM 
(Figure S1A-B). As shown in Figure 2A and 2C, SAL 
treatment induced a strong time-dependent increase in 
LC3-II expression in both parental and pH 6.8-adapted 
HCT116 and Me30966 cells. In all cell lines, autophagic 
flux was strongly inhibited already after 4 hours treatment. 
Despite some variability likely dependent on different 
substrate-specific kinetics, the turnover of both LC3-II 
and to a lesser degree SQSTM1 was reduced in all cell 
lines independently of the pH culture conditions (Figure 
2B and 2D). 

The data shown so far suggest that SAL efficiently 
inhibits the autophagic flux in cancer cells also at pH 
6.8. However, tumor tissues may be characterised by 
regions with even lower pH and the average pH in tumors 
is reported to be around 6.5 [10, 12, 16, 49]. We have 
reported that CQ failed to inhibit autophagy at pH 6.8 
while the CQ dimer Lys-01 had still a detectable activity 
at pH 6.8. However, when tested at pH 6.5, Lys-01 did 
not induce LC3-II increase in HCT116 cells, suggesting 
that its activity is also inhibited at very acidic conditions 

(Figure S1C). Thus, we tested the activity of SAL on the 
autophagic flux in cells after exposing them to medium 
buffered at pH as low as 6.5. We exposed HCT116 cells to 
media buffered at different pH overnight and added 2 μM 
SAL for 8 hours, with BafA1 added during the last 2 hours 
incubation. We observed that SAL maintained a strong 
autophagy blocking activity even at pH 6.5 as shown by 
LC3-II and SQSTM1 expression (Figure 3A) and a similar 
observation was made using Me30966 cells cultured at pH 
6.5 (Figure S1D). 

The activity of SAL is detectable in the acidic core 
of multicellular spheroids

To gain further insight into the capacity of SAL 
to block autophagy in a more complex environment we 
took advantage of the multicellular spheroid (MCS) 
culture system, where cells grow in a 3D structure with 
a central core characterised by acidic pH in the range 
6.6-6.8 [50]. MCS from HCT116 cells were treated with 
CQ, Lys-01 and SAL and the accumulation of LC3-II was 
analysed. First, we observed by Western Blot (WB) that 
SAL induced a dose-dependent accumulation of LC3-II 
and SQSTM1 after 24 hours treatment (Figure 3B). The 
accumulation of LC3-II was even higher in MCS treated 
with Lys-01 (50 μM), BafA1 (50 nM) and CQ (50 μM). 

Compounds blocking the autophagic turnover of 
LC3-II are expected to induce an increase in total LC3 
positivity in tissues due to lack of LC3-II degradation. 
Interestingly, when analyzing the distribution pattern 
of LC3 signal intensity in relation to MCS areas by 
immunohistochemistry (IHC), we observed that MCS 
treated with CQ and Lys-01 showed a strong LC3 
signal localised in the outer peripheral layer but almost 
completely absent in the MCS core, suggesting a failure 
to block autophagy in the acidic/hypoxic core of the MCS 
(Figure 3C). Conversely, low concentrations of SAL 
(2 μM) were able to increase LC3 intensity throughout 
the whole MCS area, similarly to the effects observed 
after treatment with BafA1 (Figure 3C). A quantitative 
image analysis of LC3 positive pixels normalised to 
the total number of pixels in each area showed that CQ 
and Lys-01 mostly induced accumulation of LC3 in the 
peripheral layer of MCS while BafA1 and SAL induced a 
significantly higher increase in LC3 positive pixels both in 
the peripheral region and in the core region of MCS with 
respect to CQ and Lys-01 (Figure 3C-3D).

In line with a more effective autophagy blocking 
activity in this 3D culture model, SAL showed a much 
stronger cytotoxic effect on MCS as compared to CQ 
and Lys-01 as shown by viability assay (Figure 3E). 
Interestingly, clonogenic cell survival assay showed that 
while 12 μM CQ or Lys-01 still allowed about 80% of 
treated cells to form colonies, the same concentration of 
SAL completely inhibited the capacity of cells to survive 
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Figure 2: Effects of SAL on autophagic flux in cancer cell lines at pH 7.4 and 6.8. Parental and low pH-adapted HCT116 A. 
and Me30966 C. cells were exposed to SAL (2 μM) for 4-8 hours, with or without BafA1 (100 nM) during the last 2 hours. WB analysis 
of LC3-II and SQSTM1 was performed to measure the autophagic flux. EBSS-treated cells were used as controls. Data in panels A and C 
are representative of four independent experiments. Quantification of LC3-II and SQSTM1 are shown for HCT116 B. and Me30966 D. 
cells with data expressed as mean and SE.
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Figure 3: Effects of SAL on HCT116 cells at pH 6.5 and in multicellular spheroids. A. HCT116 cells were exposed to medium 
at pH 7.4, pH 6.8 and pH 6.5 overnight. SAL (2 μM) was added to cells for 6 hours, with or without BafA1 (100 nM) during the last 2 
hours. The picture shows one representative WB analysis of three independent experiments. B. MCS derived from HCT116 cells were 
treated for 24 hours with different autophagy inhibitors (50 nM BafA1, 50 μM CQ and Lys-01) and SAL at different concentrations ( μM). 
WB analysis on cell lysates was performed to analyse the expression of LC3-II and a representative WB from three different experiments 
is shown. C.-D. HCT116 MCS (n = 24) were treated with different autophagy inhibitors for 24 hours and analysed by IHC to detect the 
distribution of the augmented LC3 expression. LC3 positive pixel analysis was performed in the peripheral (P) and core (C) regions of 
the MCS as indicated for one representative untreated MCS. Data are shown as box plots, normalised and expressed as percentage of the 
total number of pixels in the specific area. The * indicates a P < 0.05 for differences between SAL and all treatment groups, calculated 
by the Mann-Whitney test. E. HCT116 MCS were treated for 3 days with different concentrations of CQ, Lys-01 and SAL. Cell viability 
was determined with the acid phosphatase assay. F. HCT116 MCS were treated for 3 days with different concentrations of CQ, Lys-01 and 
SAL. Single cell suspensions were obtained from MCS and clonogenic survival assay was performed. Experiments in E-F were repeated 
three times and means and SD are shown.
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treatment (Figure 3F).

SAL blocks the autophagic flux in cancer stem 
cells

SAL was identified as a breast CSC-specific 
cytotoxic agent using a model of immortalised and 
transformed breast carcinoma cells (HMLER) carrying 
CSC properties [40]. Using the same model, Yue and 
colleagues reported that SAL selectively targets breast 
CSC through inhibition of autophagy [43]. HMLER cells 
are composed of two different cell populations differing 
in their CSC properties and in CD24 expression (Figure 
S2A) [51]. CD44+/CD24+ cells have an epithelial 
phenotype and no ability to make mammospheres while 
CD44+/CD24low cells have properties of CSC, including 
capacity to form mammospheres. First, we observed also 
in these cells that 2 μM SAL blocks the autophagic flux 
both at pH 7.4 and pH 6.8 as measured by LC3-II in the 
presence of BafA1 (Figure S2C). 

In order to confirm the data on autophagic flux 
obtained by WB, we transfected HMLER CD24+ and 
CD24low cells with an LC3 tandem probe in which 
LC3 is tagged to GFP and RFP. Because the acidic pH 
of lysosomes quenches the green fluorescence of GFP, 
this probe helps to identify and count autophagosomes 
(GFP+RFP+ yellow dots) and autolysosomes (GFP-
RFP+ red dots). Cells were exposed overnight to medium 
buffered at pH 7.4 or 6.8 and treated with SAL (2 μM) 
or starved with Earle´s Balanced Salt Solution (EBSS) 
for 6 hours (Figure 4A). As expected, EBSS-treated cells 
showed an increased number of red dots in all conditions 
examined, indicating that starvation-induced autophagy 
occurs in all cells (Figure 4B). Treatment with SAL 
induced the accumulation of yellow dots in all conditions 
tested as compared to control and such effect was 
significantly greater in both cell lines cultured at acidic 
pH (Figure 4B). 

To further investigate the sensitivity of HMLER 
cells to autophagy inhibition we tested the activity of 
different SAL concentrations at pH 7.4 and pH 6.8. First, 
we observed that the basal autophagic turnover of LC3-
II seems to be higher in CD24+ cells as compared to 
CD24low cells (Figure 5A). The analysis of the autophagic 
flux based on LC3-II turnover showed that SAL reduced 
the autophagic flux in a dose-dependent manner in both 
cell lines and at both pH 7.4 and pH 6.8 (Figure 5A-5C). 
Quantification of the autophagic flux calculated based on 
BafA1-induced accumulation of SQSTM1 supported the 

data obtained with LC3-II (Figure 5B, 5C).
In conclusion, these data suggest that very low SAL 

concentrations are able to inhibit the autophagic flux in 
HMLER cells cultured at acidic pH. 

Acidosis enhances the cytotoxicity of salinomycin 
against cancer cells

The inability of CQ to block autophagy in 
acidic conditions is associated with a complete lack 
of cytotoxicity in cancer cells under acidic conditions. 
Therefore, we performed cytotoxic assays to test whether 
low pH affected the cytotoxic effects of SAL. We used 
parental HCT116 and Me30966 cells cultured at pH 7.4 
and their low pH-adapted sublines cultured at pH 6.8 
(HCT116pH7.4 and HCT116pH6.8) and exposed to increasing 
SAL concentrations for 48 hours. Microscopic observation 
of cells indicated a massive vacuolization at pH 6.8 
already 6 hours after treatment with SAL, as shown for 
Me30966 cells in Figure 6A. SAL showed a dramatic and 
significantly increased cytotoxicity in low pH-adapted 
cells (Figure 6B-6C), with a 10-fold difference in IC50 
values (Table 1). These effects were not dependent on the 
phenotype of acid-adapted cells since parental HCT116 
and Me30966 cells exposed to acidic medium only for the 
duration of the treatment were equally sensitive as their 
acid-adapted sublines (Figure 6D-6E), suggesting that 
the increased SAL cytotoxicity in acidic conditions are 
likely dependent only on the pH of the culture medium. 
Conversely, the cytotoxic effects of SAL in acid-adapted 
cells cultured at pH 7.4 were comparable to those observed 
for the parental cell lines (Figure 6D-6E). 

To analyse the effects of SAL on clonogenic cell 
survival we used HCT116pH7.4 and HCT116pH6.8 cells and 
exposed them to different SAL concentrations for 48 
hours, followed by culturing cells in drug-free medium for 
6 days. Again, the inhibiting effect of SAL on clonogenic 
growth was dramatically increased in cells cultured 
at acidic pH (Figure 6F). In addition, we performed 
clonogenic survival assay on parental HCT116 cells 
cultured at pH 7.4 and pH 6.8 in the presence of SAL for 
8 hours and then kept in drug-free medium for 6 days. The 
data indicate that even short exposure to SAL in acidic 
conditions is effective in reducing clonogenic cell survival 
while very mild effects were observed in cells treated at 
pH 7.4 (Figure 6G).

table 1: the Ic50 (μM) of SAL in HCT116 and Me30966 cells is reported
HCT116 Me30966

pH 7.4 1.63 ± 0.77 2.46 ± 0.62
pH 6.8 adapted 0.12 ± 0.06 0.22 ± 0.15
pH 6.8 transient 0.13 ± 0.07 0.54 ± 0.19
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Figure 4: Effects of SAL on autophagy in HMLER cells by fluorescence microscopy. A. HMLER CD24+ and CD24low 
cells were transfected with RFP-GFP-LC3 plasmid and then cultured with medium buffered at pH 7.4 or pH 6.8 overnight. SAL ( μM) was 
added at different concentrations for 6 hours and cells treated with EBSS were used as positive control. Cells were fixed and observed with 
confocal microscopy. B. The number of yellow and red dots per cell was analysed and data in the charts are expressed as mean ± SE from 
at least 15 cells/condition. Scale bar: 10 μm. The * indicates a P < 0.05 for differences between treatment groups and controls. 
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Figure 5: Effects of SAL on autophagy in HMLER cells by western blot. A. HMLER CD24+ and CD24low cells were 
plated and cultured with medium buffered at pH 7.4 or pH 6.8 overnight. SAL ( μM) was added at different concentrations for 6 hours, 
with or without BafA1 (100 nM) during the last 2 hours incubation. The picture shows one representative WB analysis of four different 
experiments. Quantification of LC3-II and SQSTM1 is shown in panel B. for CD24+ cells and panel C. for CD24low cells and data are 
expressed as mean and SE from four independent experiments.
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Figure 6: Cytotoxic activity of SAL on parental and acid-adapted HCT116 and Me30966 cells. A. Phase contrast microscopy 
pictures of Me30966 cells treated with SAL for 5 hours. B.-C. Viability assay with acid phosphatase on Me30966, HCT116 and their pH 
6.8 adapted sublines after 48 hours treatment with different concentrations of SAL. D.-E. Parental and low pH-adapted Me30966 (D) and 
HCT116 (E) cells were plated in their respective medium at pH 7.4 and pH 6.8. The next day the medium was replaced with either medium 
with the same pH or medium with a different pH. Viability was assessed after 48 hours treatment with different concentrations of SAL. The 
experiment was repeated five times in triplicate wells and data show means and SD. F.-G. Clonogenic assay on parental and pH 6.8-adapted 
HCT116 cells treated with SAL for 8 hours (F) or 48 hours (G) and then left in drug-free medium for 6 days. Data in B-E are obtained from 
at least three different experiments and expressed as mean ± SD. Differences between groups in F-G were analysed with paired T-test. * 
indicates a P < 0.05 for differences between pH 7.4 and pH 6.8 while § indicates a P < 0.05 for differences between SAL-treatment and 
controls. Non significant differences are not shown.
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Acidic conditions improve the ability of SAL to 
kill cancer stem cells

SAL was shown to be more selective towards breast 
CSC [40] and it is currently investigated as a promising 
compound to develop in anti-CSC therapy [52]. We 
showed that autophagy inhibition by SAL is increased 
at acidic conditions. We were therefore interested in 
investigating the effects of pH on cytotoxic activity of SAL 
in HMLER CD24+ and CD24low cells at pH 7.4 and 6.8. 
First, we confirmed also in these cells that the cytotoxic 
activity of CQ is totally inhibited by even mild acidosis 
(Figure S2B). Thus, we tested the sensitivity of these cells 
to the dimeric CQ derivative Lys-01 and we observed that 
CD24low cells are more sensitive to Lys-01 with respect 
to CD24+ cells (IC50 13.5 ± 1.7 vs 30.3 ± 9 μM, P = 0.07), 
indicating that breast CSC are more sensitive to autophagy 
inhibition (Figure 7A). As expected, the CD24low cells 
are more sensitive to SAL as compared to CD24+ cells in 
standard culture conditions at pH 7.4 (P < 0.05), in line 
with their increased susceptibility to autophagy inhibition 
(Figure 7B and Table 2). Interestingly, the cytotoxic 
effects of SAL on both cell lines were dramatically 
amplified in acidic culture conditions (Figure 7B and 
Table 2), as already observed for HCT116 and Me30966 
cells. Importantly, the IC50 of SAL for CD24low cells was 
10-fold lower than that for CD24+ cells, suggesting an
even more selective effect of SAL on these cells at acidic
conditions (P < 0.05, Table 2). For example, massive
vacuolization was observed in CD24low cells exposed to
SAL for only 5 hours and cultured at acidic pH while this
phenomenon was not seen at pH 7.4 (Figure S2D).

SAL has pH-dependent effects on inhibition of 
mammosphere formation

We used HMLER CD24low cells to investigate 
whether the pH-dependent activity of SAL also affects 

the CSC property of mammospheres formation. First, we 
cultured adherent CD24low cells at pH 7.4 and pH 6.8 
in presence of increasing concentrations of SAL for 48 
hours and investigated the sphere-forming ability of viable 
single cells after treatment. As shown in Figure 7C, at 
physiological pH 7.4 culture conditions cells treated with 
SAL formed significantly less mammospheres as compared 
to untreated cells (P < 0.05). However, this effect was 
dramatically increased in cells that were treated with 
SAL under acidic conditions, with < 10% mammospheres 
formed with SAL 2 μM at pH 6.8 (P < 0.05, Figure 7C). 
In line with this observation, we found that the effects of 
SAL on reducing the size of mammospheres were also 
significantly enhanced in acidic conditions (Figure 7D). 
Similar results were obtained when single cell suspension 
of CD24low cells were allowed to form mammospheres 
in the presence or absence of SAL for 7 days (Figure 
S3A-B). 

Acidic conditions improve the ability of SAL to 
inhibit mammosphere formation from breast 
cancer tissue derived stem cells

In order to test the potential relevance of these 
findings in clinical settings we have analysed the 
activity of SAL on patient derived breast CSC. Clinical 
characteristics of tumor patients are provided in Table 
3. Briefly, tumor cells were isolated from patient-
derived breast cancer tissues and cultured in selective
medium as described in Materials and Methods in order
to obtain mammospheres (see Figure S3C as example).
Mammospheres were then trypsinized and single cells
suspensions were cultured at pH 7.4 and pH 6.8 in
absence or presence of three SAL concentrations. Newly
formed mammospheres were counted after 10 days in
culture. First, we could observe that different pH culture
conditions did not significantly affect the absolute number
of mammospheres formed in untreated cultures (23 ± 8

table 2:the Icc50 (μM) of SAL in HMLER CD24+ and CD24low cells is reported
CD24+ CD24low

pH 7.4 7.6 ± 1.2 3.1 ± 0.3
pH 6.8 1.8 ± 0.3 0.14 ± 0.06

Table 3: Clinical features of breast carcinoma patients

Patient ID tumor type ER+ 
(%)

PR+
(%) Her2+ (%) KI67+ 

(%) NHG

1 IDC 100 0 0 21 II
2 IDC 95 100 0-1 35 III
3 DCIS NA NA NEG NA II-III
4 IDC 95 0 2 34 III
5 IDC 95 45 0 37 III
6 IDC 0 0 3 28 III
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Figure 7: Cytotoxic activity of SAL on breast cancer stem cells. A. Cell viability of HMLER CD24+ and CD24low cells after 
treatment with the autophagy inhibitor Lys-01 for 48 hours. B. Cell viability of HMLER CD24+ and CD24low cells cultured with medium 
buffered at different pH and treated with SAL for 48 hours. C. CD24low cells were treated with SAL for 48 hours at two pH conditions 
and viable cells were allowed to form mammospheres for 6 days. Salinomycin reduces the sphere-forming capacity of CD24low cells and 
the effects are increased when treatment is done in acidic conditions. D. Mammospheres size from experiments in panel D is shown. Data 
in panels C-D are obtained from four different experiments and expressed as mean ± SD. E. CSC were isolated from six patients with 
breast carcinoma. Single cell suspensions obtained from patients-derived mammospheres were cultured in medium buffered at pH 7.4 or 
6.8 for 10 days and the number of mammospheres was evaluated by phase contrast microscopy. The box plots indicate medians and 25-75 
percentiles and 5-95 percentiles. Differences between groups were analyzed by Wilcoxon signed-rank test. F. Phase contrast microscopy 
pictures of CSC-derived mammospheres from patient 4 with and without treatment with SAL 2 μM at pH 7.4 and pH 6.8. Scale bar: 100 
μm. In all charts the * indicates P < 0.05.



Oncotarget    293www.impactjournals.com/oncotarget

at pH 7.4 vs 17 ± 5 at pH 6.8, P = 0.13). As observed 
for mammospheres from HMLER CD24low cells, SAL 
inhibited the formation of mammospheres in standard 
culture conditions in a dose-dependent manner (Figure 
7E). Notably, the ability of SAL to inhibit mammosphere 
formation from patients-derived CSC was dramatically 
increased in acidic conditions, indicating that SAL has 
a strong pH-dependent activity also on freshly derived 
patients CSC (Figure 7F).

salinomycin accumulates at higher concentrations 
in cells under acidic conditions

A major reason for the lack of anti-autophagic 
activity of CQ in cancer cells cultured in acidic conditions 
is the dramatically reduced entry of the drug into cells 
because of its chemical properties as a weak base with a 
pKa around 8.1 [36, 53]. SAL contains a carboxylic acid 
and is a weak acid with a reported experimental pKa of 
6.4, which may favor its plasma membrane permeability in 
acidic conditions. Since SAL showed an improved ability 
to target cancer cells in acidic conditions we applied 
UPLC-MS/MS to investigate pH-dependent changes in 
intracellular SAL accumulation. These experiments were 
run with two concentrations of SAL (2-4 μM) and in 
three cell lines (HCT116, HMLER CD24+ and HMLER 
CD24low cells). The analysis in all cell lines indicated that 
SAL accumulates in a dose-dependent manner and that 
the intracellular amount of SAL is significantly higher (up 
to 50%) in cells cultured in acidic conditions (Figure 8). 
These results suggest that the intracellular accumulation 
of SAL may be favored by acidic conditions, which may 
contribute to the increased activity of SAL in acidic 
conditions.

dIscussIon

Tumor acidosis represents an important pathogenic 
factor in the progression towards malignant disease and it 
has been known for many decades to negatively impact 
on therapeutic efficacy [20, 54]. Autophagy is also known 
as an important protective mechanism against different 
forms of anticancer therapies and autophagy inhibition 
is recognized as a potential tool to improve efficacy of 
chemotherapy [25]. We and others have reported that 
melanoma and breast carcinoma cell lines adapt to chronic 
acidosis by upregulating autophagy, thus providing a 
rationale for targeting autophagy in acidic tumor regions 
to prevent malignant progression and improve therapeutic 
efficacy [34, 35]. The results of phase I/II clinical trials 
using HCQ as autophagy inhibitor in combination 
anticancer therapies have indicated potential clinical 
benefits for a subset of the treated patients but also poor 
efficacy [33]. Confounding factors for the explanation of 
these results are the autophagy-independent additional 

off-target effects of CQ reported recently [55, 56]. We 
showed that tumor acidosis is one of the factors that 
may negatively affect the efficacy of CQ in vivo [36]. 
In fact, CQ shows no cytotoxicity and no autophagy 
inhibition on cancer cells cultured in acidic conditions 
and in hypoxic tumor regions in a human colon carcinoma 
xenograft. Such limitations may possibly be overcome 
by the development of new CQ-derivatives optimized for 
clinical applications [25, 37]. This scenario prompted us 
to search for more effective autophagy inhibitors able to 
target cancer cells during tumor acidosis. The ionophore 
salinomycin was reported as a compound selectively 
targeting breast cancer stem cell [40]. The effects of SAL 
on cancer stem cells have been also reported for other 
cancer types including glioma and many carcinomas 
[52, 57-59]. It has been shown that SAL interferes with 
the maintenance of breast CSC by acting as inhibitor 
of autophagy and of lysosomal proteolytic function 
[43]. Here we confirm that SAL at doses 0.2-2 μM 
potently inhibits the autophagic flux in different tumor 
cells lines, including osteosarcoma, melanoma, colon 
carcinoma and breast carcinoma. Importantly, unlike CQ 
and its derivatives whose activity is to different degrees 
counteracted by acidosis, the ability of SAL to inhibit 
autophagic flux is potently increased in conditions of both 
transient and chronic acidosis. In line with the increased 
activity as autophagy inhibitor at acidic pH, we found 
that the cytotoxic activity of SAL was augmented by 5-10 
fold in conditions of acidosis when tested on melanoma, 
colon and breast carcinoma cell lines, with SAL IC50 being 
in the range 100-500 nM in cells cultured at pH 6.8. We 
observed that the cytotoxic activity of SAL in terms of 
IC50 was similar in cancer cell lines transiently exposed to 
acidosis and in the same cell lines chronically adapted to 
acidosis, suggesting that SAL sensitivity may be dictated 
by medium pH and not by intrinsic properties of the cell 
lines. Such activity may be related to the pharmacological 
properties of SAL, which is a weakly acidic, lipophilic 
compound with a reported pKa of 6.4 due to its carboxylic 
group [60]. In fact, mass spectrometry analysis of SAL 
showed an increased intracellular accumulation in cells 
cultured at pH 6.8 as compared to cells cultured in medium 
at the physiological pH. However, whether such increased 
accumulation is alone responsible to explain the stronger 
activity of SAL in acidic conditions remains to be further 
investigated. In fact, SAL has an inhibitory effect on 
oxidative phosphorylation and it is generally considered 
an inhibitor of mitochondrial function [61, 62], causing 
a very fast acidification of the mitochondrial matrix. 
Cell survival under acidosis was reported in post-mitotic 
cells to be mediated by a homeostatic adaptive response 
leading to increased mitochondrial function, including 
maximal respiratory capacity [63]. Interestingly, we 
observed that acid-adapted HCT116 cells show a higher 
maximal respiratory capacity as compared to cells cultured 
at physiological pH (Pellegrini et al, unpublished data) 
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Figure 8: Mass spectrometry data of pH-dependent intracellular SAL accumulation. HCT116 A., HMLER CD24+ B. and 
CD24low C. cells were plated and the next day exposed to medium buffered at pH 7.4 or pH 6.8 in presence of 2 and 4 μM SAL for 3 hours. 
The amount of intracellular SAL was quantified by UPLC-MS/MS and expressed as fmol/ μg proteins. Data for HMLER cells represent 
mean ± SEM of five experimental replicates while data for HCT116 cells are representative of one of two experiments with similar results. 
Differences between groups were analysed by Wilcoxon signed rank test and the * indicates P < 0.05.
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and it is conceivable to hypothesize that SAL-mediated 
inhibition of mitochondrial function may contribute to 
increase the sensitivity of cancer cells under acidosis. 
Moreover, SAL is a potassium ionophore and very likely 
alters potassium gradients. Interestingly, other potassium 
ionophores like nigerycin inhibit lysosomal degradation 
and autophagic flux [64] and there is growing evidence 
that ions modulate autophagy in cancer [65].

Preclinical pharmacokinetic studies on SAL 
metabolism performed in mice treated with 5 mg/kg 
indicated that the Cmax of plasma SAL concentration was 
1.7 μM with a very fast systemic elimination within 5 
hours [66]. Interestingly, SAL 5 mg/kg had low systemic 
toxicity but induced neurotoxic effects which could 
be reduced using mitochondrial Na+/Ca2+ exchanger 
inhibitors without affecting the antitumor effects. In line 
with this, studies in mice indicated that SAL has reversible 
dose-dependent adverse effects on the male reproductive 
system [67]. Therefore, the poor water solubility and its 
toxicity still represent important limitations for clinical 
use of SAL, pointing out that SAL derivatives and/or 
nanoparticles are to be developed to reach higher local 
concentrations at tumor site [68]. In this context, there is 
only one report on the treatment of two cancer patients 
with low dose SAL (250 μg/kg) which showed mild but 
not long-term side effects [69]. 

Since SAL has been reported to inhibit CSC in 
several cancer models we investigated its activity in a 
model of breast CSC. Two sublines derived from the cell 
line HMLER and differing in their stem cell properties 
have been recently described [51]. We first observed that 
the subline HMLER CD24low, carrying CSC properties 
has an increased sensitivity to autophagy inhibition 
mediated by Lys-01 and SAL with respect to the non-CSC 
subline HMLER CD24+, confirming that autophagy plays 
a crucial role in maintaining survival and proliferation 
of CSC [41, 70, 71]. Interestingly, exposure to acidic 
medium increased the sensitivity of CD24+ cells by 5-fold 
whereas a 15-fold increase in sensitivity was observed in 
CD24low cells. In line with this, SAL was more effective 
at inhibiting autophagic flux in CD24low cells and as low 
as 200 nM SAL was sufficient to block autophagic flux 
in CD24low cells cultured in acidic conditions. CD24low 
cells were described to have CSC features among which 
the ability to form mammospheres in vitro [51]. We found 
that SAL inhibits mammosphere formation from CD24low 
cells in standard culture conditions and such inhibition 
is greatly amplified during acidosis. This indicates that 
cells with stem-like properties are more susceptible to 
autophagy inhibition. Moreover it also supports new 
findings suggesting that inhibition of lysosomal function 
may specifically target CSC in different cancer types [72, 
73]. To further investigate the potential clinical relevance 
of our observation, we analysed the pH-dependent 
effects of SAL on CSC derived from patients with breast 
carcinoma. Breast CSC obtained from cancer patients 

showed a much greater sensitivity to SAL when cultured 
in acidic medium. 

In conclusion, we identified SAL as a potent 
inhibitor of the autophagic flux active under tumor 
acidosis on both cancer cells and CSC. The development 
of SAL derivatives with lower toxicity for humans will be 
fundamental to test its efficacy in clinical settings. 

MATERIALS AND METHODS

chemical and antibodies

RPMI-1640 (SH30255.01), trypsin (SH40003.12), 
phosphate-buffered saline (PBS, SH40003.12) and Fetal 
Bovine Serum (FBS) (SV30160.03) were from HyClone. 
Sodium Bicarbonate (25080) and RPMI-1640 without 
NaHCO3 (51800) were from Gibco. Bafilomycin A1 
(BafA1, B1793), Chloroquine di-phosphate salt (CQ, 
C6628), salinomycin (SAL, S4526), protease cocktail 
tablets EDTA-free, phosphatase inhibitors (P5726, P0044), 
insulin (I9278) and bovine serum albumin (BSA, A7906) 
were from Sigma. Recombinant human epidermal growth 
factor (EGF) was purchased from Invitrogen (PHG6045). 
The Lys-01 was synthetized by OncoTargeting AB 
(Sweden) and dissolved in DMSO. Protein assay dye 
reagent concentrate (500-0006), protein assay standard 
I (5000-0007) and dry milk (170-6404) were from Bio-
Rad. The following antibodies were used: LC3B (Cell 
Signaling Technology, 2775) and β-actin (Sigma, A5441). 
HRP-conjugated anti-rabbit (NA934V) and anti-mouse 
(NXA931) antibodies, ECL system (RPN2106) and PVDF 
membranes (RPN303F) were from GE Healthcare.

cell culture

Me30966, HCT116 and HOS-GFP-LC3 cell lines 
were cultured in RPMI-1640 medium supplemented 
with 10% FBS and antibiotics. The HOS cell line stably 
expressing the GFP-LC3 plasmid (HOS-GFP-LC3) was 
a kind gift from Gerry McInerney (MTC, Karolinska 
Institute, Stockholm). The cell lines HMLER CD24+ 
and HMLER CD24low were kindly provided by Dr. 
Anne-Pierre Morel (Centre Leon Berard, Lyon, France). 
These cells were grown in DMEM-F12 medium 
supplemented with 10% FBS, antibiotics, insulin (10 μg/
ml), hydrocortisone (0.5 μg/ml), EGF (10 ng/ml) and 
puromycin (0.5 μg/ml). All cells lines were grown at 
37°C in presence of 5% CO2. The low pH adapted HCT-
116 (HCT116pH6.8) and Me30966 (Me30966pH6.8) cell lines 
were obtained by growing the parental cells in RPMI-1640 
medium buffered at pH 6.8 for three months as previously 
described [36]. The different pH in media was buffered by 
adding different concentration of NaHCO3 and letting the 
media equilibrate overnight in the incubator at 5% CO2. 



Oncotarget    296www.impactjournals.com/oncotarget

Actual pH in media was measured before, during and after 
each experiment. Cell lines were tested using the LGC 
Standards Cell Line Authentication service.

High-content fluorescence microscopy

HOS-GFP-LC3 cells (7000 cells/well) were plated 
into a 96 well plate (Cell carrier, 6005550) and incubated 
at 37ºC and 5% CO2 overnight. The medium was removed 
at the following day and replaced with medium at pH 7.4 
or pH 6.8. SAL was added for 6 h and BafA1 for the last 
2 h of the incubation. The medium was removed and the 
cells were incubated with 4% paraformaldehyde and 5µg/
ml Hoechst 33342 (Thermo Fischer, H3570) in the dark at 
RT for 20 minutes. The paraformaldehyde was removed 
and the cells were washed three times using PBS and kept 
in PBS during acquisition. Images were captured using an 
ImageXpress scanner. The software MetaXpress was used 
to analyse the pictures defining GFP-positive dots of 0.5-
8 µm as GFP-LC3-positive vesicles. ImageJ was used to 
compose the pictures of the different wavelenghts.

Multicellular spheroids

HCT116 cells (10000 cells in 370 μL) were added to 
each well of ultra low 96-well plates and the plates were 
inverted to allow the cells to sediment for 24 hr. After 
flipping the plates, newly formed MCS were allowed to 
sediment and were incubated for 5 days before treatment 
with compounds. At this stage MCS had a diameter of 
about 600 μm. 

Immunohistochemistry

For experiments in which MCS were stained for 
LC3 expression by immunoistochemistry, MCS were 
treated with BafA1 (50 nM), CQ (50 μM), Lys-01 (50 μM) 
and SAL (2 μM) for 24 hours before processing samples. 
MCS from each treatment group (n = 24) were fixed in 
2% buffered formalin, dehydrated, embedded in paraffin 
and 10 μm sections were obtained. The sections were 
deparaffinized with xylene, rehydrated and microwaved. 
Sections were stained with rabbit anti-human LC3B (Cell 
Signaling Technology, 2775) and visualized by avidin-
biotin-peroxidase complex technique (Vector Laboratories, 
Burlingame, CA, USA). Counterstaining was done using 
Mayer’s haematoxylin.

The analysis of LC3 expression was performed 
by two independent operators using the software Aperio 
ImageScope and the algorithm positive pixel count v9, 
as described previously [36]. Since the basal level of 
LC3 expression in untreated MCS is weak, treatment 
with any of the autophagy inhibitors tested will block 
turnover of LC3-II and induce increased LC3 expression. 

LC3 expression was calculated as number of positive 
pixels (including positive and strong positive pixels). 
The peripheral area (roughly 10 cellular layers) and the 
central area of each MCS, respectively characterising 
proliferating/normoxic cells and quiescent/hypoxic cells 
[74] were analysed and LC3 expression was normalised
to total area and expressed as percentage.

Mammosphere formation

After treatment with SAL for 48 hours, HMLER 
CD24low cells were collected and resuspended in DMEM/
F12 medium supplemented with B27 (1:50, Invitrogen, 
17504044), 20 ng/ml EGF, 0.4% BSA, 0.5 μg/ml 
hydrocortisone, 4 μg/ml insulin, as previously described 
[43]. For each treatment group, cells were plated at 1 cell/
well/150 μl in one ultralow attachment 96-wells plate 
(Costar, 7007), one full plate per condition. After 5-7 days, 
the number and size of mammospheres formed in each 
plate were counted and analysed. In some experiments, 
HMLER CD24low cells were directly cultured as single 
cell suspension in the presence of SAL for 7 days and the 
number of mammospheres formed was evaluated.

clinical samples

Fresh biopsies and scrapings from patients with 
primary breast cancer (Table 3) were obtained from the 
Karolinska Hospital and immediately processed. Research 
on the tumor samples was approved by the local biobank 
at Karolinska University Hospital and the Regional Ethics 
Board in Stockholm, Sweden. Fresh biopsies and/or tumor 
cells were directly generated from surgically resected 
breast cancers at Karolinska University Hospital as 
previously described [75]. Tumor cells were immediately 
transferred into the selective medium DMEM/F12-
GlutaMAX supplied with 10 ng/ml b-FGF, 20 ng/ml 
EGF, 5 µg/ml insulin and 0.4% BSA for the initiation 
of mammospheres. In general, scrapings were washed 
twice in PBS, the final cell pellets were re-suspended in 
the selective medium and stable mammospheres can be 
observed after 3 days (Figure S3C). Sensitivity to SAL was 
tested on single cell suspensions obtained from dissociated 
mammospheres and cultured in DMEM-F12 buffered at 
pH 7.4 or 6.8 at 1000 viable cells per well in 48-well 
plates (Corning Costar, MA) to form mammospheres. 
Plates were incubated for 10 days and the number of 
newly formed mammospheres was documented.

Studies on autophagic flux

Mild saponin extraction of cytosolic GFP-LC3-I 
allows quantification of autophagosome-associated GFP-
LC3-II by flow cytometry in HOS-GFP-LC3 cells [48]. 
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HOS-GFP-LC3 cells (100,000 cells) were plated into 
20 cm2 dishes. The next day medium was replaced with 
medium at pH 7.4 or 6.8 for 24 hours. SAL was added for 
6 hours and BafA1 (50 nM) was added during the last 2 
hours incubation. Cells were collected by trypsinization 
and treated with 0.05% saponin (Biochemika, 47036) 
in PBS for 10 minutes at RT. After wash in PBS the 
cells were collected and immediately analysed by a 
FACSCalibur instrument using Cellquest software (Becton 
Dickinson). GFP fluorescence was collected from 10,000 
cells/sample. 

Analysis of the autophagic flux by Western blot was 
done on different cell lines. Experiments with parental cell 
lines were performed by plating cells in standard RPMI 
buffered at pH 7.4. The next day the medium was replaced 
with media buffered at the desired pH (7.4, 6.8 and 6.5). 
Low pH-adapted cell lines were plated in medium buffered 
at pH 6.8 and let adhere overnight. SAL was added at 
specified concentrations for 6 hours and 100 nM BafA1 
was added during the last 2 hours incubation. Cells were 
then collected for further analysis by flow cytometry or 
Western blotting.

Analysis of autophagy in HMLER CD24+ and 
CD24low cells was performed using an mRFP-GFP-LC3 
reporter. Adherent cells were transfected with the mRFP-
GFP-LC3 plasmid by using lipofectamine 3000. The next 
day, medium was replaced with fresh medium buffered at 
the desired pH. After overnight incubation, SAL was added 
for 6 hours and EBSS-treated cells were used as controls. 
Cells were fixed using 2% paraformaldehyde and observed 
by laser scanning fluorescence microscopy. Autophagic 
flux was determined by quantification of the number of 
autophagosomes (yellow dots) and autolysosomes (red 
dots) per cell, counting at least 15 cells per condition. 

Western blotting

Cells were washed with PBS on ice and collected 
by scraping in cold PBS. The cell pellet was lysed in 
RIPA buffer (150 mM NaCl, 50 mM Tris pH 7.4, 1% 
Nonidet P-40, 0.1% SDS and 0.5% sodium deoxycholate) 
in presence of protease and phosphatase inhibitors. The 
protein concentration was determined by Biorad Protein 
Assay (Biorad Laboratories) and equal amount of proteins 
(20 μg) was loaded on pre-casted acrylamide gels (4-
12% SDS-PAGE, NuPage). The proteins were transferred 
from the gel to PVDF membrane for 2 hours at 4°C. Red 
Ponceau staining of the membranes verified the proper 
loading and transfer. Membranes were blocked in 5% 
blotting grade dry milk in TBS with 0.1% Tween (TBS-T) 
for 1 hour at room temperature and then incubated 
with primary antibodies diluted in 5% BSA in TBS-T 
overnight at 4°C. The next day membranes were washed 
and incubated for 1 hour at room temperature with the 
appropriate HRP-conjugated secondary antibody and the 
binding revealed by the ECL system.

Cell viability assay

Cells were plated into 96-wells plates and the next 
day treated with different concentrations of the specific 
compounds (SAL, CQ and Lys-01). Forty-eight hours after 
treatment cell viability was evaluated by using the acid 
phosphatase assay [76].

clonogenic assay

HCT116 cell lines were plated as 300 cells/well 
in 6-well plates and treated with SAL for 8 or 48 hours, 
following culture for 6 days in drug-free media. Colonies 
were stained with Giemsa.

Clonogenic cell survival was also assessed on 
HCT116 MCS treated for three days with different 
compounds. After treatment, the MCS were collected, 
washed in PBS and single cell suspension was obtained 
after incubation with Accutase (Biolegend, 423201). 
Equal volumes of cells for each treatment condition were 
plated in triplicate in 6-well plates for 6 days, followed by 
staining the colonies with Giemsa. The software ImageJ 
was used to perform colony counting. 

UPLC-MS/MS analysis of salinomycin 
intracellular content

The intracellular content of SAL was examined 
using a method commonly used for assessing drug uptake/
accumulation [77]. In brief, HCT116, HMLER CD24+ and 
CD24low cells were plated in 24-wells plates overnight 
and the next day medium was replaced with fresh medium 
at pH 7.4 and pH 6.8. Immediately after, SAL (2-4 μM) 
was added to the cells for 3 hours. After the 3h incubation 
cells were washed once with PBS at room temperature 
and then acetonitrile was added and let evaporate. The 
intracellular accumulation of SAL was quantified by 
ultra-high performance liquid chromatography-tandem 
mass spectrometry (UPLC-MS/MS). The compounds 
accumulated were extracted with 200 μl acetonitrile/water 
(60/40) spiked with 50 nM warfarin as internal standard. 
The samples were centrifuged at 2465g and 4°C for 20 
minutes. Accumulation of SAL was determined using a 
Waters Xevo triple quadrupole mass spectrometer with 
electrospray ionization coupled to an Acquity UPLC 
system (Waters, Milford, MA, USA). Compounds were 
separated with a 2 min elution at a flow rate of 0.5 ml/
min in a Waters BEH C18 column, 2.1 x 50 mm (1.7 μm) 
at 60°C. Mobile phase consisted of 5% acetonitrile and 
0.1% formic acid in water (solvent A), and 0.1% formic 
acid in acetonitrile (solvent B). The chromatographic run 
started at 20% solvent B and increased linearly to 99% 
from 0.5 to 1.2 min, followed by a hold until 1.6 min, and 
a return to initial conditions at 1.7 min. SAL was detected 
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by monitoring the mass transition 749>241 at a cone 
voltage of 48V and a collision energy of 33V. SAL eluted 
at 1.75 min. For all cell lines the total protein content was 
measured in representative wells using the BCA Protein 
Assay Reagent Kit (Pierce Biotechnology, Rockford, 
IL, USA) according to manufacturer’s instructions. The 
obtained protein contents were used for normalization 
between experiments and cell lines.

statistical analysis

All data were obtained from at least three 
experimental replicates and presented as mean ± SEM, 
if not otherwise indicated. Data analysis was performed 
using Graphpad Prism 6.0 (GraphPad Software, CA). 
Differences between groups were analysed with parametric 
or non-parametric tests according to the distribution of the 
values. The specific test used is indicated in the legend to 
figures. The significance level was set as P < 0.05.
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ABSTRACT
Although conventional therapies for acute myeloid leukemia (AML) and diffuse 

large B-cell lymphoma (DLBCL) are effective in inducing remission, many patients 
relapse upon treatment. Hence, there is an urgent need for novel therapies. PIM 
kinases are often overexpressed in AML and DLBCL and are therefore an attractive 
therapeutic target. However, in vitro experiments have demonstrated that intrinsic 
resistance to PIM inhibition is common. It is therefore likely that only a minority of 
patients will benefit from single agent PIM inhibitor treatment. In this study, we 
performed an shRNA-based genetic screen to identify kinases whose suppression is 
synergistic with PIM inhibition. Here, we report that suppression of p38α (MAPK14) is 
synthetic lethal with the PIM kinase inhibitor AZD1208. PIM inhibition elevates reactive 
oxygen species (ROS) levels, which subsequently activates p38α and downstream 
AKT/mTOR signaling. We found that p38α inhibitors sensitize hematological tumor 
cell lines to AZD1208 treatment in vitro and in vivo. These results were validated in 
ex vivo patient-derived AML cells. Our findings provide mechanistic and translational 
evidence supporting the rationale to test a combination of p38α and PIM inhibitors 
in clinical trials for AML and DLBCL.

INTRODUCTION

Cancer cells are highly dependent on oncogenic 
signaling, making targeted agents that specifically 
inhibit these pathways an attractive treatment option. 
Unfortunately, the majority of inhibitors demonstrate a 
modest or complete lack of response when used as a single 
agent, due to rapid resistance caused by redundancy or 
feedback signaling [1]. As a result, many potentially useful 
agents will not make it through early phase clinical trials. 
It is therefore essential, even before the start of clinical 
studies, to identify powerful drug combinations that 
prevent therapy resistance. One such promising class of 

drugs currently being evaluated in phase I clinical trials are 
the PIM kinase inhibitors (NCT01588548, NCT01489722, 
NCT02078609, and NCT02160951). 

PIM kinases (PIM1, -2, and -3) are a family of 
short-lived, constitutively active serine/threonine kinases 
which are often overexpressed in hematological tumors, 
including acute myeloid leukemia (AML), chronic 
myeloid leukemia (CML), the activated B-like (ABC) 
subtype of diffuse large B-cell lymphoma (DLBCL), and 
multiple myeloma (MM) [2-6]. The expression of PIM 
kinases is largely regulated via the JAK/STAT pathway 
on a transcriptional level, since PIM kinases have a 
short half-life [7-9]. Approximately 30 percent of AML 
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patients harbor the FLT3 internal tandem duplication 
(FLT-ITD), which results in high JAK/STAT signaling and 
consequently PIM overexpression [10-12]. Furthermore, 
the transcription factors NF-κB and HOXA9 can regulate 
PIM expression and are often highly active in AML [13-
15].

PIM kinases are highly redundant and regulate the 
activity of substrates involved in translation, survival, 
cell cycle, and MYC-dependent transcription. Several 
substrates overlap with AKT/mTOR signaling, including 
PRAS40 [16], TSC2 [5], 4EBP1 [17], and EIF4B [18-
20]. Furthermore, PIM kinases can suppress apoptosis by 
phosphorylating BCL2-associated agonist of cell death 
(BAD) [21-23], resulting in the dissociation of BCL-
2 and BCL-XL. Other substrates include MYC, and the 
cell cycle regulating proteins p21 (CDKN1A) [24, 25], 
p27KIP1 (CDKN1B) [26], CDC25A [27], and CDC25C 
[27].

PIM kinases contain a unique ATP-binding pocket, 
which has resulted in the development of highly selective 
pan-PIM inhibitors such as AZD1208 [6, 28, 29]. 
However, in vitro experiments have already demonstrated 
intrinsic resistance to PIM inhibitors, which will likely 
undermine the success of these compounds in the clinic [6, 
30]. Indeed, initial phase I clinical trial results demonstrate 
no benefit from the use of AZD1208 in advanced solid 
tumors and malignant lymphoma (NCT01588548). In 
this study, we used an shRNA-based screening approach 
to identify kinases whose suppression is synergistic with 
PIM inhibition. 

RESULTS

An shRNA screen identifies p38α loss to enhance 
the efficacy AZD1208

To study the effect of PIM inhibition on AML cell 
growth, we treated 6 cell lines expressing PIM1 or PIM2 
for 5 days with AZD1208 and measured viability (Figure 
1A and S1A). Whereas 4 out of 6 cell lines were sensitive 
to treatment (IC50 < 0.5 μM), 2 cell lines (OCI-M1 and 
OCI-M2) were intrinsically resistant to AZD1208 (IC50 > 
10 μM). To gain insights into the biochemical differences 
underlying these responses, we treated 2 sensitive and 
2 resistant cell lines with AZD1208 and analyzed the 
major targets of PIM kinases (Figure 1B). We observed 
a complete blockade of BAD phosphorylation in all 
cell lines, indicating that AZD1208 inhibited PIM 
kinase activity. In contrast, only the sensitive cell lines 
demonstrated reduced phosphorylation of PRAS40, S6, 
and 4EBP1. Since these targets are also regulated by 
mTOR, resistance might occur through sustained mTOR 
signaling upon PIM inhibition.

To identify genes whose suppression confers 

sensitivity to AZD1208, we performed a loss of function 
genetic screen using a kinome library consisting of 
3530 short hairpins RNAs (shRNA) in lentiviral vectors 
targeting 535 kinases and kinase-related genes [31]. We 
infected OCI-M1 cells with the library and cultured cells 
in the presence or absence of 2 μM AZD1208 (Figure 1C). 
After 16 days, we isolated genomic DNA, recovered the 
shRNA inserts by PCR amplification, and performed next 
generation sequencing to quantify the shRNA sequences. 
The individual replicates highly correlated and clustered 
together according to the absence or presence of drug 
(Figure S1B-S1C). To exclude false positives, we only 
called genes a hit when at least 2 shRNAs - present with 
more than 300 reads in the untreated population - gave a 
minimal fold-reduction of 2. Furthermore, these shRNAs 
should not be depleted from the untreated population 
compared to the T0 sample - indicative of a straight lethal 
effect. Two hairpins targeting mitogen activated protein 
kinase 14 (MAPK14 or p38α) fulfilled these criteria, 
suggesting that p38α loss sensitizes AML cells to PIM 
inhibition (Figure 1D). We validated the shRNAs targeting 
p38α by treating drug resistant parental OCI-M1 cells or 
p38α knockdown cells with AZD1208 in a 5-day viability 
assay (Figure 1E). The level of knockdown was assessed 
on protein and mRNA level (Figure 1F-1G).

Pharmacological inhibition of p38α restores 
sensitivity to AZD1208 through inhibition of 
mTOR signaling

To assess whether AZD1208 synergizes with p38 
inhibitors, we treated resistant AML (OCI-M1, OCI-M2), 
DLBCL (U2932, TMD8), and chronic myeloid leukemia 
(CML) (K562) cell lines with the combination of
AZD1208 and the p38 inhibitors SB202190 or SCIO-469
(the latter is in phase II clinical trial for multiple myeloma:
NCT00095680) (Figure 2A-2E and Figure S2A-S2C).
Single drug treatment modestly inhibited viability,
whereas dual inhibition synergistically suppressed growth.
To determine the level of synergy, we used a previously
described method that calculates additive effects (based
on the Loewe smodel) and subtracts these values from the
experimental values resulting in a synergy score (Figure
S2D) [32]. We furthermore calculated combination indices
- which is a widely accepted method to calculate synergy.
A high synergy score and vice versa a low combination
index indicate strong synergy. To determine the
significance of our findings, we also treated cells with self-
self inhibitor combinations, which theoretically should
result in a synergy score of 0 and a combination index
of 1. As expected, combined treatment of AZD1208 and
either SB202190 or SCIO-469 resulted in high synergy
scores and low combination indices (Figure 2F and Figure
S2E).

Since AZD1208 treatment did not suppress mTOR 
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Figure 1: An shRNA screen identifies p38α loss to be synthetic lethal with PIM inhibitor treatment. A. Short-term viability 
assay of a panel of AML cell lines. Cells were treated for 5 days with increasing concentrations of AZD1208 and viability was measured 
using CellTiter-Blue (n = 3). B. AZD1208-resistant AML cell lines demonstrate sustained mTOR signaling upon treatment. Cells were 
treated for 4, 24, and 48 hours with 1 μM AZD1208 followed by western blot analysis (n = 3). C. Schematic outline of the synthetic lethality 
screen. OCI-M1 cells were infected with a lentiviral kinome shRNA library and cultured in the presence or absence of 2 μM AZD1208 
for 16 days in replicates. shRNA barcodes were subsequently recovered by PCR and analyzed by next generation sequencing. D. The 
shRNA screen identifies p38α loss to be synthetic lethal with AZD1208. The x-axis depicts the average number of sequencing reads in the 
untreated sample (intensity). The y-axis depicts the fold change in abundance of shRNAs in the treated versus untreated population. Two 
shRNAs ( > 300 reads) targeting p38α were depleted in the treated population with a fold change of > 2. E. p38α knock down enhances 
AZD1208 response. OCI-M1 cells were infected with two shRNAs targeting p38α - pLKO serves as the control - and treated for 5 days with 
AZD1208. Cell viability was measured using CellTiter-Blue (n = 3). F.-G. Knock down of p38α was assessed on RNA and protein level.



Oncotarget    305www.impactjournals.com/oncotarget

signaling in resistant cell lines, we analyzed this pathway 
upon dual PIM/p38 inhibition. Combined treatment 
reduced p-PRAS40, p-S6, and p-4EBP1 levels in all 
cell lines after 48 hours (Figure 2G and Figure S2F). 
In addition, both AZD1208-resistant and sensitive cell 
lines were sensitive to mono-treatment with the mTOR 
inhibitor AZD8055, suggesting that the growth inhibitory 
effect of AZD1208 is mainly via its effects on mTOR 
signaling (Figure S2G). Together, these data suggest that 
p38 inhibition can block PIM inhibitor resistance through 
suppression of mTOR signaling. 

PIM inhibition activates p38/AKT signaling

To gain further mechanical insights in the synergy 
between p38 and PIM inhibition, we treated AML 
cell lines with AZD1208 and assessed the activity of 
p38 signaling (Figure 3A). PIM inhibition elevated 
phosphorylation levels of p38, MKK4 (upstream kinase), 
and MK2 (downstream target of p38). Milder activation 
of p38 and MK2 was observed in DLBCL and CML cell 
lines (Figure S3A). Several reports have described that 
MK2 - the downstream target of p38 - acts an activator of 

Figure 2: Pharmacological inhibition of p38 synergizes with AZD1208 through reduced mTOR signaling. A.-E. p38 
inhibitors enhance AZD1208 response. OCI-M1, OCI-M2, U2932, K562, and TMD8 cells were treated with increasing concentrations 
of AZD1208 (x-axis) and co-treated with the p38 inhibitor SB202190. Viability was measured after 5 days using CellTiter-Blue (n = 3). 
F. p38 inhibitors are synergistic with AZD1208. OCI-M1, OCI-M2, U2932, K562, and TMD8 cells were treated with 2-fold dilutions of
AZD1208, SB202190, SCIO-469, or combinations for 5 days. Viability was assessed by CellTiter-Blue and used to calculate synergy
scores. Self-self combination treatments were used as a baseline to determine significance (n = 3). P-values were calculated using a one-
way ANOVA and Dunnett’s test. p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), and p ≤ 0.0001 (****) G. Combined inhibition of PIM and
p38 results in reduced AKT/mTOR signaling after 48 hours. OCI-M1 (2.105 cells/well in 6-well plate) and OCI-M2 (4.105 cells/well in
6-well plate) cells were treated for 48 hours with 2 μM AZD1208, 20 μM SB202190, or the combination. Cell lysates were harvested and
subjected to western blot analysis (n = 3).
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AKT by enhancing phosphorylation of serine 473 and 308, 
although the exact mechanism remains unclear [33-35]. 
Since resistant cell lines demonstrated sustained mTOR 
signaling upon AZD1208 treatment, we investigated 
whether PIM inhibition could activate mTOR via AKT. 
As depicted in Figure 3A, cell lines activate AKT upon 
AZD1208 treatment. Furthermore, combined treatment 
with AZD1208 and the AKT inhibitor MK2206 
synergistically blocked mTOR signaling and cell growth 
in a comparable manner to p38 inhibition (Figure 3B-3F 
and Figure S3B-S3D). 

AZD1208 treatment elevates ROS levels

We subsequently investigated the mechanism by 
which PIM inhibition results in p38 activation. A recent 
study by Song et al. demonstrated that PIM knockout 
results in elevated reactive oxygen species (ROS) levels in 
mouse embryonic fibroblasts (MEFs) [36]. Since ROS is a 
known activator of p38 signaling [37], we measured total 
ROS and mitochondrial superoxide levels upon AZD1208 
treatment in OCI-M1 and OCI-M2 cell lines (Figure 4A-
4B). Interestingly, both ROS and superoxide levels were 

increased upon PIM inhibition, which could be reverted by 
treating cells with the ROS scavenger N-acetyl-cysteine 
(NAC). To validate that increased ROS levels can activate 
p38 in our cell lines, we treated OCI-M1 and OCI-M2 cell 
lines with ROS-inducing tert-butyl hydrogen peroxide 
(TBHP). As expected, induction of ROS levels results in 
rapid activation of p38 (Figure 4C). Furthermore, NAC 
prevented the activation of p38 signaling upon AZD1208 
treatment and blocked activation of S6/4EBP1 (Figure 
4D). These results suggest that PIM-inhibitor mediated 
upregulation of ROS might induce therapy resistance by 
activation of p38/AKT signaling.

Pharmacological inhibition of p38α enhances the 
efficacy of AZD1208 in primary AML cells and 
mouse xenografts

To translate our findings into a possible combination 
therapy in the clinic, we performed ex vivo drug testing 
assays with PIM-expressing AML patient-derived 
mononuclear cells obtained from the Erasmus Medical 
Center (Rotterdam, The Netherlands). Unfortunately, 
only 2 out of 7 available samples proliferated ex vivo, 

Figure 3: Activation of the p38 pathway upon PIM inhibition. A. The p38 signaling pathway is activated upon AZD1208 
treatment. OCI-M1 (2.105 cells/well in 6-well plate) and OCI-M2 (4.105 cells/well in 6-well plate) cells were treated with 2 μM AZD1208 for 
4, 24, and 48 hours. Cell lysates were harvested and subjected to western blot analysis (n = 3). B. Dual PIM/AKT inhibition synergistically 
inhibits mTOR signaling. OCI-M1 (2.105 cells/well in 6-well plate) and OCI-M2 (4.105 cells/well in 6-well plate) cells were treated for 
48 hours with 2 μM AZD1208, 2 μM MK2206, or the combination. Cell lysates were harvested and subjected to western blot analysis (n 
= 3). C.-E. AKT inhibition enhances AZD1208 response. OCI-M1, OCI-M2, and K562 cells were treated with increasing concentrations 
of AZD1208 (x-axis) and co-treated with the AKT inhibitor MK2206. Viability was measured after 5 days using CellTiter-Blue (n = 
3). F. MK2206 is synergistic with AZD1208. OCI-M1, OCI-M2, U2932, K562, and TMD8 cells were treated with 2-fold dilutions of 
AZD1208, MK2206, or the combination for 5 days. Viability was assessed by CellTiter-Blue and used to calculate synergy scores. Self-self 
combination treatments were used as a baseline to determine significance (n = 3). P-values were calculated using a one-way ANOVA and 
Dunnett’s test. p  ≤  0.01 (**) and p ≤ 0.0001 (****) 
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and were therefore considered for further experiments 
(Figure S4A). Since this particular drug combination 
mainly acts cytostatic rather than cytotoxic, we used 
the T0 value as a baseline (y-axis = ‘0’) for viability in 
the presented graphs rather than phenyl arsenic oxide 
(PAO). As a result, negative relative growth indicates a 
cytotoxic effect. Combined p38/PIM inhibitor treatment 
reduced proliferation in both AZD1208 resistant (#4576) 
and sensitive (#3186A) patient samples (Figure 5A-5B). 
Furthermore, dual p38/PIM inhibition prevented feedback 
activation of mTOR signaling in these cells (Figure 5C). 

To extend these findings, we tested an additional 7 
AML patient samples derived from the Helsinki University 
Central Hospital (Helsinki, Finland). Five of these samples 
proliferated ex vivo, and were therefore considered 
for further experiments (Figure S4B). Combined p38/
PIM inhibitor treatment reduced cell growth in 4 out of 
5 samples (#3853, #4361, # 4368, and #4374) (Figure 
5D-5G and Figure S4C). We subsequently performed 
a synergy analysis on all 6 samples (both Rotterdam 
and Helsinki data sets) (Figure 5H and Figure S4D). 
We observed high synergy scores and low combination 
indices in 4 of the 6 samples tested, suggesting that the 
combination of p38/PIM inhibitors is potentially beneficial 
for the treatment of AML. 

Our in vitro and ex vivo data suggest that PIM and 
p38 inhibition should also be synergistic when combined 
in vivo. To test this, we xenografted K562 cells into 

immunodeficient mice, treated animals with vehicle, 
AZD1208, SB202190, or the combination and assessed 
tumor growth (Figure 5I-5J). Single agent treatment 
did not inhibit tumor growth, whereas again only the 
combined treatment significantly reduced growth. 

DISCUSSION

Novel therapies are of utmost importance for the 
treatment of AML and DLBCL, since many patients 
relapse with conventional therapies [38, 39]. PIM kinases 
are often overexpressed and represent an interesting 
target due to the availability of highly selective inhibitors. 
Furthermore, mice deficient for all PIM kinases have no 
significant phenotype, which may indicate a favorable 
toxicity profile of specific PIM inhibitors in vivo [40]. 
However, similar to other targeted agents, resistance to 
PIM inhibitors occurs. This study provides a rationale to 
test a combination of p38 and PIM inhibitors in clinical 
trials. We demonstrated that resistance to AZD1208 occurs 
through feedback activation of mTOR signaling, which is 
mediated by ROS, p38, and AKT (Figure 6). 

A recent study by Song et al. demonstrated elevated 
ROS levels upon PIM loss in mouse embryonic fibroblast 
cells [36]. Triple knock-out cells for PIM1, -2, and -3 were 
found to have decreased expression of genes involved in 
mitochondrial oxidative phosphorylation and lower levels 
of the ROS detoxifying genes superoxide dismutase 

Figure 4: PIM inhibition elevates ROS and mitochondrial superoxide levels. A.-B. OCI-M1 and OCI-M2 cells were treated 
for 48 hours with 5 μM AZD1208, 5 mM NAC, or the combination. Cells were incubated with CellRox or MitoSox - according to the 
manufacturer’s instructions - to stain for respectively ROS or mitochondrial superoxide and fluorescent intensity was measured by flow 
cytometry analysis (n = 3). C. Induction of ROS activates p38. OCI-M1 and OCI-M2 cells were treated for 0, 30, 60, 120, or 240 min 
with 400 μM TBHP. Cell lysates were harvested and subjected to western blot analysis (n = 3). D. ROS inhibition prevents PIM inhibitor-
mediated feedback activation of p38. OCI-M1 (2.105 cells/well in 6-well plate) and OCI-M2 (4.105 cells/well in 6-well plate) cells were 
treated for 48 hours with 2 μM AZD1208, 5 mM NAC, or the combination. Cell lysates were harvested and subjected to western blot 
analysis (n = 3)
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(SOD) 1, -2, and -3, glutathione peroxidase 4 (GPX4), 
and peroxiredoxin 3 (PRDX3). Another study by Lilli et 
al. describes that PIM expression delays mitochondrial 
dysfunction and ROS production upon IL-3 starvation 
in the murine myeloid cell line FDCP1 [41]. However, 
these findings were not the result of reduced SOD activity, 
but suggested to be through elevated expression of BCL-

2. This gene mainly plays a role in apoptosis, but also
modulates oxidative phosphorylation and ROS levels
[42, 43]. Interestingly, several groups have reported a
synergistic interaction between PIM and BCL-2 inhibitors
in hematological and solid tumors [44, 45].

Our results are in concordance with previous 
findings showing synergy between PIM and PI3K or 

Figure 5: Suppression    of p38 signaling restores sensitivity to PIM inhibition in primary AML cells and mouse 
xenografts. A.-B. Inhibition of p38 enhances AZD1208 response in primary AML cells. Patient cells were treated with increasing 
concentrations of AZD1208 (x-axis) and co-treated with 0.313 μM, 1.25 μM, or 5 μM SCIO-469. Growth was measured after 4 days using 
MTT. A day 0 measurement was used as a baseline value (y-axis = ‘0’) for growth. Negative relative growth indicates a cytotoxic effect (n 
= 2). C. Combined p38/PIM inhibition suppresses mTOR signaling. Primary AML cells were treated for 24 hours with 1 μM AZD1208, 10 
μM SCIO-469, or the combination. Cell lysates were harvested and subjected to western blot analysis. D.-G. Inhibition of p38 enhances 
AZD1208 response in a validation set of primary AML cells. Cells were treated with increasing concentrations of AZD1208 (x-axis) and 
co-treated with 0.3 μM, 1 μM, or 3 μM SCIO-469. Viability was measured after 72 hours using CellTiter-Glo. A day 0 measurement was 
used as a baseline value (y-axis = ‘0’) for growth. Negative relative growth indicates a cytotoxic effect (n = 2). H. SCIO-469 is synergistic 
with AZD1208. Primary AML cells were treated with 2-fold dilutions of AZD1208, SCIO-469, or the combination. Viability was assessed 
by CellTiter-Blue and used to calculate synergy scores. I. Dual PIM/p38 inhibition suppresses tumor growth in a xenograft model. K562 
cells (5.106) were subcutaneously implanted in Rag2−/−IL2γc−/− mice. Once tumors were established, animals were treated with vehicle, 
AZD1208 (30 mg/kg), SB202190 (5 mg/kg), or both drugs in combination. J. Mean tumor volume after 18 days treatment. Vehicle (n = 
11), AZD1208 (n = 12), SB202190 (n = 18), and combination (n = 14). P-values were calculated via one-way ANOVA and Dunnett’s test. 
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AKT inhibitors [30, 46]. However, these studies lacked 
insights in the mechanism underlying this synergistic 
interaction. Even more important, p38 inhibitors - which 
are in clinical trial for diseases such as rheumatoid 
arthritis, chronic obstructive pulmonary disease, and 
multiple myeloma - are likely less toxic than PI3K, AKT, 
and mTOR inhibitors and could therefore be preferred 
for combination therapies. Lower toxicity is particularly 
important since these targeted agents will likely be used 
on top of a chemotherapeutic backbone. To conclude, our 
findings suggest that AML patients might benefit from 
combined PIM and p38 inhibitor treatment.

MATERIALS AND METHODS

Cell culture and lentiviral transduction

OCI-M1 and OCI-M2 cells were cultured in Iscove’s 
Modified Dulbecco’s Medium (IMDM). EOL-1, CMK, 
MOLM-16, KG1a, TMD8, U2932, and K562 cells were 
cultured in Roswell Park Memorial Institute (RPMI) 1640. 
Medium was supplemented with 16% fetal calf serum 
(FCS), 1% glutamine, and 1% penicillin/streptomycin, 
and cells were grown at 37°C and 5% CO2. All cells were 
purchased at DSMZ, except TMD8, which was a kind gift 
from AstraZeneca, and K562, which was available within 
The Netherlands Cancer Institute. Cultured cells were 
routinely tested for mycoplasma infection.

PEI transfection of HEK293T cells was used to 
produce lentiviral supernatant. Target cells were seeded 
1 day before infection. Lentivirus was added to the 
medium in the presence of 5 µg/ml polybrene. Cells 
were selected for successful lentiviral integration using 

2 µg/ml puromycin. All lentiviral shRNA vectors were 
retrieved from the arrayed TRC human genome-wide 
shRNA collection. For individual knock down of genes, 
the following hairpins were used: 

p38α _TRCN0000000513_
CCATTTCAGTCCATCATTCAT; 

p38α_TRCN0000010052_
GTTCAGTTCCTTATCTACCAA;

Control infections were performed with the empty 
pLKO.1 vector. 

Synthetic lethality screen

A kinome library - consisting of 3530 short hairpins 
RNAs (shRNA) in lentiviral vectors, targeting 535 kinases 
and kinase-related genes - was used to infect OCI-M1 
cells with 1000-fold coverage. Cells were cultured in 
the absence or presence of drug in biological replicates 
for 16 days, followed by genomic DNA isolation using 
the DNAeasy Blood & Tissue Kit (Qiagen). shRNA 
cassettes were amplified using Phusion High Fidelity 
DNA polymerase (Thermo Scientific) by performing a 
2 step PCR amplification: (1) 98°C, 30 s; (2) 98°C, 10s; 
(3) 60°C, 20 s; (4) 72°C, 1 min; (5) to step 2, 16 cycles;
(6) 72°C, 5 min; (7) 4°C. The abundance of each hairpin
in the treated versus untreated pools was determined by
Illumina next generation sequencing.

Protein lysate preparation and western blot 
analysis

Cells were lysed using RIPA buffer containing 150 
mM NaCl, 50 mM Tris pH 8.0, 1% NP-40, 0.5% sodium 
deoxycholate and 0.1% SDS supplemented with protease 

Figure 6: Schematic overview of feedback activation of mTOR signaling upon PIM inhibition. AZD1208 treatment inhibits 
PIM activity; thereby elevating ROS levels which subsequently results in resistance through activation of p38, AKT, and mTOR signaling. 
Combined treatment of AZD1208 with either a p38 inhibitor (SCIO-469) or an AKT inhibitor (MK2206) prevents feedback activation 
of mTOR and restores PIM inhibitor sensitivity. Single mTOR inhibitor treatment (AZD8055) also prevents cell growth, indicating the 
dependency of hematopoietic tumor cells to this pathway.
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inhibitors (Complete, Roche) and phosphatase inhibitor 
cocktails II and III (Sigma). Sample buffer (60mM Tris 
pH 6.8, 5% glycerol, 1% SDS, 2% β-mercaptoethanol, 
0.02% bromophenol blue) was added, lysates were 
boiled for 10 minutes, and equal amounts of sample were 
subjected to SDS gel electrophoresis followed by western 
blotting. Primary antibody against HSP90 (SC-7947) was 
purchased from Santa Cruz. Antibodies against clPARP 
(#5625), PIM1 (#3247), PIM2 (#4730), p-AKT (#4060), 
AKT (#2920), p-PRAS40 (#2997), PRAS40 (#2610), p-S6 
(#2215), S6 (#2217), p-4EBP1 (#9456), 4EBP1 (#9452), 
p-BAD (#5284), BAD (#9292), p-p38 (#4511), p38
(#8690), p-MK2 (#3007), MK2 (#3042), and p-MKK4
(#9156) were from Cell Signaling. Secondary antibodies
were obtained from Bio-Rad Laboratories. AZD1208 was
a kind gift from AstraZeneca. SCIO-469 was purchased
from Tocris, SB202190 from Selleckchem, and NAC from
Sigma.

Quantitative RT-PCR

RNA was isolated using a Quick-RNA MiniPrep kit 
(Zymo Research, #R1055). Subsequent cDNA synthesis 
was performed using Maxima Universal First Strand 
cDNA Synthesis Kit (Thermo scientific, # K1661).

The 7500 Fast Real-Time PCR System from Applied 
Biosystems was used to measure mRNA levels. mRNA 
expression levels were normalized to expression of 
GAPDH. The following primer sequences were used in 
the SYBR Green master mix:

GAPDH_forward 
5’-AAGGTGAAGGTCGGAGTCAA-3’; 

GAPDH_reverse 
5’-AATGAAGGGGTCATTGATGG-3’; 

MAPK14_forward 
5’-TGGAGAGCTTCTTCACTGCC-3’; 

MAPK14_reverse 
5’-CGAGCGTTACCAGAACCTGT-3’

ROS measurement

Respectively 2.5.105 and 5.105 OCI-M1 and 
OCI-M2 cells per well were seeded in a 6-well plate in 2 
ml medium with or without 5 μM AZD1208. Following 
48 hours of culture, positive and negative control cells 
were treated according to the manufacturer’s instructions 
with 400 μM tert-butyl hydroperoxide (TBHP) and 5 mM 
N-acetyl cysteine (NAC). All samples were incubated
for 1 hour with 500 nM CellROX green (ROS indicator,
Molecular Probes) or 5 μM MitoSOX red (mitochondrial
superoxide indicator, Molecular Probes) and subsequently
analyzed by flow cytometry using 488 nm excitation for
CellROX green and 510 nm excitation for MitoSOX red.

CellTiter-blue viability assay

Respectively 400 (OCI-M1), 500 (EOL-1), 1000 
(U2932, K562, CMK), 2500 (OCI-M2 and TMD8), or 
5000 (MOLM-16, KG1a) cells per well were seeded 
in a 96-well plate. After 24 hours, drugs were added to 
the medium in 2-fold serial dilutions using a HP Direct 
Digital Dispenser. After 5 days of culture CellTiter-Blue 
(Promega) was added. The conversion of resazurin into 
resorufin was measured by using an EnVision Multilabel 
Reader. Treatment with 10 μM phenyl arsenic oxide - 
resulting in complete cell death - was used as a baseline 
for viability.

Growth assays using primary AML ex vivo 
cultures

MTT assay (Rotterdam)

AML patient samples were obtained at diagnosis 
from bone marrow or peripheral blood of patients who 
had given informed consent according to institutional 
guidelines. Based on the g  ene expression profile, primary 
AML samples expressing high PIM1 levels were selected 
for further experiments.  

Patient samples, previously frozen in liquid 
nitrogen in the presence of 10% DMSO, were thawed and 
suspended in RPMI 1640 supplemented with 20% FCS, 
1% insulin-transferrin-sodium selenite media supplement 
(Sigma-Aldrich), 1% L-glutamine, and 2% gentamicin. 
All samples contained 90% leukemic cells, determined 
morphologically on May-Grünwald-Giemsa (Merck)-
stained cytospins.

Cells were plated in 96-well plates (1.5.105 cells/
well) containing AZD1208 and/or SCIO-469. After 4 
days of culture, 3- [4,5-dimethylthiazol-2-yl]-2,5-diphenyl 
tetrazoliumbromide (MTT, 5 mg/ml, Sigma Aldrich) was 
added and the plates were incubated for an additional 6 
hours. During this incubation, the MTT tetrazolium salt is 
reduced to purple-blue formazan crystals by viable cells. 
Crystals were dissolved by acidified isopropanol (0.04N 
HCl-isopropyl alcohol) and the optical density (OD) was 
measured at 562nm (VersaMax, Molecular Devices). 
Cell viability for each sample was furthermore measured 
at 0 hours to monitor cell growth during the 96 hours of 
culture. 

It is important to note that a much larger number 
of cells derived from primary samples compared to cell 
lines is used per well for viability experiments. This 
results in a T0 read-out value that is much higher than PAO 
(whereas for cell line experiments these values are almost 
equal). Since this particular drug combination mainly acts 
cytostatic rather than cytotoxic, we used the T0 value as a 
baseline for viability in the presented graphs (y-axis = ‘0’). 
As a result, negative relative growth indicates a cytotoxic 
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effect.
CellTiter-glo assay (Helsinki)

Bone marrow samples obtained from 5 diagnostic 
(samples 4325, 4361, 4368, 4374 and 4401) and 2 
relapsed AML patients (samples 3853 and 370) with 
informed consent (approval # 239/13/03/00/2010, 
303/13/03/01/2011) were applied for the drug testing 
experiments. Leukemic blast counts of the bone marrow 
samples were between 25 and 90%. Previously frozen 
mononuclear cells derived from these samples, isolated 
by Ficoll density gradient (Ficoll-Paque PREMIUM; 
GE Healthcare), were thawed and suspended in RPMI 
1640 supplemented with 10% FCS, 12,5% human bone 
marrow stromal cell line HS-5 conditioned media [47], 
and 1% penicillin and streptomycin. 8000 cells per well 
were added in a 384 well plate containing AZD1208 and/
or SCIO-469. After 72 hours of culture, CellTiter-Glo 
(Promega) reagent was added to the wells to measure ATP 
levels - the amount of ATP is proportional to the number 
of viable cells present. Luminescence was measured using 
a PHERAstar plate reader (BMG Labtech). Cell viability 
for each sample was furthermore measured at 0 hours to 
monitor cell growth during the 72 hours of culture.

It is important to note that a much larger number 
of cells derived from primary samples compared to cell 
lines is used per well for viability experiments. This 
results in a T0 read-out value that is much higher than PAO 
(whereas for cell line experiments these values are almost 
equal). Since this particular drug combination mainly acts 
cytostatic rather than cytotoxic, we used the T0 value as a 
baseline for viability in the presented graphs (y-axis = ‘0’). 
As a result, negative relative growth indicates a cytotoxic 
effect.

Mouse xenografts

6- to 8-wk-old male Rag2−/−IL2γc−/− mice were
housed in a specific pathogen-free facility in individually 
ventilated cages at the Animal Core Facilities of the Center 
for Applied Medical Research (University of Navarra). 
All mouse experiments were performed in compliance 
with protocols approved by the local Animal Ethics 
Committee, which conform to institutional and national 
regulatory standards on experimental animal usage. 
K562 cells (5.106) were subcutaneously implanted with 
matrigel (BD Bioscience) into the right flank of mice. 
When tumor size reached ~50 to 100 mm3, mice were 
randomly assigned and treated once daily with 30 mg/kg 
AZD1208 (AstraZeneca) by oral gavage and/or 5 mg/kg 
SB202190 (LC Laboratories) by intraperitoneal injection. 
Control group received vehicle (0.5% hydroxypropyl 
methylcellulose and 1% DMSO). All groups were 
composed of 11 to 18 mice. Tumor volume was measured 
three times per week with calipers and calculated as tumor 
volume = (length × width2) × 0.5.

Synergy score calculation

Cells were seeded in a 96-well plate (384-well 
plate for Helsinki samples) and treated with 5*5 pairs 
(5*9 for Helsinki samples) of serially diluted drugs for 
the indicated number of days. Cell viability was measured 
using CellTiter-Blue (cell lines), MTT (Rotterdam 
samples), or CellTiter-Glo (Helsinki samples).

 Measurements were normalized using ‘normalized 
percentage inhibition’ [48]. Values were transformed to 
values between 0 and 1 using the formula y = (x-p) /(n 
p) where x is the experimental value, n is the mean of the
negative control, and p is the mean of the positive control
(PAO). The effect level was calculated as: (1 - normalized
value.) * 100 percent. A second matrix, the Loewe matrix,
reflects the expected effect levels in case of additivity of
the two drugs. The expected values were calculated using
the formula of Loewe: D1/Dx1 + D2/Dx2 = 1 where D1
and D2 are the dose of respectively drug 1 and drug 2
in the combination. Dx1 is the single dose you would
need from drug 1 in order to have the same effect x as
the combination. Dx2 is this value for drug 2. Dx1 and
Dx2 were determined using a fitted dose effect curve. The
additive effect was determined with an heuristic method,
in which for subsequent effect levels the outcome of the
formula is calculated. The method starts with the highest
effect of the two single drugs, for which the outcome of the
formula will always be ≥ 1. The method continues until the
value of 1 is crossed or the maximum of 100 is reached.
The synergy score is calculated as the total of the positive
values in the matrix divided by 100 [49]. Combination
indices were calculated using the Chou-Talalay method
[50]. Self-self synergy scores/ combination indices are the
average score of all self-self drugs tested per cell line.
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AbstrAct
Aberrant DNA methylation is a hallmark of acute myeloid leukemia (AML); 

however, the regulation of DNA methyltransferase 1 (DNMT1), which is responsible 
for maintenance of DNA methylation patterns, has largely remained elusive. MUC1-C is 
a transmembrane oncoprotein that is aberrantly expressed in AML stem-like cells. The 
present studies demonstrate that targeting MUC1-C with silencing or a pharmacologic 
inhibitor GO-203 suppresses DNMT1 expression. In addition, MUC1 expression 
positively correlates with that of DNMT1 in primary AML cells, particularly the CD34+/
CD38- population. The mechanistic basis for this relationship is supported by the 
demonstration that MUC1-C activates the NF-κB p65 pathway, promotes occupancy of 
the MUC1-C/NF-κB complex on the DNMT1 promoter and drives DNMT1 transcription. 
We also show that targeting MUC1-C substantially reduces gene promoter-specific 
DNA methylation, and derepresses expression of tumor suppressor genes, including 
CDH1, PTEN and BRCA1. In support of these results, we demonstrate that combining 
GO-203 with the DNMT1 inhibitor decitabine is highly effective in reducing DNMT1 
levels and decreasing AML cell survival. These findings indicate that (i) MUC1-C is 
an attractive target for the epigentic reprogramming of AML cells, and (ii) targeting 
MUC1-C in combination with decitabine is a potentially effective clinical approach for 
the treatment of AML. 

IntroductIon

Acute myeloid leukemia (AML) is a heterogeneous 
clonal hematopoietic stem cell disorder consisting 
of diverse genomic and epigenomic landscapes [1]. 
Mutations in one of nine categories of genes have been 
linked to the pathogenesis of AML, including those 
involving NPM1 and CEBPA, among others [1, 2]. 
Studies of genome-wide methylation in AML have further 
demonstrated that such driving genetic mutations are 
associated with common sets of aberrantly methylated 
genes [1, 3, 4]. Whole genome and exome sequencing 
studies of AML have also identified mutations in genes 

encoding proteins involved in the epigenetic regulation of 
transcription [1]. For instance, recurrent mutations have 
been found in genes encoding DNA methyltransferase 
3a (DNMT3a), ten-eleven translocation 2 (TET2) and 
isocitrate dehydrogenase 1/2 (IDH1/IDH2) that contribute 
to AML pathogenesis by aberrantly regulating DNA 
methylation of tumor suppressor genes (TSGs) [1, 5-9]. 
In this context, repression of the tumor suppressor CDH1 
gene by promoter hypermethylation [10, 11] is associated 
with an unfavorable prognosis in AML patients [12]. 
These findings have emphasized the potential of using 
epigenetically targeted therapies for the treatment of 
AML. Indeed, the DNMT inhibitors 5-azacitidine and 
5-aza-2’deoxycytidine (decitabine) are effective agents in
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the treatment of patients with myelodysplastic syndromes 
and AML [13].

DNA methylation is mediated by DNA 
methyltransferses (DNMTs), including DNMT1, DNMT3a 
and DNMT3b. DNMT1 maintains DNA methylation 
patterns, whereas DNMT3a and DNMT3b establish de-
novo methylation on nascent DNA strands [14, 15]. In 
this way, DNMT1 localizes at replication foci during S 
phase of the cell cycle and thereby plays a dominant role 
in maintaining global and gene specific CpG methylation 
[16]. Notably, the conditional knockout of DNMT1 
hinders leukemia development [17]. Haploinsufficiency 
of DNMT1 also delays leukemia progression and inhibits 
self-renewal of leukemia stem cells [17]. Additionally, 
DNMT1 haploinsufficiency is associated with decreases 
in DNA methylation and derepression of TSGs [17]. The 
anti-leukemic agent decitabine downregulates DNMT1, 
but has little effect on DNMT3a and DNMT3b expression 
[18]. These findings have collectively supported the 
importance of DNMT1 in maintaining DNA methylation 
patterns in AML cells. 

Mucin 1 (MUC1) is a heterodimeric protein that 
is aberrantly expressed in AML blasts [19, 20] and AML 
stem cells [21]. The functional role for MUC1 in AML 
is not well defined; however, studies of the two MUC1 
subunits have provided insights into a role for MUC1 
in activation of intracellular signaling pathways [22]. 
In this respect, the extracellular N-terminal subunit 
(MUC1-N) contains glycosylated tandem repeats that 
are a characteristic of the mucin family [23]. MUC1-N 
forms a cell surface complex with the transmembrane 
C-terminal subunit (MUC1-C). MUC1-C functions as an
oncoprotein in part by interacting with receptor tyrosine
kinases (RTKs), such as FLT3, at the cell membrane
and promoting activation of their downstream pathways
[24]. In this way, the intrinsically disordered MUC1-C
cytoplasmic domain is phosphorylated by RTKs and other
kinases, and thereby interacts with effectors that have
been linked to transformation [23, 25, 26]. MUC1-C is
also imported into the nucleus, where it interacts with
transcription factors, such as NF-κB p65, and contributes
to activation of their target genes [27, 28]. The MUC1-C
cytoplasmic domain also contains a CQC motif that is
necessary for MUC1-C homodimerization and nuclear
localization [25, 27, 29]. Accordingly, the cell-penetrating
peptide GO-203 was developed to target the CQC motif
and block MUC1-C homodimerization and function [22].
Treatment of AML cells with GO-203 is associated with
arrest of growth and induction of terminal differentiation
[22]. In addition, GO-203 is effective in treating human
AML established in NSG mice, but has no apparent effect
on engraftment of normal hematopoietic cells [21]. These
findings have provided support for MUC1-C as a target in
AML treatment.

The present study demonstrates that MUC1-C 
regulates DNMT1 expression and thereby DNA 

methylation of TSGs in AML cells. We show that 
MUC1-C induces DNMT1 gene transcription by an NF-
κB p65-dependent mechanism and that MUC1 expression 
correlates significantly with that for DNMT1 in primary 
CD34+/CD38- AML cells. The results also demonstrate 
that targeting MUC1-C with GO-203 in combination with 
decitabine is more effective in suppressing both DNMT1 
and AML cell survival than either agent alone.

results

targeting Muc1-c downregulates dnMt1 
expression in AMl cells

To investigate the potential role of MUC1-C in the 
regulation of DNMT1 expression, we first stably silenced 
MUC1-C in THP-1 cells. Downregulation of MUC1-C 
significantly reduced DNMT1 mRNA levels in THP-
1/MUC1shRNA cells as compared to control THP-1/
CshRNA cells (Figure 1A, left). In concert with these 
results, DNMT1 protein was also suppressed in response 
to MUC1-C silencing (Figure 1A, right). Similarly, stable 
silencing of MUC1-C in MOLM-14 cells was associated 
with significant decreases in DNMT1 mRNA and 
protein levels (Figure 1B, left and right). The MUC1-C 
cytoplasmic domain includes a CQC motif, which is 
essential for the formation of MUC1-C homodimers and 
thereby the MUC1-C oncogenic function (Figure 1C). 
Accordingly, we treated AML cells with GO-203, which 
is a cell penetrating peptide that contains a poly-Arg cell 
transduction domain linked to CQCRRKN (Figure 1C). 
GO-203 binds to the corresponding endogenous sequence 
in the MUC1-C cytoplasmic domain and blocks MUC1-C 
homodimerization [25, 29]. As a control, we used the 
peptide CP-2, which is inactive in targeting the MUC1-C 
CQC motif. Treatment of THP-1 cells with GO-203, but 
not CP-2, downregulated MUC1-C expression and also 
reduced DNMT1 mRNA and protein levels (Figure 1D, 
left and right). Similar results were obtained in MOLM-14 
cells, such that expression of MUC1-C and DNMT1 was 
downregulated by GO-203 and not CP-2 treatment (Figure 
1E, left and right). 

Muc1 correlates with dnMt1 expression in 
primary AMl cells

Based on the above findings, we analyzed an 
Oncomine dataset derived from AML cells to assess the 
association between MUC1 and DNMT1 expression. 
In concert with our previous studies [21], MUC1 
expression was significantly elevated in AML cells (n = 
22) as compared to that in normal bone marrow cells (n
= 6) (Figure 2A, left). We also found that, like MUC1,
DNMT1 expression is increased in AML cells (Figure 2A,
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Figure 1: Muc1-c drives dnMt1 expression. A.-b. THP-1 A. and MOLM-14 b. AML cells were transduced with lentiviral 
vectors to stably express a control shRNA (CshRNA) or a MUC1 shRNA. DNMT1 mRNA levels were determined using qRT-PCR. The 
results (mean±SD of three determinations) are expressed as a relative DNMT1 mRNA levels as compared to that obtained with CshRNA 
cells (assigned a value of 1) (left). Forward and reverse primers are listed in Supplemental Table S1. Lysates from the indicated cells were 
immunoblotted with antibodies against MUC1-C, DNMT1 and β-actin (right). c. Schema of the MUC1-C subunit with a 58 amino acid (aa) 
extracellular domain (ED) and the 28 aa transmembrane domain (TM). The sequence of the 72 aa cytoplasmic domain (CD) is highlighted 
at the CQCRRKN motif, which is targeted by the cell penetrating GO-203 peptide and not the control CP-2 peptide. Also highlighted is the 
NF-κB p65 binding site. d.-e. THP-1 and MOLM-14 cells were treated with 5 µM of GO-203 or CP-2 for 72 h. DNMT1 mRNA levels 
were determined using qRT-PCR. The results (mean±SD of three determinations) are expressed as a relative DNMT1 mRNA levels as 
compared to that obtained with CP-2-treated cells (assigned a value of 1) (left). Lysates were immunoblotted with the indicated antibodies 
(right).
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right). To determine whether expression of MUC1 and 
DNMT1 correlate, we performed bioinformatics analysis 
on GEO microarray datasets. Analysis of GSE17855 (n = 
237) demonstrated that MUC1 and DNMT1 expression
correlate positively (Figure 2B). To further investigate the
nature of this relationship, we analyzed the microarray
dataset (GSE30375) in which AML cells were sorted
according to expression of CD34 and CD38. Interestingly,
there was a strong positive correlation (Pearson r = 0.50;
p < 0.05) between MUC1 and DNMT1 in CD34+/CD38-
AML cells (Figure 2C, left). However, the correlation
was less pronounced in CD34+/CD38+ cells (Pearson r
= 0.23) (Figure 2C, right). Moreover and in contrast, no
correlation was found in CD34-/CD38+ cells (Pearson r =
0.04) and a negative correlation was obtained in CD34-/
CD38- cells (Pearson r = -0.49) (Figure 2D, left and right).
Together, these results indicate that MUC1 positively
correlates with DNMT1 in CD34+/CD38-, but not in
CD34-/CD38-, AML cells (Figure 2E).

Muc1-c upregulates dnMt1 expression by an 
NF-κB p65-dependent mechanism

Studies in human carcinoma cells have shown 
that the MUC1-C cytoplasmic domain activates the NF-
κB p65 pathway by interacting directly with IKKs and 
NF-κB p65 (Figure 1C) [28, 30]. Silencing MUC1-C in 
THP-1 cells reduced phospho-IKKβ and phospho-NF-κB 
p65, but had less pronounced effects on IKKβ or NF-κB 
levels, indicating that MUC1-C is also of importance for 
activation of the IKK→NF-κB pathway in AML cells 
(Figure 3A). Silencing MUC1-C in MOLM-14 cells 
was also associated with downregulation of phospho-
IKK and phospho-NF-κB p65 (Figure 3B). Consistent 
in part with a study showing that nucleolin regulates 
DNMT1 expression by an NF-κB dependent pathway 
[31], we found that silencing NF-κB p65 in THP-1 cells is 
associated with significant decreases in DNMT1 mRNA 

Figure 2: Muc1 correlates with dnMt1 expression in primary AMl cells. A. Microarray data obtained from the Oncomine 
database (GSE7186) is expressed as box plots for MUC1 (left) and DNMT1 (right) in normal bone marrow (NBM, n = 6) and AML (n 
= 22) cells. The data was log2 transformed and median centered (dark lines). The asterisk denotes a p value of < 0.05. b.-d.. Microarray 
gene expression data from GEO database GSE17855 b. and GSE30375 c.-d. was RMA normalized and the correlation between MUC1 
and DNMT1 expression in AML patients was assessed by Pearson’s correlation coefficient. e. Correlation between MUC1 and DNMT1 
expression in the indicated CD34 and CD38 AML cell phenotypes.
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and protein (Figure 3C, left and right). Similar results 
were obtained in MOLM-14 cells, such that DNMT1 
levels were significantly reduced after silencing NF-κB 
p65 (Figure 3D, left and right). Furthermore, treatment 
of THP-1 and MOLM-14 cells with the small molecule 
NF-κB inhibitor BAY-11-7085 suppressed DNMT1 levels 
(Figure 3E and 3F). These results collectively indicated 
that DNMT1 expression is regulated in AML cells, at least 
in part, by the MUC1-C→NF-κB pathway. 

Muc1-c activates the DNMT1 promoter in a 
complex with NF-κB p65

To investigate if MUC1-C activates the DNMT1 
promoter in AML cells, we transfected THP-1/CshRNA 
and THP-1/MUC1shRNA cells with a pDNMT1-Luc 
reporter that contains a consensus NF-κB binding site 
(GGGGTATCCC) at positions -833 to -824 upstream 

Figure 3: MUC1-C induces DNMT1 expression by an NF-κB p65 dependent mechanism. A.-b. Lysates from THP-1 A. 
and MOLM-14 b. cells were subjected to immunoblot analysis with the indicated antibodies. c.-d. THP-1 c. and MOLM-14 d. cells 
were transduced with lentiviral vectors to stably express a control shRNA (CshRNA) or a NF-κB p65 shRNA. DNMT1 mRNA levels were 
determined using qRT-PCR. The results (mean±SD of three determinations) are expressed as a relative DNMT1 mRNA levels as compared 
to that obtained with CshRNA cells (assigned a value of 1) (left). Lysates from the indicated cells were immunoblotted with antibodies 
against NF-κB p65, DNMT1 and β-actin (right). e.-F. THP-1 e. and MOLM-14 F. cells were treated with control vehicle or BAY-11-7085 
(left). Lysates from the control and BAY-11-7085 treated cells were immunoblotted with the indicated antibodies (right). 
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of the transcription start site (Figure 4A). Silencing 
MUC1-C in THP-1 cells was associated with a decrease 
in pDNMT1-Luc activity as compared to that in THP-
1/CshRNA cells (Figure 4B, left). Similar results 
were obtained in MOLM-14/MUC1shRNA cells with 
pDNMT1-Luc activity significantly lower as compared 
to that in MOLM-14/CshRNA cells (Figure 4B, right). 
In addition, mutation of the putative NF-κB p65 binding 
site in the pDNMT1-Luc vector (Figure 4A) decreased 
activation in THP-1 and MOLM-14 cells (Figure 4C, left 
and right). ChIP studies on soluble chromatin from THP-
1 cells further demonstrated that MUC1-C occupancy 
is detectable on the DNMT1 promoter (Figure 4D, left). 
Additionally, re-ChIP analysis demonstrated the presence 
of MUC1-C and NF-κB p65 complexes (Figure 4D, right). 
Consistent with these results, silencing MUC1-C in THP-
1 cells significantly reduced occupancy of MUC1-C and 
MUC1-C/NF-κB p65 complexes on the DNMT1 promoter 
(Figure 4D, left and right). Studies of MOLM-14 cells 
also demonstrated that MUC1-C forms complexes with 
NF-κB p65 on the DNMT1 promoter and that silencing 
MUC1-C reduces their occupancy (Figure 4E, left and 
right). Together, these findings support a model in which 
MUC1-C occupies the DNMT1 promoter in a complex 
with NF-κB p65 and drives DNMT1 transcription. 

Muc1-c induces dnA methylation of tsGs

The observation that MUC1-C induces DNMT1 
expression in AML cells invoked the possibility 
that MUC1-C drives DNA methylation of TSGs. In 
this context, silencing MUC1-C in THP-1 cells was 
associated with decreased DNA methylation of certain 
TSG promoters (Figure 5A). Notably, DNA methylation 
of CDH1 is increased in AML cells as compared 
to that in normal progenitor cells (Figure 5B). We 
therefore confirmed the effects of silencing MUC1-C on 
methylation of CpG islands in the CDH1 promoter. The 
results demonstrate that the fraction of methylated CpG 
islands is significantly lower in THP-1/MUC1shRNA as 
compared to that in THP-1/CshRNA cells (Figure 5C). 
Moreover and in concert with the decrease in CDH1 
promoter methylation, we found that targeting MUC1-C 
is associated with derepression of CDH1 and thereby 
upregulation of E-cadherin mRNA and protein (Figure 5D, 
left and right). Silencing MUC1-C also resulted in marked 
derepression of PTEN and BRCA1 expression (Figure 5E 
and 5F, left and right; Supplemental Figure S1A and S1B, 
left and right). 

Go-203 is synergistic with decitabine in 
downregulating dnMt1 and in the treatment of 
AMl cell lines

The demonstration that targeting MUC1-C 
downregulates DNMT1 expression suggested that GO-
203 could be effective in combination with decitabine, a 
hypomethylating agent that also downregulates DNMT1 
[18]. Indeed, treatment of THP-1 cells with low doses of 
GO-203 and decitabine in combination was more effective 
in downregulating DNMT1 expression than that found 
with either agent alone (Figure 6A). Similar results were 
obtained with MOLM-14 cells (Figure 6B), indicating 
that the effects of combining low dose GO-203 and 
decitabline are potentially synergistic. In concert with this 
notion, combining GO-203 with decitabine synergistically 
reduced survival of THP-1 cells, as supported by 
combination index (CI) values < 0.7 (Figure 6C, left and 
right). Treatment of MOLM-14 cells with GO-203 and 
decitabine also induced synergistic cell death (CI < 0.7)
(Figure 6D, left and right).

effects of targeting Muc1-c on primary AMl 
cells

To extend our results obtained with AML cell lines, 
we treated primary AML cells with GO-203 and CP-2. In 
samples from patients #1 and #2, we found that treatment 
with GO-203 is associated with significant downregulation 
of both MUC1-C and DNMT1 (Figures. 7A and 7B). 
Additionally, combining GO-203 and decitabine induced 
highly synergistic cell death in primary AML samples #1 
(Figure 7C, left and right), #2 (Figure 7D, left and right) 
and #3 (Figure 7E, left and right).

dIscussIon

Genome-wide studies in AML have shown that 
common sets of genes are subject to aberrant DNA 
methylation patterns [1, 3, 4]. In addition, distinct DNA 
methylation profiles have been identified in AML with 
specific genetic alterations, such as PML-RARα and 
AML1-ETO, among others [3]. Mutations in genes 
involved in the regulation of DNA methylation and 
hydroxylation, such as DNMT3a, TET2 and IDH1/2, 
have also been identified in AML cells [8, 9, 32, 33]. The 
present findings extend this list to the oncogenic MUC1-C 
protein, which is overexpressed and, unlike DNMT3a, 
TET2 and IDH1/2, is not known to be mutated in AML 
and other malignancies. Surprisingly for an epithelial cell-
associated apical membrane protein [23, 34], MUC1-C 
is aberrantly expressed in AML and is associated with 
the self-renewing AML stem-like cell population that 
has the capacity to engraft leukemia in NSG mice 
[21]. Additionally, targeting MUC1-C in AML cells is 
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Figure 4: targeting Muc1-c suppresses DNMT1 transcription. A. Schema of the pDNMT1-Luc reporter with the positioning 
of the NF-κB binding site (-833 to -824) upstream of the transcription start site. b. The indicated THP-1 (left) and MOLM-14 (right) cells 
were transfected with (i) the empty pGL3-Basic Luc vector or pGL3-pDNMT1-Luc, and the SV-40-Renilla-Luc plasmid as an internal 
control. Dual luciferase activity was measured at 24 h after transfection. The results (mean±SD of 3 determinations) are expressed as the 
relative luciferase activity compared to that obtained with pGL3-Basic Luc. c. THP-1 (left) and MOLM-14 (right) cells were transfected 
with the empty pGL3-Basic Luc vector, wild-type (WT) pGL3-pDNMT1-Luc or mutant pGL3-pDNMT1-Luc and the SV-40-Renilla-Luc 
plasmid. Dual luciferase activity was measured at 24 h after transfection. The results (mean±SD of 3 determinations) are expressed as the 
relative luciferase activity compared to that obtained with pGL3-Basic Luc. d.-e. Soluble chromatin from the indicated THP-1 d. and 
MOLM-14 e. cells was precipitated with anti-MUC1-C or a control IgG (left). In the re-ChIP experiments, NF-κB p65 precipitates were 
released and re-immunoprecipitated with anti-MUC1-C and a control IgG (right). The final DNA samples were amplified by qPCR with 
primers for the DNMT1 promoter or as a control GAPDH (Supplemental Table. S2). The results (mean±SD of three determinations) are 
expressed as the relative fold enrichment compared with that obtained with the IgG control. 
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associated with loss of self-renewal capabilities and the 
induction of terminal differentiation [22]. Given these 
findings, we investigated the notion that MUC1-C may 
play a role in the epigenetic regulation of gene expression 
in AML cells. Indeed, we found that targeting MUC1-C is 
linked to downregulation of DNMT1, which is essential 
for maintaining DNA methylation and thereby survival of 
human stem cells [35]. Our results thus provide support 
for the novel finding that the MUC1-C drives DNMT1 
expression in AML cells.

DNMT1 expression is regulated by diverse 
mechanisms, including activation of DNMT1 transcription 

by c-JUN, pRb/E2F1, Sp1, Sp3 and NF-κB [31, 36-
38]. DNMT1 mRNA levels are also suppressed by 
certain miRNAs, such as miR-148b and miR-152 [39]. 
In this way, the response to targeting MUC1-C with 
downregulation of DNMT1 mRNA and protein could 
be mediated by multiple pathways. The MUC1-C 
cytoplasmic domain is an intrinsically disordered protein, 
a characteristic found in other oncoproteins that integrate 
the signaling of diverse effectors that are associated with 
transformation [25]. In concert with this structure, the 
MUC1-C cytoplasmic domain interacts directly with 
PI3K, STAT1/3, β-catenin and GRB2, among others 

Figure 5: MUC1-C regulates DNA methylation in AML cells. A. Heatmap showing relative methylation levels of the indicated 
TSG promoters in THP-1/CshRNA and THP-1/MUC1shRNA cells. b. The GSE58477 dataset from GEO was analyzed to assess the 
methylation of CpG islands in the CDH1 gene promoter in AML cells (n = 62) as compared to normal bone marrow progenitor cells 
(NBMPCs) cells (n = 10). The open circles indicate the β-value in the logarithmic scale. The horizontal bars indicate mean±SEM and p < 
0.05 indicates statistical difference in the mean. c. The CDH1 promoter in the indicated THP-1 cells was analyzed for CpG methylation 
using the MeDIP assay. The results (mean±SD of three determinations) are expressed as the relative fold enrichment compared with that 
obtained with the IgG control. d. The indicated THP-1 cells were analyzed for E-cadherin mRNA levels by qRT-PCR (left). The results 
are expressed as a relative E-cadherin mRNA levels (mean±SD of three determinations) as compared to that obtained with CshRNA cells 
(assigned a value of 1). Lysates from THP-1/CshRNA and THP-1/MUC1shRNA cells were immunoblotted for indicated antibodies (right). 
(E-F) The indicated THP-1 cells were analyzed for PTEN e. and BRCA1 F. mRNA levels by qRT-PCR (left). The results are expressed as a 
relative mRNA levels (mean±SD of three determinations) as compared to that obtained with CshRNA cells (assigned a value of 1). Lysates 
from THP-1/CshRNA and THP-1/MUC1shRNA cells were immunoblotted for indicated antibodies (right).
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Figure 6: GO-203 is synergistic with decitabine in downregulating DNMT1 expression and in the treatment of AML 
cells. A.-b. THP-1 A. and MOLM-14 b. cells were left untreated (Control) and treated with 2 µM CP-2, 2 µM GO-203, 2 µM decitabine 
or the combination for 48 h. Lysates were immunoblotted with the indicated antibodies. c.-d. THP-1 c. and MOLM-14 d. cells were 
treated with the indicated concentrations of GO-203 (open circles) or decitabine (open squares) or the combination (open triangles) for 96 
h. Cell viability was assessed by the Cell Titer-Glo Luminescent viability assay. The results are expressed as percentage survival (mean±SD
of three determinations) (left). Combination Index (CI) numbers were calculated for the fixed ratio of GO-203 and decitabine (1:1) using
CompuSyn software (right). The CI values < 1 indicate synergism and > 1 indicate antagonism.
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[26]. The MUC1-C cytoplasmic domain also intersects 
with the TAK1→IKK→NF-κB p65 pathway, linking an 
inflammatory circuit with changes in gene expression [28, 
30, 40]. The present results demonstrate that the MUC1-
C→NF-κB p65 pathway drives DNMT1 transcription 
in AML cells. Consistent with certain other NF-κB p65 
target genes, including MUC1 itself [28], we found that 
MUC1-C occupies the DNMT1 promoter in a complex 
with NF-κB p65 and promotes NF-κB-mediated DNMT1 
transcription. These results thus support a model in which 
the MUC1-C→NF-κB p65 autoinductive inflammatory 
circuit contributes to the activation of DNMT1 expression 
in AML cells (Figure 7F). This model is further supported 
by the analysis of AML datasets that demonstrated (i) 
increased expression of MUC1 and DNMT1, and (ii) 
significant correlations between MUC1-C and DNMT1 

expression, particularly in AML stem cells and not in 
more differentiated progenitors. These results and those 
obtained in AML cell lines provided convincing evidence 
that MUC1-C drives DNMT1 transcription. 

Silencing DNMT1 in embryonic stem cells results 
in rapid loss of DNA methylation [35]. To extend this 
observation, we studied TSG promoters in AML cells 
and found that targeting MUC1-C induces significant 
decreases in CpG methylation. Moreover and in concert 
with this response, targeting MUC1-C resulted in 
derepression of the CDH1 gene and thereby upregulation 
of E-cadherin expression. We also found that targeting 
MUC1-C depresses expression of the PTEN and BRCA1 
genes. These results lend credence to the possibility 
that targeting MUC1-C in AML cells is associated with 
the induction of other TSGs, which will be a focus of 

Figure 7: targeting Muc1-c with Go-203 downregulates dnMt1 expression and synergistically enhances decitabine 
induced cell death in primary AMl cells. A.-b. Primary AML cells from patients #1 A. and #2 b. were treated with 5µM of CP-2 
or GO-203 for 72 h and then probed for MUC1-C (green) and DNMT1 (red) expression. DAPI counterstained was used to visualize nuclei. 
Immunofluorescence images were captured using Nikon Ti inverted microscope at a magnification of 40X. c.-e. Primary AML sample #1 
c., primary AML sample #2 d. and primary AML sample #3 e. cells were treated with the indicated concentrations of GO-203 (open circles), 
decitabine (open squares) or the combination (open triangles) for 96 h. Cell viability was measured by the Cell Titer-Glo Luminescent 
viability assay. The results are expressed as percentage survival (mean±SD of three determinations)(left). Combination Index (CI) numbers 
were calculated for fixed ratio of GO-203 and decitabine (1:1) using CompuSyn software. The CI values < 1 indicate synergism and > 
1 indicate antagonism (right). F. Schematic representation of MUC1-C induced regulation of DNMT1 and DNA methylation. MUC1-C 
upregulates DNMT1 expression by an NF-κB p65-dependent mechanism and thereby increases DNA methylation of TSGs (left). In this 
way, MUC1-C represses TSGs and promotes proliferation and survival. Targeting AML cells with GO-203 and decitabine synergistically 
downregulates DNMT1 expression and thereby derepresses TSG expression leading to growth arrest and apoptosis (right).
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subsequent studies. Interestingly, DNMT1 has also been 
linked to the epigenetic regulation of genes, such as 
BRCA1, that control DNA damage and repair, and thereby 
genomic stability [34]. Therefore, MUC1-C could be 
involved in the accumulation of mutagenic events in AML 
cells. Of note, our studies here on DNMT1 do not exclude 
the possibility that MUC1-C activates other genes that 
encode DNMTs, such as DNMT3a and/or DNMT3b. In 
this context, recent studies in human carcinoma cells have 
shown that MUC1-C drives transcription of DNMT1 and 
DNMT3b, but not DNMT3a [51].

Our findings further support the potential of 
targeting MUC1-C in combination with DNMT inhibitors. 
Decitabine is approved by the European Medicines 
Agency, but not by the US FDA, for the treatment of adult 
patients with AML [41]. In this respect, decitabine is active 
in inducing complete remissions in patients with AML, but 
has a modest effect on overall survival, highlighting the 
need to improve the outcome of decitabine treatment [42, 
43]. For this reason, we assessed the effects of combining 
GO-203 and decitabine and found that the combination 
is more effective in decreasing DNMT1 levels than 
that obtained with either agent alone. In addition, the 
GO-203/decitabine combination was found to confer 
synergistic killing of AML cell lines and primary AML 
blasts, indicating that targeting DNMT1 with GO-203 and 
decitabine is potentially a highly effective approach for 
the treatment of AML. Based on these results, we have 
initiated a Phase I/II trial of GO-203 in combination with 
decitabine for patients with relapsed/refractory AML. 

MAterIAls And Methods

cell culture

Human THP-1 (ATCC) and MOLM-14 (ATCC) 
cells were cultured in RPMI1640 medium supplemented 
with 10% heat-inactivated fetal bovine serum, 100 units/ml 
penicillin, 100 ug/ml streptomycin and 2 mM L-glutamine. 
Authenticity of the cells was confirmed by short tandem 
repeat (STR) analysis [44]. Cells were infected with 
lentiviral vectors expressing a MUC1 shRNA, NF-κB p65 
shRNA or scrambled control shRNA vector (Sigma). Cells 
were selected and maintained in puromycin [40]. Cells 
were treated with the NF-κB pathway inhibitor BAY-11-
7085 (Santa Cruz Biotechnology) or DMSO as a vehicle 
control.

Immunoblot analysis

Cells were lysed using NP-40 lysis buffer containing 
protease cocktail inhibitor (Thermo Scientific), DTT and 
PMSF. Soluble proteins were analyzed by immunoblotting 
with anti-MUC1-C antibody (Thermo Scientific), 

anti-DNMT1 (Abcam), anti-NF-κB p65 (Santa Cruz 
Biotechnology), anti-phospho-NF-κB p65, anti-IKKβ, 
anti-phospho-IKKβ, anti-E-cadherin, anti-PTEN (Cell 
Signaling), anti-BRCA1 (Santa Cruz Biotechnology) and 
anti-β-actin (Sigma). Detection of immune complexes 
was achieved using horseradish peroxidase-conjugated 
secondary antibodies and enhanced chemuluminescence 
(GE Healthcare, Piscataway, NJ) [45, 46]. 

Quantitative real-time, reverse-transcriptase Pcr 
(qrt-Pcr)

Quantitative qRT-PCR analysis was performed as 
described [47]. Briefly, total mRNA was isolated using 
the RNAeasy mini kit (Invitrogen). cDNA was synthesized 
using the High-Capacity cDNA Reverse Transcription Kit 
(Invitrogen). cDNA samples were then amplified using the 
SYBR Green qPCR assay kit (Applied Biosystem) and 
ABI Prism 7300 sequence detector (Applied Biosystem). 
qPCR primers for the detection of DNMT1, E-cadherin, 
PTEN, BRCA1 and β-actin mRNAs are listed in 
Supplementary Table S1. The results were analyzed using 
the delta delta Ct method as described [48]. Statistical 
significance was determined by the Student’s t-test. 

DNMT1 promoter-luciferase assays

Cells cultured in 96-well plates were 
transfected with the pGL3-Basic Luc vector, wild-
type pDNMT1-Luc or mutant pDNMT1-Luc 
(GGGGTATCCC→CCCCTATCCC) and SV-40 Renilla-
Luc in the presence of Lipofectamine 3000 Reagent 
(Invitrogen). At 24 h after transfection, the cells were 
lysed with passive lysis buffer and analyzed using the 
Dual Luciferase assay kit (Promega). Firefly luciferase 
values were normalized to that for Renilla-Luc. The 
normalized values for pDNMT1-Luc were then compared 
to that obtained with pGL3. 

chromatin immunoprecipitation (chIP) studies

Soluble chromatin was precipitated with anti-
MUC1-C (Thermo Scientific) or a control non-
immune IgG (Santa Cruz Biotechnology). For re-ChIP 
analysis, anti-NF-κB p65 (Santa Cruz Biotechnology) 
complexes from the primary ChIP were eluted and re-
immunoprecipitated with anti-MUC1-C. For real-time 
ChIP qPCR, the SYBR green system was used with the 
ABI Prism 7300 sequence detector (Applied Biosystems). 
Data are reported as relative fold enrichment [49]. Primers 
used for ChIP qPCR of the DNMT1 promoter and control 
regions are listed in the Supplementary Table S2.
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tsG promoter methylation analysis

The EpiTect Methyl II PCR System (Qiagen) 
was used to assess the methylation of TSG promoters 
according to the manufacturer’s protocol. 

Methylated dnA immunoprecipitation (MedIP)

For MeDIP analysis, genomic DNA was extracted 
using the DNAeasy kit (Qiagen), digested with MseI 
(300-1000 kbp fragments) and immunoprecipitated 
using an anti-5-methylcytidine (5-mC) antibody (Active 
Motif). The resulting enriched methylated DNA in the 
immunoprecipitated fraction was subjected to PCR 
analysis of CDH1 promoter region using primers listed in 
Supplementary Table S2. 

Isolation of primary AMl cells

Primary AML cells from patients were isolated as 
described [21]. Briefly, blood samples and bone marrow 
aspirates from AML patients were obtained according to 
an institutionally approved protocol. Mononuclear cells 
were isolated using Ficoll density centrifugation. 

drug synergy studies

Cells were seeded in a 96-well plate and treated 
with GO-203 [47] and/or decitabine (Sigma). Cell 
viability was assessed using cell titer glow assay 
(Promega). Combination index values were determined 
by isobologram analysis using CompuSyn software. 
Combination index values < 1 were considered as 
synergistic and > 1 as antagonistic [44].

Immunofluorescence imaging

Intracellular staining was performed as described 
[44, 47]. Briefly, primary AML cells were fixed with 
2% paraformaldehyde and permeabilized with 100% 
methanol. Cells were then stained with anti-MUC1-C 
(Thermo Scientific) and anti-DNMT1 (Abcam), followed 
by incubation with secondary anti-hamster Alexa Fluor 
488 and anti-rabbit Alexa Fluor 568 (Abcam) antibodies. 
Cells were counterstained with 4,6 diamidino-2-
phenylindole (DAPI) and visualized using a Nikon Ti 
inverted microscope.

bioinformatic analyses

Datasets of AML patient samples were downloaded 
from gene expression omnibus (GEO) under the accession 
numbers GSE17855 and GSE30375. Data was RMA 

normalized (Bioconductor) and Log-2 transformed [47]. 
Multiple probes set IDs for MUC1 was averaged for each 
patient sample to obtain a representative expression value 
[40]. Correlations between MUC1 and DNMT1 expression 
were assessed by Pearson’s coefficient analysis. Datasets 
were also downloaded from GEO under the accession 
number GSE58477 for assessment of methylation profiling 
by array [50]. The β-values for the CDH1 (cg16739895) 
gene in AML (n = 62) and normal bone marrow progenitor 
cells (NBMPC, n = 10) were compared using the Student’s 
t-test.
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AbstrAct
Osteoprotegerin (OPG) is a soluble decoy receptor for tumor necrosis factor 

(TNF)-related apoptosis inducing ligand (TRAIL). It belongs to the tumor necrosis 
factor receptor superfamily (TNFRSF). OPG was initially discovered to contribute to 
homeostasis of bone turnover due to its capability of binding to receptor activator 
of nuclear factor-kappaB (NF-kB). However, apart from bone turnover, OPG plays 
important and diverse role(s) in many biological functions. Besides having anti-
osteoclastic activity, OPG is thought to exert a protective anti-apoptotic action in OPG-
expressing tumors by overcoming the physiologic mechanism of tumor surveillance 
exerted by TRAIL. Along with inhibiting TRAIL induced apoptosis, it can induce 
proliferation by binding to various cell surface receptors and thus turning on the 
canonical cell survival and proliferative pathways. OPG also induces angiogenesis, one 
of the hallmarks of cancer, thus facilitating tumor growth. Recently, the understanding 
of OPG and its different roles has been augmented substantially. This review is aimed 
at providing a very informative overview as to how OPG affects cancer progression 
especially breast cancer.

INtrODUctION

brEAst cANcEr

At present, one in eight women in the United 
States will develop breast cancer [1]. Recent advances 
in breast cancer detection and treatment have decreased 
the mortality rate of breast cancer [1] but the success of 
treatment relies largely on detection of the disease at early 
stages [1]. A lack of knowledge regarding the molecular 
mechanisms underlying breast tumor progression to 
invasive and then metastatic disease limits the ability to 
treat advanced disease. The identification of factors that 
promote metastasis is essential for the development of new 
breast cancer therapies and a further reduction in breast 
cancer mortality [2]. Inflammatory breast cancer (IBC) is 
a highly aggressive, angioinvasive, and a highly metastatic 
form of breast cancer. IBC is associated with a high 
incidence of early nodal and systemic spread. Systemic 

chemotherapy, adjuvant therapy, surgery and radiation 
have not improved disease prognosis or overall survival 
of IBC patients [3, 4].

tUMOr MIcrOENVIrONMENt

The tumor microenvironment (TME) is the cellular 
environment in which the tumor exists and provides its 
niche for growth, progression, survival and evolution. 
The normal microenvironment provides crucial signaling 
to maintain appropriate tissue architecture, inhibit cell 
growth and suppress the malignant phenotype, and acts as 
a barrier to tumorigenesis [5]. Incorrect signals from TME 
can destabilize tissue homeostasis, initiate, promote, and 
push normal cells to malignant phenotype [5]. The TME is 
highly complex and dynamic, and includes blood vessels, 
immune cells, inflammatory cells, and components of 
the extracellular-matrix (ECM). TME is also rich in 
various cytokines, chemokines, ECM proteins, growth 
and angiogenic factors involved in autocrine but also 
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paracrine cell signaling. The field of TME has expanded 
our understanding of cancer as more than a single factor 
driven disease. Rather, cancer biology involves complex 
reciprocal interaction and co-evolution between cancer 
cells and host stromal cells, interplay of soluble growth 
factors and chemokines as the key mediators involved 
in oncogenic signaling pathways of tumors. The list of 
anti-cancer therapies and clinical trials based on the role 
of the microenvironment in various types of cancers has 
grown long and it includes endostatin, Bevacizumab 
(Avastin), MK-2416, Anastroazole, Bay 43-9006, 
DX2400, Celecoxib, and PG545 etc. [5]. The majority 
of these are multikinase inhibitors blocking tumor cell 
growth pathways such as BRAF, Bcr-Abl, c-Kit, vascular 
endothelial growth factor receptor-1 (VEGFR-1), 
VEGFR-2, VEGFR-3, PDGFR and colony-stimulating 
factor-1 receptor [5]. Proteomic landscape of the breast 
cancer TME includes diverse factors involved in tumor 
growth, proliferation, metastasis, vascularity, evading cell 
death pathways and host immune system. In our previous 
study we demonstrated that inflammatory and invasive 
breast cancer TME is rich in OPG, chemokines such as 
urokinase-type plasminogen activator receptor (uPAR), 
Oncostatin M (OSM), IL-6 and GRO-α [6]. Here, we 
focus only on osteoprotegerin (OPG) as one of the factors 
present in the TME of inflammatory and invasive breast 
cancer cell lines, and discuss how it multitasks various 
functions to drive tumorigenesis.

OstEOprOtEgErIN (Opg)

OPG was first identified by sequence homology 
to the tumor necrosis factor receptor (TNFR) family 
during a rat intestine cDNA sequencing project and was 
named based on its function (Latin: os bone, protegere 
to protect) [7]. OPG was independently discovered and 
alternatively named osteoclastogenesis inhibitory factor 
(OCIF) [8], TR1 [9], and follicular DC-derived receptor-1 
(FDCR-1) [10], which are found to be identical to OPG. 
The human OPG gene is located at chromosome 8q23-
24 and is composed of 401 amino acids [11]. The OPG 
protein comprises 401 amino acids of which 21 form a 
signal peptide [12] (Figure 1). Human and murine OPG 
consist of four cysteine rich pseudo repeats located in the 
N-terminal, two death domains, and a heparin-binding
site located in the C-terminus and a 21 amino acid signal
peptide [11]. Signal peptide is cleaved to generate a mature
form of 380 amino acids (Figure 1). At the N terminus,
there are four domains (D1-D4), which have cysteine-rich
TNF receptor homologous motifs [12]. These motifs are
required and are sufficient for binding to its major target,
the receptor activator of nuclear factor (NFΚB) ligand
(RANKL), and for inhibiting osteoclastic differentiation
and activation [12]. At the C terminus, there are tandem
death-domain homologous regions (D5 and D6) followed
by a heparin-binding site (D7) [12] (Figure 1). More
specifically at position 400, there is a cysteine required
for homodimerization of the molecule (Figure 1). OPG is

Figure 1: Molecular structure of Opg highlighting its different binding and functional domains.
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a secreted protein with no transmembrane or cytoplasmic 
domain, and is produced as a monomer (55-62 kDa) that 
undergoes homodimerization [11, 12]. OPG is secreted as 
a disulfide-linked homodimeric glycoprotein with four or 
five potential glycosylation sites, generating a mature form 
of OPG of 110-120 kDa [12]. The dimeric form of the 
protein exhibits a greater affinity for RANKL and a higher 
heparin-binding capacity than the monomeric form. The 
heparin binding site (D7) of OPG facilitates its binding 
to cell membrane-associated heparan sulfates. Heparan 
sulfates are expressed on the cell surface as heparan 
sulfate proteoglycans (HSPGs), and are involved in cell 
signaling, controlling cell behavior, actin cytoskeleton 
regulation, cell adhesion, and cell migration [13]. For 
biological use, D7, D5, and D6 are removed, and the 
remaining amino acids 22-194 OPG peptide is fused to 
the Fc domain of human IgG1 (OPG-Fc), which maintains 
the potent dimeric nature of full-length OPG and exhibits a 
significantly increased circulating half-life [12, 14]. OPG 
is highly expressed in the adult lung, heart, kidney, liver, 
thymus, lymph nodes and bone marrow [11].OPG is syn-
thesized by several cells including stromal cells, osteo-
blasts, vascular smooth muscle cells, B lymphocytes, and 
articular chondrocytes [11].

Opg AND brEAst cANcEr

One of the first studies to characterize OPG 
revealed its expression in two human breast cancer cell 
lines, MDA-MB-436 and MCF-7 [15]. Further studies 
have confirmed the expression of OPG in breast cancer 
cell lines and tissues. The MCF-7, MDA-MB-231 and 
T47D human breast cancer cells lines were tested for 
OPG mRNA expression by real time PCR alongside 12 
primary breast tumor samples [16]. OPG is expressed in 
40% of breast cancers but not in normal breast tissue, and 
the TRAIL sensitive breast cancer cell line MDA-MB-436 
produces sufficient levels of OPG to inhibit TRAIL-
induced apoptosis in vitro [17]. OPG mRNA expression 
is upregulated in human breast cancer cell lines and tumor 
samples. The expression pattern of OPG was examined 
by immunohistochemistry in 400 invasive breast cancer 
tissue samples [18]. It was found that 40% of the invasive 
breast tumors expressed OPG with expression confined to 
tumor cells. It should be noted that the expression of OPG 
by tumor cells is not limited to the cancer cell expressing it 
but it has tremendous paracrine effect on the neighboring 
healthy cells. 

Our study [6] for the first time, revealed that OPG 
is secreted and expressed at very high levels from the 
SUM1315MO2 invasive breast cancer cell line, as well 
as the SUM149PT and SUM190PT inflammatory breast 
cancer cell lines. OPG was secreted at a concentration 
of 500 pg/ml and 1100 pg/ml from SUM1315MO2 and 
SUM149PT, respectively [6]. Our study [6] demonstrated 
specific OPG staining in inflammatory breast cancer 

patient tumor sections apart from invasive breast cancer 
tumor sections which has been reported previously [18]. 
Heavy secretion of OPG led us to hypothesize that OPG 
directly or indirectly might be involved in inducing 
various oncogenic factors and thus contributing to the 
severity of the disease. 

Breast cancer tissue is a heterogeneous system, 
mainly composed of tumor epithelial cells and stromal 
cells. The crosstalk between malignant and nonmalignant 
cells takes place in the breast TME at the primary 
site. This interaction, which can be via cytokines and 
chemokines, plays a major role in the various steps 
of breast cancer progression [19-23]. Therefore, the 
bidirectional crosstalk between the breast cancer cells 
and the tumor microenvironment components including 
immune cells, mesenchymal stem cells (MSCs), 
tumor associated fibroblasts (TAFs), fibroblasts, tumor 
vasculature, and extracellular matrix play vital roles in 
shaping tumor progression, aggressiveness and the bulk 
of the disease. This interaction, mainly driven by soluble 
secreted factors allows tumor cells to modify the stroma 
via tissue remodeling and gene expression and vice 
versa [22]. Therefore, defining the nature of the signals 
exchanged between the tumor microenvironment and 
the tumor cells should provide insights into how breast 
cancer develops and progresses, and may help to reveal 
therapeutic modalities based on intercepting the tumor-
stroma crosstalk. Recruitment of the different components, 
including the MSCs and TAFs, is mediated by binding 
of different chemical messengers such as the TRAIL, 
TNF-α, TGF-β, chemokine (C-C motif) ligands, IL6, and 
platelet derived growth factor (PDGF) to their respective 
receptors. The MSCs are known to increase tumor 
progression, which is mediated by different cytokines such 
as OPG, TRAIL, IL-6, IL-8, CCL-5, CCL-2, and RANKL. 
These factors are known to increase the breast cancer 
development by regulating patient survival, bypassing 
apoptosis, invasion, migration and tumor angiogenesis 
[24]. OPG, TRAIL, and RANKL are significantly higher 
in tumor epithelial cells from patients with breast cancer 
than in epithelial cells of non-neoplastic breast tissues 
[25]. Moreover, the expression of OPG, TRAIL, RANKL, 
and RANK was significantly higher in spindle-shaped 
stromal cells from patients with breast cancer than in non-
neoplastic tissue stromal cells [25].

rOLE OF Opg IN MEtAstAsIs

Metastasis is an intricate multistep process, which 
is closely associated with worse prognosis of patients 
with tumors, and spread of the tumor. For example, bone 
metastasis is considered lethal and is an active area of 
research for potential therapeutic developments targeting 
bone cancer metastases. Bone metastases occur in more 
than 70% of breast cancer patients and cause severe 
skeletal complications such as fractures, spinal cord 
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compression, bone pain, and hypercalcemia [26]. Patients 
with estrogen receptor-positive (ER+) breast cancer 
constitute a major clinical population who are at risk for 
bone metastases [26]. More than 50% of primary breast 
cancer cells express OPG and RANK, while RANKL 
could be detected only in 14-60% [25]. OPG is one of 
the important players of the OPG/ receptor activator of 
nuclear factor kappa-B (RANK)/RANK ligand (RANKL) 
triad (Figure 2), and is a secreted member of the TNFR 
superfamily of proteins [27]. OPG functions as an en-
dogenous antagonist receptor that prevents the biological 
effects of RANKL, both membranous and soluble, 
and thus acts as an inhibitor of bone remodeling and 
resorption. Unlike RANK and RANKL, OPG does not 
have a transmembrane domain or cytoplasmic domain 
[28]. OPG is thus a decoy receptor, which interferes with 
the osteoclastic RANKL/RANK signaling to prevent bone 
loss [29].

The four cysteine rich pseudo repeats form an 
elongated structure and binds to one of the grooves 
of the active RANKL therefore preventing RANKL/
RANK interaction and hence osteoclastogenesis. OPG 
production is modulated by sev eral cytokines, vitamins, 
estrogens and other molecules, thereby modulating 
osteoclastogenesis and bone resorp tion. OPG production 
is induced by 1α, 25-dihydroxyvi tamin D3, estrogens, pro-
inflammatory cytokines such as interleukin-1 (IL-1) and 
TNF-α as well as transforming growth factor-β (TGF-β), 
whereas parathyroid hormone (PTH) and glucocorticoids 
inhibit OPG production. OPG expression is modulated by 
biphosphonates in osteoblasts [30, 31].

Another study has also highlighted the possibility 
of bone derived OPG to increase survival of breast 
cancer cells that reach the bone microenvironment as 
part of the metastatic process thus promoting the breast 
cancer mediated bone osteolysis [32]. Aggressive 
breast cancer malignancies metastasize to bone and are 
associated with dysregulation of the RANK/RANKL/OPG 
pathway and can increase the RANKL/OPG ratio, which 
would favor excessive osteolysis [33]. OPG blocks the 
maturation of bone resorbing osteoclast cells in the bone 
microenvironment thus preventing bone resorption. OPG 
does not have a transmembrane domain or cytoplasmic 
domain [11]. A high affinity anti-RANKL monoclonal 
antibody denosumab (AMG162; bone antiresorptive 
drug) targeting the osteoblast/cancer cell interphase has 
been developed to prevent bone loss in prostate and breast 
cancer bone metastases by slowing down bone turnover, 
hence prostate and breast cancer growth on the skeleton 
[29]. Clinical phase III study showed that even patients 
with breast cancer without bone metastases but with 
reduced bone density due to treatment with aromatase 
inhibitors benefit from treatment with denosumab [34]. 
The treatment significantly increased bone density after 
1-2 years compared with the placebo treated control group

[34]. AMGN-0007 is a recombinant OPG construct and 
suppressed bone resorption when administered to multiple 
myeloma (MM) and breast cancer patients during a phase 
I clinical trial [35].

Knocking down OPG expression in triple-
negative breast cancer cells led to a significant reduction 
in metastasis in the chick embryo metastasis model. 
A reduction in metastasis was observed from both a 
primary tumor and by intravenous injection of tumor 
cells, suggesting a direct impact of OPG on metastasis 
[2]. The discovery that OPG is a potent inhibitor of 
osteoclast activity and maturation initiated research into 
the possibility of using this molecule as a therapeutic agent 
for the treatment of a variety of conditions associated with 
increased bone resorption, including tumor-induced bone 
disease [36]. 

Opg As A sUrVIVAL FActOr

Discovery of OPG’s ability to bind and inhibit 
the activity of TRAIL (TNF related apoptosis inducing 
ligand) opened an altogether new avenue for research 
suggesting that OPG production may provide cells with 
a survival advantage (Figure 2) [37]. TRAIL is produced 
in tumors by invading monocytes, inducing apoptosis 
in neoplastic cells sensitive to this cytokine. It has been 
shown in MDA-MB 436 and MDA-MB 231 cells that 
OPG produced by breast cancer cells enhances tumor cell 
survival by inhibiting TRAIL-induced apoptosis [18]. 
In vitro studies using a number of different tumor types 
have supported this hypothesis [18, 32, 38-40] but an 
undisputed functional link between OPG and cell survival 
in cancer has been not established to date. Resistance to 
apoptosis being a hallmark of cancer also correlates with 
aggressiveness of the tumor and poor prognosis. Wnt/ß-
catenin, a major pathway of cell proliferation and growth 
has been shown to drive OPG expression thus leading to 
cell survival in colon cancer (Figure 2) [41]. In addition, 
the OPG produced by endothelial cells may increase 
survival through binding to TRAIL, thus helping the tumor 
cells to proliferate and increase metastatic bulk (Figure 
2). One of the study highlighted the association of OPG 
expression in endothelial cells with increased tumor grade. 
The study also reported negative correlation between 
endothelial OPG and ER status of the tumors.  OPG has 
been shown to be able to act as an autocrine survival 
factor for both breast and prostate tumor cells in vitro and 
this could also be a mechanism used by endothelial cells 
potentially favored by conditions within high grade tumors 
[42]. 

Apart from inducing angiogenesis and bypassing 
apoptosis by quenching TRAIL ligand, our study [6] for 
the first time demonstrated that OPG has the potential 
of reprogramming healthy human mammary epithelial 
spheres (HMEC), driving them towards tumorigenesis 
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thus mimicking the scenario in breast cancer spheres 
(Figure 2). The addition of OPG to the normal HMEC 
growth media induced proliferation in the HMEC spheres. 
Another study [43] showed that intra-tibial tumors from 
the MCF-7 cells overexpressing OPG had an increase 
in cells staining positive for the proliferation marker 
Ki67. These observations together suggest that OPG 
can induce proliferation. Apart from a drastic increase 
in proliferation, few morphological changes were also 
induced in the control spheres. Aneuploidy, a hallmark of 
cancer, has been proposed to initiate tumorigenesis and is 
a remarkably common characteristic of tumor cells [44]. 
The increase in proliferation in HMEC spheres can be 
corroborated with the onset of aneuploidy markers such 
as IAK-1, Bub-1 and BubR1 [6].

Our goal was to decipher the cellular mechanisms 
of how OPG modulates and reprograms the normal 

mammary epithelial cells to a tumorigenic state thus 
suggesting promising avenues for treating IBC as well as 
highly invasive breast cancer with new therapeutic targets 
[6]. Our study also highlighted how OPG upregulates the 
phophorylated survival kinases such as Erk, Akt, GSK3β 
and p65 in HMEC spheres which contends the increased 
proliferation as seen in HMEC spheres in the presence of 
OPG (Figure 2) [6]. With DNA copy number variations 
(CNVs) in cancer cells having prognostic impact, it opens 
several avenues for therapeutic treatment and translational 
research. OPG selectively amplified the DNA copy 
numbers of AKT1, AURK1, EGFR, MYC and PAK1, 
CDK4 and downregulated tumor suppressive CDKN2A, 
PTEN and TOP2A genes (Table 1) [6]. OPG has been 
reported to exert its effects via OPG receptors, such as 
type II membrane forms of RANKL [45, 46], TRAIL 
[47] and heparan sulfate containing proteoglycans, such

Table 1: Comparison of copy number variations in breast cancer cell lines, inflammatory breast cancer tissue from 
patient, and HMEc sphere cultures grown for long time in the presence of Opg rich microenvironment.

Red check marks denote the remarkably high gene expression of AKT1, AURKA, CDK4, EGFR1, ERBB2, PAK1 and MYC 
copy number in the DNA prepared from sphere cultures of SUM149PT, SUM1315MO2, inflammatory breast cancer tissue 
from patients, and HMEC spheres cultured for long time in the presence of human recombinant OPG (500pg/ml). Green 
crosses depict the downregulation of tumor suppressors (RB1 and PTEN), cycle regulator CDKN2A, and DNA repair enzyme 
topoisomerase DNA II alpha TOP2A in SUM149PT, SUM1315MO2, inflammatory breast cancer tissue from patients, and 
HMEC spheres cultured for long time in the presence of human recombinant OPG (500pg/ml).
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as syndecan-1 (Figure 2) [13, 48]. Interestingly, our study 
for the first time showed how one of the crucial breast 
cancer stem cell markers CD24 was upregulated in HMEC 
spheres in the presence of OPG which also supports the 
sustained proliferation in control spheres. 

Recent studies have demonstrated OPG expression 
in breast cancer tissue samples and in a large cohort of 
invasive breast cancers (n = 400), 40% of samples showed 
OPG expression that was confined to tumor cells [18]. 
Interestingly, the gain in OPG gene copies was observed 
in 182 out of 934 tumors when the TCGA-2013 human 
breast invasive carcinoma data set was analyzed through 
the cBioPortal website [2]. The presence of an OPG copy 
number gain is a significant predictor of decreased overall 
survival or poorer prognosis in this cohort [2]. 

Opg AND ANgIOgENEsIs

Angiogenesis is an essential step for breast cancer 
progression and dissemination. The development of 
new blood vessels in a tumor setting (angiogenesis) is 
conducted by numerous physiological and pathological 
stimuli. These stimuli can be various cytokines, 
chemokines, and growth factors. Molecular players of 
angiogenesis have been characterized since the early 
years of angiogenic studies, and one of the most prominent 
stimulating growing factors is certainly the vascular 
endothelial growth factor (VEGF) family. The most 
prominent member of this family, VEGF, is the foremost 
controller of physiological and pathological angiogenesis. 
An increasing number of reports now consider that OPG 

Figure 2: schematic diagram depicting the diverse signaling pathways that are triggered or modulated by Opg. 
OPG can bind to various cell surface receptors such as Syndecan-1, membranous RANKL, and αVβ5 integrin in order to trigger different 
cell survival pathways particularly, ERK, PI-3K/Akt pathway which results in expression of various cell survival favorable genes. 
Simultaneously, stable β-catenin of the canonical Wnt/β-catenin pathway, which is turned on in the majority of cancer cells, translocate to 
nucleus and turns on OPG gene expression. The OPG gets secreted out of the cell in the microenvironment, and can exert its paracrine and 
autocrine effects. The released OPG can affect the nearby healthy cells thus driving them towards tumorigenesis. The released OPG can 
also exert autocrine effects on the cancer cells by binding to cell surface receptors. The binding of OPG turns on the vicious cell survival 
signaling in cancer cells thus favoring their growth, proliferation, survival, angiogenesis [6]. 
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also has a function in other biological systems, including 
the vasculature [49-51]. It is highly possible that OPG 
produced either by the endothelial cells themselves or 
by the surrounding tumor cells, may result in increased 
endothelial cell survival and differentiation to form blood 
vessels, thereby facilitating tumor growth. OPG has been 
implicated in microvascular endothelial cell proliferation, 
migration, and induction of angiogenesis (Figure 2) [52]. 

Involvement of the heparin-binding domain D7 
in OPG’s proangiogenic activity has been suggested 
by McGonigle et al. 2009 [53]. OPG may interact with 
endothelial colony forming cells (ECFCs) through its 
binding to HSPG’s, syndecan-1 (Figure 2), thereby 
exerting an anti-adhesive effect and promoting ECFC 
migration through a SDF-1/CXCR4 dependent pathway 
(as well as the MAPK and the Akt cascades), finally 
facilitating their recruitment to sites of neoangiogenesis 
[54, 55]. Our study [6] also corroborates the previous 
findings [42, 54, 56] highlighting OPG’s important role 
in angiogenesis and neovasculogenesis in endothelial tube 
formation in an in vitro model of angiogenesis (Figure 
2). When we used 500pg/ml and 1100pg/ml rhOPG, the 
length of the neovascular tubes were increased along with 
the number of branch points when compared to control 
media without rhOPG [6]. Quantitatively, conditioned 
media from SUM149PT and SUM1315MO2 adherent cell 
conditioned medium induced ~ 5-fold and 2.5 fold more 
branch points/field, respectively than HMEC medium [6]. 
However, OPG-depleted SUM149PT and SUM1315MO2 
conditioned media reduced node formation by 36 and 
51%, respectively [6].

Opg AND Its bINDINg pArtNErs IN 
brEAst cANcEr cELLs

In our quest to understand more about the binding 
partners of OPG we performed mass spectrometry 
analysis. OPG pulled down proteins controlling cell 
proliferation (nucleolin, IQGAP1/3, proliferation inducing 
gene 32, proliferation inducing gene 44), proteins 
involved in transport and fusion (valosin and ATP binding 
cassette), and proteins involved in gene expression 
(Leucine rich PPR, DHX9 or DEAH, t-RNA synthetase) 
(Figure 3) (unpublished results). OPG pulled down many 
cytoskeleton elements such as myosin, filamin, keratin, 
ankyrin, vinculin, and α-actinin (Figure 3) (unpublished 
results).

Interestingly, immunoprecipitation of breast cancer 
cell extracts by OPG antibody revealed a major band 
at a molecular mass of 110 kDa (unpublished results). 
Mass spectrometry analysis revealed it to be the protein 
nucleolin (Figure 3) (unpublished results). Nucleolin 
is a multifunctional shuttling protein present in the 
nucleus, cytoplasm, and on the surface of some types 
of cells. Nucleolin is a major constituent of nucleoli 
in exponentially growing cells and functions in the 

organization of nucleolar chromatin, packaging of pre-
rRNA, rDNA transcription, and ribosome assembly by 
shuttling between the nucleus and the cytoplasm [57-
59]. Expression of nucleolin on the cell surface has been 
reported in HeLa cells [60], lymphoblastoid T cells [60], 
breast carcinoma cells [61, 62], lung [63], and laryngeal 
epithelial cells [64], and hepatocarcinoma cells [68]. 
Nucleolin is expressed on the surface of endothelial cells 
in angiogenic blood vessels [65]. The interaction between 
nucleolin and OPG in breast cancer cells adds another 
layer of complexity to how OPG could be manipulating 
functions at the nuclear levels, and these studies are 
ongoing in our lab. 

The observation of cytoskeleton elements being 
pulled down validates with findings that have been reported 
previously [43]. Studies have investigated the mechanism 
whereby OPG could promote angiogenic behavior of 
endothelial cells. Human dermal microvascular endothelial 
cells (HuDMECs) treated with OPG were elongated with 
extensive actin networks compared to untreated cells 
[43]. This was due to cytoskeletal reorganization and cell 
spreading which was mediated by Focal Adhesion Kinase 
(FAK) as phosphorylation of FAK at tyrosine 397 was 
induced by treatment with OPG [43]. 

Valosin-containing proteins; also known as p97 
or VCP, is an abundant ATPase which has the ability to 
use the energy derived from ATP hydrolysis to unfold 
client proteins [65]. VCP engages in a range of cellular 
processes such as ER-associated degradation (ERAD) 
that mediates the extraction of misfolded proteins across 
the ER membrane and their delivery to the proteasome. 
The ATPase valosin-containing protein (VCP; p97) is 
an essential regulator of protein degradation in multiple 
pathways and has emerged as a target for cancer therapy. 
VCP inhibition affects protein synthesis, eukaryotic 
initiation factor 2α (eIF2α) and mechanistic target of 
rapamycin complex 1 (mTORC1), and attenuates global 
protein synthesis. VCP inhibitors perturb intracellular 
amino acid levels, activated eukaryotic translation 
initiation factor 2α kinase 4 (EIF2AK4), and enhance 
cellular dependence on amino acid supplies, consistent 
with a failure of amino acid homeostasis [65]. Thus, 
depletion of VCP triggers cancer cell death in part through 
inadequate control of protein synthesis and amino acid 
metabolism, and allows it to have implications for the 
development of anti-cancer therapies [65, 66]. OPG’s 
interaction with VCP in the context of invasive and 
inflammatory breast cancer opens up many interesting 
avenues to research the therapeutic implications.

OPG interestingly pulled down lipid metabolic 
enzyme, fatty acid synthase (FASN), which is a key 
enzyme of the fatty acid biosynthetic pathway in breast 
cancer cells (Figure 3) (unpublished results). FASN 
controls the process of producing de novo fatty acids from 
carbohydrate and amino acid-derived carbon sources 
[67]. FASN is a multifunctional polypeptide enzyme 
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that produces saturated fatty acids, uses one acetyl-CoA 
and sequentially adds seven malonyl-CoA molecules 
to produce the 16-carbon saturated palmitic acid [67]. 
Overexpression of FASN has been strongly associated 
with many cancer types because it plays important 
metabolic roles in molecular pathways regulating cancer 
cell proliferation and tumor development [67]. Reduction 
in FASN enzyme activity by chemical inhibitors including 
orlistat, cerulenin and triclosan have been reported to 
remarkably decrease progression in various cancer cell 
types [68]. FASN is an attractive therapeutic target as it 
regulates neoplastic transformation, metastasis as well 
as angiogenic pathways manipulating tumor vascularity 
and cell proliferation [69]. It also serves as a potential 
diagnostic and prognostic biomarker as it is secreted 
in the blood of patients with breast, prostate, colon and 
ovarian cancers compared with normal healthy subjects 
[69]. In our recent study we demonstrated that compared 
to HMEC, SUM149PT and SUM1315MO2 breast cancer 
cells express increased level of FASN [70]. We have 
several interesting findings in the context of paracrine 
signaling in the OPG rich breast cancer microenvironment 
that drives carcinogenesis via inducing and sustaining 
inflammatory cycloxygenase-2 (COX-2) and lipogenic 
FASN in an invasive breast cancer setting (Figure 
3) (unpublished results). Our lab findings reveal the
synergistic anti-proliferative role of the COX-2 inhibitor
celecoxib and FASN blocker C75 in aggressive metastatic

breast cancer cells (Figure 3) (unpublished results).

Opg IN cANcErs AND OtHEr DIsEAsEs

OPG has been reported to have connection with 
Prostate cancer, which is one of the malignancies that 
have great avidity to bone as advanced prostate cancer 
commonly metastasizes to bone leading to osteoblastic 
and osteolytic lesions [71]. Prostate cancer cells secrete 
OPG and in vitro OPG can protect the tumor cells from 
apoptosis via its ability to inhibit TRAIL and the apoptotic 
mechanisms it activates [18, 38, 40]. In contrast, in vivo 
OPG was shown to inhibit the survival of prostate cancer 
cells in bone [72, 73]. A potential role for serum OPG as a 
marker of early relapse in prostate cancer is suggested by 
the study of Eaton et al. 2004 [74]. Here, they compared 
serum OPG levels in 104 prostate cancer patients, ten 
cases of benign prostatic hyperplasia, and ten healthy 
young men [74]. The prostate cancer patients were divided 
into several groups: untreated patients with (i) organ 
confined or (ii) locally advanced disease, (iii) patients 
with advanced disease responding to androgen ablation 
and (iv) patients with early signs of disease progression. 
Serum OPG was found to increase in patients who 
progressed following androgen ablation, and this increase 
was detectable prior to elevation of the classical marker 
prostate specific antigen (PSA). The authors [74] suggest 
that serum OPG may not simply be a marker of advanced 

Figure 3: pie chart depicting the binding partners of Opg from mass spectrometry analysis. A. pull-down with anti-OPG 
antibody revealed a myriad of proteins involved in different cellular functions in inflammatory and aggressive breast cancer cells.
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disease, but indicate changes in tumor cell survival and 
growth. The proinflammatory cytokine TNF-α has been 
demonstrated to drive OPG production in a variety of cell 
types and prostate cancers [75]. 

One of the major clinical features of multiple 
myeloma is the development of osteolytic bone disease 
and, over recent years, there is increasing evidence to 
suggest that the dysregulation of the RANK/RANKL/OPG 
system is important in the pathogenesis of myeloma bone 
disease. One study [76] has shown a subset of melanomas 
constitutively produce soluble OPG. OPG expression 
is regulated by the presence or absence of TNFR1 on 
melanomas, and melanomas drive OPG production 
in the absence of accessory cells through autocrine 
signaling via surface expression of mTNF. OPG levels are 
dramatically elevated in some colon carcinoma cells and 
that its secretion is potently upregulated by inflammatory 
cytokines such as TNF-α and IL-1 [77]. Increased serum 
OPG levels have been reported in patients with colorectal 
cancer (CRC) [41]. Interestingly, overexpression of OPG 
at the invasive tumor front plays a critical role in the 
initiation of progression and metastasis of CRC and high 
OPG level is a novel marker for recurrence after curative 
surgery for CRC [78]. The study also suggests OPG’s 
potential to be used as a reliable biomarker to decide 
whether to use adjuvant chemotherapy in patients with 
CRC after surgery [78]. 

Ito et al. [79] examined the expression of OPG by 
gastric carcinoma cell lines and material from 103 cases 
of primary gastric carcinomas by gene expression analysis 
and immunohistochemistry, and related OPG expression 
to clinicopathological information such as tumor stage, 
depth of invasion, presence of lymph node metastasis and 
prognosis. They report a significant correlation between 
OPG expression and depth of tumor invasion, nodal 
metastasis and tumor stage, with strong OPG expression 
more frequent in stages III and IV than stages I and II. 
Mizutani et al. 2004 [80] demonstrated that serum OPG 
concentration is correlated with both tumor stage and 
tumor grade and that elevated serum OPG levels are 
predictive of early recurrence in patients with bladder 
carcinoma. These findings suggest that serum OPG 
concentration may have utility as a prognostic parameter 
in this setting. 

OPG overexpression has also been related to 
poor prognosis for pancreatic cancer (PaC) and is a 
key modulator of metastasis and resistance to TRAIL-
induced apoptosis [81]. Shi et al. 2014 showed increased 
OPG expression in PaC tissues compared with normal 
pancreas, and in PaC tumors [81]. OPG overexpression 
was associated with new-onset PaC-diabetes mellitus 
(PaC-DM) [81]. Patients with new-onset PaC-DM had 
a higher serum OPG level than those without diabetes 
mellitus [81]. These findings suggest that in at least a 
portion of PaC tissues, islet cells would face high OPG 
stress, and thus be more susceptible to damage than 

normal human islets. Taken together these studies also 
provide the rationale to consider OPG as a diabetogenic 
factor and most importantly as a candidate target for 
new approaches to retard the development of PaC-DM 
[81]. Toffoli et al. 2011 [82] found that OPG induces 
morphological alterations and reduction of islet function 
in mouse pancreatic islets. Serum OPG level may be used 
as a diagnostic tool and a prognostic variable for patients 
with muscle invasive bladder cancer. Future trials are 
required to elucidate its therapeutic role in such patients 
[83]. 

OPG is also involved in many other diseases 
unrelated to cancer. OPG was recently defined as an 
important cardiovascular (CV) marker in the general 
population with arterial stiffness, vascular calcification, 
and carotid intima media thickness [84]. OPG constitutes 
a novel biomarker with prognostic significance in 
patients with severe malaria. In addition, further studies 
are required to determine whether OPG plays a role in 
modulating malaria pathogenesis [85]. Circulating OPG 
levels are increased in patients with acute coronary 
syndrome [86] and enhanced expression has been found 
within symptomatic carotid plaques [87]. Elevated 
OPG levels have also been associated with the degree 
of coronary calcification in the general population as a 
marker of coronary atherosclerosis [88]. OPG levels were 
higher in obese than in normal subjects and HDL-C was 
also associated with OPG levels in obese women [89]. 
OPG has been reported to predict survival in patients 
with heart failure after acute myocardial infarction [90] 
to predict heart failure hospitalization and mortality in 
patients with acute coronary syndrome [86] and to be 
associated with long-term mortality in patients with 
ischemic stroke [91]. 

Opg AND gENEtIc pOLYMOrpHIsM

The occurrence of single nucleotide polymorphisms 
(SNPs) in the OPG gene in association with breast 
cancer has been examined. Ney et al. 2013 [92] for the 
first time reported a significant association between the 
SNP rs3102735 (5’ near promoter region containing the 
minor allele C as well as for the homo- and heterozygous 
genotype with the minor allele C) of the OPG gene and the 
susceptibility of breast cancer in Caucasian populations. 
A 1.5-fold increased risk of breast cancer was associated 
with SNP rs3102735 [92]. Another study reported that 
the C allele of the OPG SNP rs2073618 and the T allele 
of the OPG SNP rs2073617 occurred more frequently in 
breast cancer patients [93]. The variant C allele of 950 
T/C in the OPG promoter has been reported to play a 
major role as a genetic safe guard against progression in 
patients with prostate cancer [94]. The analysis of OPG 
gene variants C950T (promoter) and C1181G (exon 1) 
revealed that the presence of polymorphic 1181G/950T 
alleles and 950 TT/1181 GG genotypes may play a role in 
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the development of bone disease [95]. Apart from breast 
cancer, genetic variations in form of polymorphisms in 
OPG and RANKL have also been associated with bone 
fractures in premenopausal patients with systemic lupus 
erythematosis (SLE) [96]. OPG/A163G polymorphism 
has been suggested to contribute to the genetic regulation 
of bone mineral density or bone turnover markers in 
Slovak population and thus could increase or decrease 
osteoporosis risk [97]. 163A/G (rs3102735) and 950T/C 
(rs2073617) polymorphisms of OPG have been evaluated 
in patients with pre-eclampsia (60 cases of early-onset 
severe pre-eclampsia and 91 cases of late-onset pre-
eclampsia) [98].

Kwan et al., 2014 used a meta-analysis of GWAS 
from FIVE studies comprising > 10 000 individuals from 
European and Asian origin, and identified two genome-
wide significant loci (8q23-q24.1 and 17q11.2) and one 
locus on chromosome 14 associated with OPG levels with 
near genome-wide significance [99]. In conclusion, they 
discovered that variants > 100 kb upstream of the gene 
encoding OPG are associated with variation in circulating 
OPG levels and identified another new significant locus 
on chromosome 17q11.2 as well as a suggestive locus on 
chromosome 14q21.2 associated with the trait [99]. They 
estimated that over half of the heritability of age-adjusted 
OPG levels could be explained by all SNPs studied [99]. 

pErspEctIVEs

Despite the wealth of literature on OPG, there 
are many questions still unresolved, including the exact 
role of OPG in bone metastasis of breast cancer and 
the therapeutic potential of targeting OPG. Besides 
roles in cancer, OPG plays role(s) in bone metabolism, 
endometriosis, periodontal disease, thyroid disease and 
coronary heart disease [11]. Though OPG can modulate 
breast tumor growth and progression, future studies 
required to fully determine the mechanism of effect and 
overall outcomes of the different types of interactions 
required to determine whether strategies to block OPG 
signaling would be effective in blocking the development 
of primary breast tumors [43]. At this point OPG can no 
longer be considered solely in the bone microenvironment 
in breast cancer and caution must be exercised in the 
development of systemic treatment strategies aimed at 
increasing OPG levels. Localized delivery of OPG to the 
bone may be more appropriate to inhibit osteolysis linked 
metastatic breast cancer [43]. 

Conditionally replicating adenoviruses (CRAds) 
have been used as anticancer agents designed to infect 
and lyse tumor cells. In a murine model of osteolytic 
bone metastases of breast cancer, the CRAd armed with 
shortened OPG (sOPG)-Fc reduced tumor burden in the 
bone and inhibited osteoclast formation more effectively 
than an unarmed CRAd suggesting the role of OPG [17]. 
Breast cancer development in BRCA1/2 mutation carriers 

is a consequence of autonomous and nonautonomous 
cell factors, which serve as excellent targets for cancer 
prevention. BRCA-mutation carriers were reported to 
have lower mean values of free serum OPG in particular 
in BRCA1-mutation carriers compared with controls 
[100]. OPG may become a new biomarker and a target of 
treatment for patients with colorectal cancer since many 
studies have revealed the clinicopathologic significance 
of OPG expression by using clinical tissue samples from 
patients [78]. The effects of sustained expression of OPG 
using a recombinant adeno-associated viral (rAAV) vector 
in a mouse model of osteolytic breast cancer has clearly 
indicated the potential of rAAV-OPG therapy for reducing 
morbidity and mortality in breast cancer patients with 
osteolytic bone damage [101]. With all this development 
in the understanding of OPG, there might be more 
therapeutic avenues to manipulate OPG to predict and 
manage aggressive forms of breast cancer.
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ABSTRACT
Many cancers both evoke and subvert endogenous anti-tumor immunity. 

However, immunosuppression can be therapeutically reversed in subsets of cancer 
patients by treatments such as checkpoint inhibitors or Toll-like receptor agonists 
(TLRa). Moreover, chemotherapy can leukodeplete immunosuppressive host elements, 
including myeloid-derived suppressor cells (MDSCs) and regulatory T-cells (Tregs). We 
hypothesized that chemotherapy-induced leukodepletion could be immunopotentiated 
by co-administering TLRa to emulate a life-threatening infection. Combining CpG 
(ODN 1826) or CpG+poly(I:C) with cyclophosphamide (CY) resulted in uniquely 
well-tolerated therapeutic synergy, permanently eradicating advanced mouse 
tumors including 4T1 (breast), Panc02 (pancreas) and CT26 (colorectal). Definitive 
treatment required endogenous CD8+ and CD4+ IFNγ-producing T-cells. Tumor-
specific IFNγ-producing T-cells persisted during CY-induced leukopenia, whereas 
Tregs were progressively eliminated, especially intratumorally. Spleen-associated 
MDSCs were cyclically depleted by CY+TLRa treatment, with residual monocytic 
MDSCs requiring only continued exposure to CpG or CpG+IFNγ to effectively attack 
malignant cells while sparing non-transformed cells. Such tumor destruction occurred 
despite upregulated tumor expression of Programmed Death Ligand-1, but could 
be blocked by clodronate-loaded liposomes to deplete phagocytic cells or by nitric 
oxide synthase inhibitors. CY+TLRa also induced tumoricidal myeloid cells in naive 
mice, indicating that CY+TLRa’s immunomodulatory impacts occurred in the complete 
absence of tumor-bearing, and that tumor-induced MDSCs were not an essential 
source of tumoricidal myeloid precursors. Repetitive CY+TLRa can therefore modulate 
endogenous immunity to eradicate advanced tumors without vaccinations or adoptive 
T-cell therapy. Human blood monocytes could be rendered similarly tumoricidal during
in vitro activation with TLRa+IFNγ, underscoring the potential therapeutic relevance
of these mouse tumor studies to cancer patients.
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INTRODUCTION

The treatment of cancer is currently being 
revolutionized by interventions which prove that the 
immune system can control not only early malignancies, 
but also advanced cancers. Successful immunotherapy can 
range in complexity from simultaneous administration of 
immune cells, cytokines and chemotherapy [1-5] to single 
agents, most notably monoclonal antibodies which block 
signaling of the Programmed death-1 (PD-1) receptor or 
its ligand, Programmed death-ligand 1 (PD-L1) [6-8]. 
Such PD-1 blockade effectively reverses inhibition of the 
natural effector T-cell response in up to nearly 60% of 
patients with melanoma as well as subsets of patients with 
many other cancers, resulting in major and often sustained 
therapeutic responses [6-8]. However, many patients’ 
cancers remain refractory to PD-1 blockade as well as 
to other current immunotherapy modalities; therefore, 
additional strategies are still needed for the majority of 
cancer patients. 

On the most fundamental level, successful cellular 
immunotherapy requires accumulation and sustained 
activation of effector cells at literally all sites to which a 
cancer has spread. Cells of lymphocytic and/or myeloid 
lineage may serve as the final mediators of tumor rejection 
[9-17]. However, sustained effector activation is often or 
usually subverted by the strongly immunosuppressive 
environment typically generated by cancer throughout the 
body, recruiting regulatory T-cells (Tregs) and inducing 
myeloid-derived suppressor cells (MDSCs) as mediators 
of tumor escape [18-26].

Many chemotherapeutic agents have been reported 
to reduce host regulatory T-cells (Tregs) and/or MDSC 
subpopulations in addition to their direct anti-tumor effects 
[26-35]. Furthermore, the bone marrow rebound during 
each cycle of chemotherapy or whole body irradiation is 
associated with homeostatic, preferential proliferation of 
tumor-specific T-cells [33, 36-39]. However, even though 
each chemotherapy cycle may result in these favorable 
therapeutic effects, the benefits may be too transient to 
overcome the immunosuppressive impacts elicited by 
residual cancer. We hypothesized that a more sustained 
therapeutic benefit from chemotherapy could be achieved 
by administering repetitive cyclical chemotherapy along 
with interspersed Toll-like receptor agonists (TLRa). We 
predicted that this strategy could produce a substantial 
depletion of regulatory elements while causing the immune 
system to misidentify persistent tumor as a life-threatening 
infection, triggering a pronounced but appropriate 
escalation of both innate and acquired components of the 
endogenous anti-tumor immune response. 

Existing literature supports the concept that 
coordinate administration of chemotherapy and TLRa can 
have greater therapeutic effects in mouse tumor models 
than either agent alone [40-44]. However, due to highly 
variable dosing, schedules and therapeutic impacts, it has 

remained unclear whether such therapy can be sustained 
to induce total and permanent eradication of advanced 
metastatic mouse tumors, and whether such a strategy can 
be successfully extended to human cancer.

In the course of our investigations in mice, it 
became apparent that the combination of chemotherapy 
and TLRa (the TLR9 agonist CpG-ODN 1826 (CpG) 
alone or with the TLR3 agonist polyI:C (pIC)) 
required 7 cycles of administration to consistently 
achieve its maximum therapeutic impact. This enabled 
identification of a well-tolerated treatment algorithm 
that can successfully eliminate a wide spectrum of 
advanced mouse tumors simply by coordinate repetitive 
administration of cyclophosphamide (CY) plus one or two 
TLRa. Surprisingly, even with repetitive chemotherapy, 
the success of the treatment was absolutely dependent 
upon the participation of T-cells already present in 
the tumor-bearing (TB) mice. Moreover, our studies 
suggested that endogenous T-cells served mainly a helper 
role, empowering CD11b+Gr1dim host myeloid cells to 
mediate tumor rejection in a nitric oxide (NO)-dependent 
manner.

RESULTS

Repetitive cyclophosphamide (CY) given with 
interspersed TLR agonist(s) (TLRa) eradicates a 
spectrum of advanced mouse tumor models

The three models we used for initial therapeutic 
screening contained a strong presence of regulatory 
T-cells (Tregs) [45-47], but ranged widely in MDSC
(CD11b+Gr1+) content, from scant (Panc02) to moderate
(CT26) to overwhelming (4T1) [25, 48-50]. 4T1 also
displayed the most aggressive malignant behavior,
abruptly metastasizing to multiple organs, and resulting in
a tumor burden which has historically proved challenging
to cure in wild type (WT) syngeneic mice [50-52]
(Supplemental Figure S1).

We examined the therapeutic impacts of many 
variables, including different chemotherapy agents 
and TLRa, schedules and routes of administration, and 
lengths of treatment. We first determined maximum 
tolerated doses (MTD) when individual chemotherapeutic 
agents were administered repetitively to naïve mice 
on a weekly basis, approximating 21-28 day cycles in 
humans (Supplemental Figure S2A) [53, 54]. MTDs 
determined for naïve mice were, except for nab-paclitaxel, 
equally well tolerated in mice bearing advanced 4T1 or 
CT26 tumors (Supplemental Figure S2B and data not 
shown). Furthermore, TB mice tolerated treatment with 
TLRa alone (CpG ODN1826 and pIC) in a dose range 
and schedule that we had previously established as 
bioactive and well-tolerated (ref [55] and Supplemental 
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Figure S2B-S2C). However, when chemotherapy agents 
were additionally paired with TLRa to treat advanced 
tumors, only CY+TLRa produced durable complete 
tumor regressions, a regimen which was remarkably 
well tolerated during seven weekly cycles of treatment 
(Supplemental Figure S2C). Other agents combined 
with TLRa were either well tolerated but ineffective 
(5-fluorouracil, irinotecan, sunitinib, and temozolomide) 
or poorly tolerated, obscuring any therapeutic efficacy 
(gemcitabine, docetaxel, paclitaxel, oxaliplatin, and 
doxorubicin. (Supplemental Figure S2C and data not 
shown).

Subsequent studies focusing on CY+TLRa 
revealed that substituting the TLR4 agonist LPS 
or recombinant IFNγ for CpG and/or pIC reduced 
therapeutic efficacy and was less well tolerated (data 
not shown). Intratumoral (i.t.) injection of CpG and/
or pIC proved completely unnecessary for therapeutic 
efficacy, as remote intraperitoneal (i.p.) or s.c. TLRa also 
resulted in indistinguishable durable tumor eradication 
when interspersed with i.p. CY (Supplemental Figure 
S3 and data not shown). Remote (i.p.) administration 
of TLRa proved most effective and best tolerated 
when confined to only one dose at midcycle (day 3) 

Figure 1: CY+TLRa treatment eradicates advanced tumors in multiple mouse cancer models. A. Scheme of therapy 
protocol developed to treat 4T1 tumors. CY+TLRa treatment was initiated at d14 following tumor challenge, and was administered weekly 
for 7 cycles. Treatment schedule was similar for other tumor models, but instead initiated on d8 (CT26) or d36 (Panc02) of tumor-bearing. 
CY was administered at day 0, and TLRa was administered on day 3 of each cycle (solely CpG in the case of 4T1 and CT26, and CpG+pIC 
in the case of Panc02). B.-C. Tumor growth curves of untreated, CY-, TLRa-, or CY+TLRa-treated TB mice for individual tumor models. 
Each line represents a single mouse, plotted to show primary tumor size vs day post tumor challenge, showing the duration of survival. 
In the case of Panc02, mice receiving CY+CpG rather than CY+CpG+pIC initially displayed tumor regression in 6/7 mice, but only 1/7 
mice achieved durable regression (data not shown). Individual mice were scored as complete tumor regression without relapse (eradicated) 
vs not eradicated, and analyzed by two-tailed Fisher’s exact test. Statistical significance was determined by comparing CY+TLRa-treated 
group vs untreated, CY- and TLRa-treated groups for each model. D. Long term follow-up (150d) of > 100 CY+CpG-treated 4T1 TB mice. 
E. Representative 4T1 tumors from untreated, CpG-, CY- and CY+CpG-treated mice at cycle 2 day 3 (c2d3). Data shown in B and C are
representative of ≥ 3 independent biological replicates for each tumor model. Larger numbers of mice received CY+TLRa to ensure robust
survival end-points. Significance is shown as follows *p < 0.05, **p < 0.01, ***p < 0.001.
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(Supplemental Figure S3A), temporally corresponding 
to the onset of bone marrow recovery from CY-induced 
leukopenia. In addition, weekly CY doses < 2 mg (100 
mg/kg) proved unreliable therapeutically, whereas 2-6 
mg (100-300 mg/kg) dosing proved both effective and 
well-tolerated, paralleling human dosing of 300-900 
mg/m2 (Supplemental Figure S3B and data not shown). 
In contrast, although daily CY dosing up to 0.8 mg (40 
mg/kg) was well tolerated, tumor relapse was frequent at 
treatment’s end (Supplemental Figure S3B), suggesting 
that daily CY’s failure to induce cyclical rebounds from 
leukopenia was compromising to therapeutic efficacy.

Finally, a single TLRa (CpG given i.p. or s.c. 
midcycle) was sufficient for CY+TLRa to permanently 
eradicate a subset of advanced tumor models including 
CT26 and 4T1 (Supplemental Figure S3C and data not 
shown), whereas other models such as Panc02, KC 
(pancreatic), and C57mg (breast) only achieved transient 
rather than permanent regressions unless both CpG and 
pIC were administered (data not shown). 

Combining these optimizations into a streamlined 
algorithm of 7 weekly cycles of i.p. CY (d0) and i.p. 
TLRa (d3) (Figure 1A), it was possible to achieve durable 
eradication of well-established s.c. challenges of syngeneic 
4T1, CT26 and Panc02 tumors, as well as orthotopically 
implanted 4T1 (Figure 1B-1C). Although CY alone or 
TLRa alone variably delayed tumor progression, only the 
combination reproducibly resulted in durable complete 
responses, reflecting true therapeutic synergy (Figure 1B-
1C). Long term follow-up revealed that mice treated with 
CY+CpG for 7 cycles achieved nearly 80% permanent 
eradication of macroscopic tumors in the 4T1 model 
(Figure 1D), with the bulk of macroscopic rejection 
already apparent by the end of cycle 2 (c2) (Figure 1E). 
Subanalysis of the orthotopic 4T1 model demonstrated 
97% durable tumor eradication (data not shown). 
Permanent CT26 elimination was observed in up to 90% 
of challenges, and up to 55% of Panc02 challenges (data 
not shown). 

In addition to the macroscopic tumors that 
were eradicated in the above studies, the pancreatic 
adenocarcinoma KC, the breast cancer C57mg and 
the sarcoma MC203 could also be durably eradicated 
by CY+TLRa. Two other models (B16 melanoma and 
MT breast) were not eliminated, but progression was 
attenuated for the entire period of therapy (data not 
shown).

Efficacy of CY+TLRa treatment is T-cell 
dependent

Endogenous as well as adoptively transferred CD4+ 
and CD8+ syngeneic T-cells have been employed to 
induce rejection in multiple tumor models [15, 17, 56-60]. 
Given the fact that chemotherapy depletes effector T-cells 

as well as Tregs, we sought to determine whether the 
endogenous T-cell response was essential for CY+TLRa-
mediated tumor rejection. We performed conventional 
in vivo T-cell depletions by administering anti-CD4 and/
or anti-CD8 mAbs to TB mice (Figure 2A). These data 
showed unequivocally that enduring tumor rejection was 
dually dependent on endogenous CD4+ and CD8+ T-cells. 
Similar results were observed for Panc02 and CT26 
tumors (data not shown). 

To further investigate T-cell dependence, we used 
nude mice to control the properties of T-cells during 
the CY+TLRa therapy. T-cell-deficient nude mice on a 
syngeneic BALB/c background failed to permanently 
reject 4T1 challenges when treated with therapy that 
was fully effective for WT mice (Figure 2B upper 
panel). Transfer of unfractionated splenocytes or purified 
splenic T-cells from naïve syngeneic WT mice prior to 
tumor challenge enabled nude mice to respond fully to 
CY+TLRa, leading to sustained tumor eradication (Figure 
2B lower panel and data not shown). To test the hypothesis 
that CY+TLRa tumor rejection depended upon a T1-type 
immune response, we transferred IFNγ KO rather than 
WT T-cells. The results demonstrated that CY+TLRa-
mediated tumor rejection was strongly impaired in the 
absence of IFNγ-producing-T-cells (Figure 2B lower 
panel). Furthermore, even though repetitive administration 
of exogenous rmIFNγ with CY+TLRa enabled tumor 
rejection to occur in nude mice not receiving WT T-cells, 
such exogenous rmIFNγ could not replace the requirement 
for IFNγ-producing T-cells to achieve sustained tumor 
rejection (Figure 2B lower panel).

Tumor-specific IFNγ-producing T-cells are evident 
in tumor-bearing mice

Given the dependence of CY+TLRa treatment upon 
CD4+ and CD8+ T-cells as well as the requirement for 
IFNγ-producing T-cells for sustained tumor eradication 
(Figure 2A-2B), we inspected peripheral lymphoid 
organs for the presence of 4T1-specific T-cells. ELISpot 
analysis of spleen and lymph node (LN) demonstrated the 
significant expansion of 4T1-reactive IFNγ-producing-
T-cells in untreated TB mice compared to naïve mice
(Figure 3A-3B and not shown). Importantly, such T-cells
persisted in the lymphoid organs of mice treated with
CY+TLRa despite the latter’s leukodepleting effects,
but at significantly lower relative numbers compared
to untreated TB mice (Figure 3A-3B) as well as lower
absolute numbers (data not shown). In contrast, an absence
of T-cell reactivity against another syngeneic tumor line,
BM185, was observed in both untreated and CY+TLRa-
treated 4T1-bearing mice.

The presence of tumor-specific, IFNγ-producing 
T-cells in CY+TLRa-treated mice prompted us to examine
the development of immunological memory. When long-
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Figure 2: Endogenous T1-type CD4+ and CD8+ T-cells are required by CY+TLRa-treated hosts to induce sustained 
tumor rejection. A. Tumor growth curves of WT 4T1 TB BALB/c mice variably depleted of CD4+ and/or CD8+ T-cell subsets, and 
treated with CY+CpG. Using two-tailed Fisher’s exact test (durable tumor regression, yes or no), treatment without T-cell depletion was 
significantly different from groups receiving anti-CD4 (**p < 0.01), anti-CD8 (**p < 0.01) or both (***p < 0.001) depleting mAbs. 
Data in panel 2A are illustrative of 2 independent biological replicates in the 4T1 model (n = 5-12 mice per each condition in displayed 
experiment) and endogenous T-cell dependence was also observed in the CT26 and Panc02 models (data not shown). B. Athymic nude 
mice received either naïve WT T-cells, naïve IFNγ KO T-cells or none prior to 4T1 challenge. Subsequently, mice variously received 
treatment with CY+CpG or CY+CpG+IFNγ for 7 cycles. 4T1-TB nude mice treated with the CY+CpG regimen completely failed to reject 
tumor challenges in the absence of T-cell transfer. Compared to untreated mice, significant rescue of CY+TLRa’s capacity to produce 
durable tumor rejections was observed with adoptive transfer of WT T-cells (**p < 0.01), but not with IFNγ KO T-cells (ns, p = 0.4667) 
or exogenous IFNγ (ns, p = 0.1923). Data in panel 2B demonstrating dependence of CY+TLRa treated nude mice upon adoptive receipt 
of IFNγ-producing splenocytes (not shown) or purified splenic T-cells (shown) are illustrative of 2 independent biological replicates in the 
4T1 model (n = 5-8 mice per each condition in displayed experiment). Statistical comparisons in both 2A and 2B panels were performed 
using two-tailed Fisher’s exact test. ns = non-significant. 
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term tumor-free mice were subjected to second challenges 
(4T1, CT26 and Panc02), only 10-30% of mice promptly 
rejected the rechallenges (Figure 3C and data not shown). 
Importantly, mice with progressive rechallenges retained 
complete responsiveness to CY+TLRa retreatment, itself 
a T-cell dependent process (Figure 3C). Notably, even 
though only a minority of mice fully rejected rechallenges 
without CY+TLRa retreatment, immunological memory 
was evidenced by a significant delay in tumor outgrowth 
compared to similarly challenged naïve mice (Figure 3D).

CY+CpG treatment differentially 
affects extratumoral and intratumoral 
microenvironments

We hypothesized that global cytoreductive impacts 
of CY+TLRa treatment depleted host effector T-cells (Teff), 

but to a lesser extent than MDSCs and/or Tregs, both 
extratumorally and intratumorally. Such a rebalancing 
might be sufficient for the endogenous T-cell response to 
maintain therapeutic efficacy, particularly if T-cells were 
not the final mediators of tumor rejection. To test this 
hypothesis, in the following set of experiments, CY was 
always given on d0 and TLRa (CpG) on d3 of each seven-
day cycle to 4T1-bearing mice, and tumors were allowed 
to reach 10-12 mm diameter prior to commencement of 
therapy on day 17. Evaluations were performed at multiple 
time points (Figure 4A). 

Because the most drastic reduction of tumor 
was observed during the second week (cycle 2) of 
complete therapy (CY+CpG) (Figure 1D), we performed 
comprehensive comparisons at cycle 2 day 3 (c2d3) 
of mice receiving either no treatment, CpG alone, CY 
alone, or CY+CpG. Analyses revealed that there were no 

Figure 3: 4T1-specific IFNγ-producing cells are induced in untreated and CY+TLRa-treated 4T1 TB mice, giving 
rise to immunological memory. A.-B. Purified CD8+ T-cells from LN of naïve (non-TB), untreated TB, and CY+CpG-treated TB 
mice were evaluated for IFNγ production by ELISpot. Samples were studied at d28 of 4T1 tumor challenge, comparing untreated mice 
vs CY+CpG-treated mice at c2d3. A. Enriched CD8+ T-cells (1x105 cells per well) were cultured in the presence or absence of irradiated 
4T1 or BM185 tumor cell lines (1x105 cells per well) for 48h. IFNγ production was analyzed as number of IFNγ spots per 1x105 enriched 
CD8+ T-cells. Data are expressed as means ± SD, obtained from three independent biological experiments with three replicates per group. 
Statistical analysis was performed using one-way ANOVA with Tukey’s posttest (*p < 0.05; **p < 0.01, ***p < 0.001). B. Representative 
ELISpot wells for naïve “N”, untreated 4T1 TB “U” and CY+CpG-treated 4T1 TB “T” mice. C. Long-term tumor-free CY+CpG-treated 
mice were rechallenged s.c. with 1x106 4T1 viable tumor cells. Mice displaying progression of the 4T1 rechallenge were again treated with 
CY+CpG for 7 cycles. Each line represents a single mouse (n = 6), plotted to show primary tumor size vs day post tumor challenge. D. 
4T1 growth in challenged naïve mice vs rechallenged long-term tumor-free mice. Data correspond to 10 mice per group. Representative 
data from two independent biological experiments with similar results. Data are expressed as means ± SD. Statistical comparisons were 
performed using Student’s t-Test.
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significant differences detected between untreated and 
CpG-treated groups, whereas CY was mainly responsible 
for a significant depletion of intrasplenic CD11b+Gr1+ 
myeloid cells, both Gr1dim (monocytic) (**p = 0.0062) 
and Gr1hi (granulocytic) (***p = 0.0005) subsets, as well 
as significant reductions in CD3+Foxp3neg Teff cells (*p = 
0.018) and CD3+Foxp3pos Tregs (***p < 0.0001) (Figure 
4B). Adding CpG to CY treatment resulted in significant 
further reductions of both CD11b+Gr1+ subsets (Gr1dim, 
***p = 0.0006; Gr1hi, ***p = 0.0002) as well as Tregs 
(**p = 0.0016) without further reducing Teff cells (ns p 
= 0.4335) (Figure 4B). However, whether derived from 
untreated or from heavily leukodepleted CY+CpG-
treated mice, isolated splenic CD11b+Gr1dim cells were 
equivalently potent for inhibiting T-cell proliferation 
in vitro, verifying active MDSC function that was not 
apparent in the CD11b+Gr1hi fraction at this time point 
(Supplemental Figure S4). Therefore, CY or CY+CpG 
potently reduced the absolute numbers of intrasplenic 
CD11b+Gr1+ cells without impeding the inhibitory 
function of residual surviving CD11b+Gr1dim MDSCs. 

We also examined more extensive time points for 
fully treated mice (CY+CpG) during the first two treatment 
cycles. Prior to any treatment, Teff cells within the spleens 
of 4T1-bearing mice were outnumbered approximately 
20-fold by total CD11b+Gr1+ cells (orange area, Figure
4C). However, as early as c1d3 of treatment, we observed
preferential depletion of intrasplenic CD11b+Gr1dim and
CD11b+Gr1high cells, leading Teff cells to outnumber
total CD11b+Gr1+ cells by approximately 6-fold.
Nonetheless, between c1d3 and c1d7 there was a rapid
intrasplenic re-accumulation of both CD11b+Gr1dim and
CD11b+Gr1high cells, causing the latter myeloid elements
in aggregate once again to outnumber Teff cells 20-fold. A
virtually identical depletion and rebound of intrasplenic
myeloid cells was again observed during c2. In contrast,
splenic Tregs were progressively depleted without the
rebounds observed in myeloid cells. Reduction of Teff cells
was also observed without rebounds (Figure 4C).

We continued to analyze the spleens of CY+CpG-
treated mice into the period when 4T1 tumors were 
no longer detectable (i.e., after cycle 3, c3d7) (Figure 
4D-4E). The strikingly elevated accumulation of both 
CD11b+Gr1+ subsets observed in spleen pre-treatment 
and at the end of cycles 1 and 2 (c1d7, c2d7), became 
less pronounced with subsequent cycles (c3d7-c7d7). 
Nonetheless, mildly elevated levels of intrasplenic 
CD11b+Gr1+ cells persisted as long as the treatment 
continued, and several additional weeks were required 
after cessation of weekly CY+CpG for spleens to regain 
the same cellular proportions of myeloid and T-cells as 
those observed in naïve spleens (Figure 4D-4E). Parallel 
analyses of lymph nodes showed trends similar to those 
observed in spleen (data not shown).

In contrast to our analyses in spleen and lymph 
nodes, studies of intratumoral (4T1) constituents at 

c2d3 of treatment (Figure 4F) revealed that Teff cells 
proportionately remained vastly outnumbered by 
CD11b+Gr1+ myeloid cells regardless of whether they 
had been exposed in vivo to CpG, to CY or to both. This 
finding raised the possibility that, in comparison to spleen, 
both intratumoral CD11b+Gr1+ subsets displayed CY 
resistance. Nonetheless, mice receiving CY+CpG were 
concurrently engaged in successful tumor rejection (Figure 
4F). Furthermore, dual CY+CpG treatment was uniquely 
associated with a progressive, virtually total elimination 
of intratumoral Tregs when compared to the other groups 
(vs untreated *p = 0.0454; vs CpG *p = 0.0321; and vs 
CY **p = 0.0085) (Figure 4F), suggesting reversal of 
immunosuppression in the tumor microenvironment. The 
absence of cyclical fluctuations of intratumoral myeloid 
subsets was also observed during the more extensive time 
point analysis of CY+CpG-treated mice (Figure 4G). In 
addition, durable depletion of Tregs was found to persist 
throughout the period of tumor rejection, accompanied 
by a modest progressive accumulation of intratumoral Teff 
cells. 

Since myeloid cells constituted the major surviving 
subpopulation within CY+CpG-treated, regressing 4T1 
tumors, we investigated the possibility that this treatment 
radically shifted the function of CD11b+Gr1+ cells from 
immunosuppressive to tumoricidal. 

Tumoricidal function is activated by CY+TLRa 
treatment

To determine whether weekly CY+TLRa treatment 
induced tumoricidal properties in leukocytes of CY+TLRa-
treated mice, we evaluated the killer capacities of splenic 
leukocytes isolated from CY+TLRa-treated and from 
untreated 4T1-bearing mice (Figure 5 and Supplemental 
Figure S5). We compared unfractionated splenocytes (UF) 
to isolated CD11b+Gr1hi and isolated CD11b+Gr1dim 
fractions. In addition, we evaluated isolated splenic T-cells 
because of the dependence of tumor eradication upon 
the endogenous T-cell response (see Figure 2). Finally, 
given the fact that endogenous T-cell-derived IFNγ and 
exogenous TLRa were both essential for tumor rejection 
in CY+TLRa-treated mice (Figure 2B), we also examined 
the capacity of added IFNγ and/or CpG to modulate host 
leukocytes’ tumoricidal function in vitro.

To assess both the short-term and long-term impacts 
of host immune leukocytes upon unbridled cancer 
growth, we devised an extended 7-day assay in which 
non-irradiated tumor cells stably expressing fluorescent 
protein were used as targets. For example, in the case 
of 4T1 assays, fluorescent 4T1 tumor cells (4T1-f) were 
plated at 20,000 cells per microwell (time 0), a starting 
concentration which in medium alone enabled 4T1-f to 
proliferate to confluence within 48h, yet still maintain 
high viability during subsequent overgrowth out to day 
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7 of culture (Figure 5A-5C, first column). CpG alone or 
with IFNγ was also variably added to microwells at time 
0, and we observed that these factors by themselves did 
not detectably impact tumor proliferation or survival 
(Figure 5A-5C, first column; for impacts of IFNγ alone see 
supplemental Figure S5). Also at time 0, unfractionated 
(UF) splenocytes or isolated splenic subpopulations 
obtained from CY+TLRa-treated or untreated 4T1-
bearing mice, were variously added at 100,000 cells per 
well (Figure 5 and Supplemental Figure S5). Viable tumor 

cells were assessed under fluorescence and bright field at 
48h, 72h and 7d after plating, and percentage of tumor 
cell inhibition (black areas) relative to wells not receiving 
host cells was quantified with ImageJ software, based on 
the evaluation of 6 non-overlapping high power (400x 
equivalent) fields (HPF) per microwell. Each condition 
was furthermore set up in 2-3 separate microwells to verify 
technical reproducibility, and each condition was run from 
scratch at least twice to assess biologic reproducibility of 
observed trends.

Figure 4: CY+TLRa repetitive treatment results in compartmental-dependent modulations of host myeloid cells, 
Tregs and effector T-cells. A. Experimental design diagram; 4T1 TB mice were treated starting on d17 post-tumor challenge. When 
administered, CY was given on d0 and CpG on d3 of each cycle, for 7 cycles. At multiple time points (denoted by tick marks in the arrows), 
splenocytes and tumor-infiltrating leukocytes were isolated, enumerated, stained with mAbs against Gr1, CD11b, CD3, Foxp3, and CD45, 
and analyzed by flow cytometry to determine absolute and relative numbers of myeloid subsets (CD11b+Gr1hi and CD11b+Gr1dim), Tregs 
(CD3+Foxp3pos), and effector T-cell (CD3+Foxp3neg) subpopulations. B. Bar graph comparing the impacts of CpG, CY and CY+CpG vs 
no treatment upon splenic subpopulations in 4T1 TB mice at c2d3. Representative photos of spleens are also shown. C. Detailed dynamics 
of CY+CpG treatment upon splenocyte subpopulations during the first 2 cycles. 4T1 TB mice prior to treatment are highlighted in orange. 
D.-E. Comparison of intrasplenic CD11b+Gr1+ subpopulations D. and T-cell subsets E. from the beginning of CY+CpG treatment through 
to complete tumor rejection. F. Tumor-infiltrating leukocytes (CD45pos cells) isolated from 4T1 TB mice at c2d3 analyzed as in B. 
Representative photos of tumors are also shown. G. Detailed dynamics of the impact of CY+CpG treatment on intratumoral subpopulations 
analyzed as in C. Data are pooled from two independent experiments (n = 3-7 mice per time point). Data are expressed as mean ± SD. 
Statistical analysis presented in Results was performed using Student’s t-Test. The data in panels B, C, F and G are presented in log10 scale. 
Statistical considerations are elaborated under Results.
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Our analyses of splenic leukocytes showed that 
freshly isolated, UF splenocytes from CY+TLRa-treated 
TB mice had no impact upon 4T1-f growth in culture in 
the absence of added factors at any evaluated time point 
(Figure 5, images 2, 17 and 32). In contrast, in the presence 
of CpG+IFNγ, UF splenocytes significantly inhibited 4T1-
f growth at 48h and 72h (Figure 5, images 11 vs 12 and 26 

vs 27 ***p < 0.0001 in both cases); however, this impact 
was markedly diminished beyond 72h (Figure 5, image 27 
vs 42 ***p < 0.001). A less sustained effect was observed 
when UF splenocytes were exposed to CpG without IFNγ 
(Figure 5, images 7, 22 and 37). Similarly, freshly purified 
total T-cells from the spleens of CY+TLRa-treated mice 
also showed an absence of anti-tumor impact in vitro 

Figure 5: CY+CpG treatment induces unique tumoricidal properties in myeloid Gr1dim cells. A.-C. Evaluation of induced 
tumoricidal properties by CY+CpG treatment. Unfractionated splenocytes “UF”, total T-cells, and myeloid Gr1+ (Gr1hi and Gr1dim) cells 
from spleens of CY+CpG-treated 4T1 TB mice were co-cultured with non-irradiated 4T1-f cells in the presence or absence of CpG alone (1 
μM) or with IFNγ (1000 U/ml), and tumoricidal activity (acellular black areas) was evaluated at 48h, 72h and 7d in culture. The percentage 
of tumor growth inhibition, denoted in white numbers (top left), was calculated as the average of percentages from 6 non-overlapping fields 
± SD. Images without percentages represent confluent monolayers (killing below detection levels). Images were numerically labeled on the 
bottom right for the purpose of identification in the Results text.. The in vitro assays were performed with 2x104 non-irradiated 4T1-f cells 
and 1x105 leukocytes added to the assays at time 0, and representative photos are shown. Photos were taken using a Zeiss Axio Observer 
A1 microscope. D. Representative photos of isolated Gr1hi and Gr1dim cells from spleens of CY+CpG-treated mice. Scale bar, 10 µm. For 
all the assays, 10-12 CY+CpG-treated mice were pooled per experiment at c2d3. Data are representative of three independent experiments 
run in duplicates or triplicates with similar results. Statistical analysis presented in results was performed using Student’s t-Test.
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unless CpG+IFNγ were also added to culture (Figure 5, 
image 11 vs 13 ***p < 0.0001). Again, this was a transient 
effect which was not sustained beyond 48h (Figure 5, 
image 13 vs 28 ***p < 0.0001).

When Gr1dim and Gr1high subsets of CD11b+Gr1+ 
splenocytes were isolated from CY+TLRa-treated TB mice 
on c2d3 of treatment, it was observed that granulocytic 
CD11b+Gr1hi splenocytes (Figure 5D) had no inhibitory 
effect upon 4T1-f growth in vitro, even with the addition 
of CpG alone or CpG+IFNγ to culture (Figure 5A-5C 
column 4). In contrast, the monocytic CD11b+Gr1dim 
splenocyte fraction (Figure 5D) displayed a reproducible 
and remarkable potential for tumor cell eradication if 
reexposed in vitro to either CpG alone (Figure 5, image 6 
vs 10 ***p < 0.0001 and Supplemental Figure S5, image 6 
vs 10 ***p < 0.0001) or to CpG+IFNγ (Figure 5, image 11 
vs 15 ***p < 0.0001 and Supplemental Figure S5, image 
16 vs 20 ***p < 0.0001). These effects were tumoricidal, 
evidenced by the progressive loss of viable 4T1-f after 48h 
(Figure 5, image 30) until no viable 4T1-f was detectable 
at day 7 (Figure 5, image 45). Furthermore, in contrast 
to purified T-cells, the purified CD11b+Gr1dim fraction 
appeared to have been at least partially activated prior 
to culture, since in vitro re-exposure merely to CpG was 
sufficient to trigger anti-tumor activity at least transiently 
(Figure 5, image 8 vs 10 ***p < 0.0001). 

In contrast to CY+TLRa-treated mice, assays 
of splenocytes from untreated TB mice revealed that 
neither UF splenocytes nor Gr1+ myeloid subpopulations 
(Gr1hi or Gr1dim) displayed tumoricidal properties, even 
following in vitro exposure to CpG, IFNγ or CpG+IFNγ 
(Supplemental Figure S5, columns 2 and 3). Therefore, 
even though CD11b+Gr1dim splenocytes from both 
untreated and CY+TLRa-treated TB mice displayed 
MDSC function (Supplemental Figure S4), only treatment 
with CY+TLRa also licensed the potential for tumoricidal 
properties in this fraction. 

Since our previous analyses (Figure 4 above) 
demonstrated that the vast majority of CD45pos tumor-
infiltrating leukocytes in regressing tumors of CY+TLRa-
treated mice were CD11b+Gr1dim and CD11b+Gr1high 
myeloid cells (Figure 4F-4G), we also sought to evaluate 
their tumoricidal properties. However, likely due to their 
highly activated state within regressing tumors, efforts 
to isolate Gr1dim and Gr1high fractions in a largely 
viable state were unsuccessful (data not shown). Similar 
limitations were observed when total regressing tumor 
digests from CY+CpG-treated mice were subjected 
to CD45 leukocyte enrichment. In contrast, CD45pos 
intratumoral leukocytes could be purified in a highly 
viable state from untreated TB mice. Furthermore, when 
isolated from the tumor environment, such leukocytes 
attacked tumor cells in vitro for at least 48h in culture, 
even without in vitro exposure to CpG and/or IFNγ 
(Supplemental Figure S6, image 1 vs 2 ***p < 0.0001), 
suggesting some degree of prior in vivo activation even 

in the absence of treatment. However, this killing was not 
consistently sustained beyond 48h (data not shown). 

Tumoricidal activation resulting from CY+TLRa 
treatment requires phagocytic cells and nitric 
oxide production, and is unaffected by tumor 
expression of Programmed Death-Ligand 1 (PD-
L1)

We employed clodronate liposomes to determine if 
phagocytic cells were required for the observed in vitro 
tumoricidal impacts of CpG+IFNγ-activated Gr1dim 
cells from the spleens of CY+TLRa-treated mice. Such 
assays confirmed that the tumoricidal capacity was 
critically dependent on phagocytic cells, since anti-tumor 
impacts were significantly reversed in the presence of 
clodronate but not in the liposome control (Figure 6A, 
image 2 vs 3 ***p < 0.0001, and image 2 vs 4, ns p = 
0.4724). Additional studies based on in vivo administration 
of clodronate liposomes proved to be relatively 
uninformative due to highly non uniform depletion of 
intratumoral phagocytic cells (data not shown). 

Further mechanistic studies revealed that Gr1dim 
cells from CY+TLRa-treated mice shared properties 
classically associated with tumoricidal macrophages, such 
as the ability to distinguish between malignant and non-
transformed cells, killing only the former without MHC 
or antigen restrictions [17]. CD11b+Gr1dim splenocytes 
from CY+CpG-treated 4T1 TB mice required only in 
vitro reexposure to CpG to inhibit both 4T1 and CT26 
tumor cells, while sparing non-transformed mouse 3T3 
fibroblasts (Figure 5 and data not shown). Furthermore, 
because activation of macrophage antitumor activity can 
be associated with inducible nitric oxide synthase (iNOS) 
[61], we also investigated whether Gr1dim myeloid 
cells from CY+CpG-treated mice employed nitric oxide 
(NO) to control tumor growth. As previously observed, 
antitumor activity was evident within 48h following in 
vitro treatment with CpG, and even more so with the 
combination of CpG+IFNγ (Figure 6B, images 5 and 8). 
In both cases, this antitumor activity was strongly reduced 
by the iNOS inhibitor L-NMMA (Figure 6B, images 5 vs 
6 and 8 vs 9 ***p < 0.0001 in both cases), confirming 
that NO production is at least one mechanism by which 
Gr1dim myeloid cells from CY+CpG-treated mice can kill 
malignant cells.

We assessed the impact of IFNγ and/or CpG upon 
in vitro expression of PD-L1 (B7-H1) by 4T1-f cells, 
since such expression could impair or limit the immune 
response through checkpoint inhibition. As also reported 
by others, IFNγ resulted in a strong up-regulation of PD-
L1 expression on tumor cells [62] (Supplemental Figure 
S7). Such a strong up-regulation of PD-L1 did not prevent 
4T1 eradication by Gr1dim cells in the presence of 
CpG+IFNγ (Figures 5 and 6 and Supplemental Figure S5). 
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CY+CpG treatment also induces CD11b+Gr1dim 
cells with tumoricidal potential in naïve, non-
tumor-bearing mice

CD11b+Gr1+ cells in naïve mice, designated 
immature myeloid cells (IMC), mainly reside in bone 
marrow and spleen, and in the absence of tumor are not 
induced to differentiate into MDSCs (Supplemental Figure 
S1D and Figure 7A) [49, 63]. We sought to determine 
whether CY+CpG treatment required tumor-induced 
monocytic MDSCs as a source of tumoricidal monocytes, 
or whether CY+CpG could also generate Gr1dim 
tumoricidal monocytes in non-TB mice. Naïve mice were 
treated with a single cycle of CY, CpG or CY+CpG and 
were sacrificed at the end of this cycle (c1d7). Gr1dim and 
Gr1hi myeloid subpopulations appeared intrasplenically 
following CY+CpG treatment which were remarkably 

enriched both in frequency and absolute numbers (Figure 
7A-7B and data not shown). CY or CpG alone was 
considerably less effective. We confirmed that in vivo 
CY+CpG-induced Gr1dim cells could be activated in vitro 
by CpG+IFNγ to significantly control 4T1-f growth at 48h 
(Figure 7C, image 5 vs 6 ***p < 0.0001). This anti-tumor 
impact was primarily iNOS-mediated as indicated by the 
inhibitory effect that L-NMMA had on Gr1dim cells, 
blocking their CpG+IFNγ-induced tumoricidal properties 
(Figure 7C, 6 vs 7 ***p < 0.0001). The antitumor effect of 
Gr1dim cells did not involve serine proteases or reactive 
oxygen species (ROS) since the addition of blockers 
of these mechanisms (trypsin inhibitor or catalase, 
respectively) did not revert the killer properties of Gr1dim 
cells (Figure 7C, image 6 vs 8 and 9; ns p = 0.6852 and ns 
p = 0.2407, respectively) even at high concentrations (data 
not shown). The finding that CY+CpG treatment induces 
tumoricidal myeloid cell precursors even in non-TB mice 

Figure 6: Isolated tumoricidal Gr1dim cells from CY+CpG-treated mice are NO-producing phagocytes. A. CpG+IFNγ 
activated myeloid Gr1dim cells from spleens (1x105) of CY+CpG-treated mice were co-cultured with non-irradiated 4T1-f cells (2x104) in 
the presence or absence of clodronate liposome (25 ng/microwell) or liposomes control at time 0, and tumoricidal activity (% ± SD) was 
evaluated from 48h to 7 days. Representative photos of the assays at 72h are shown. Data are representative of three technical replicates 
with similar results. B. Representative photos showing the effect of L-NMMA (iNOS inhibitor, 5mM) upon CpG or CpG+IFNγ activated 
Gr1dim cells isolated from spleens of CY+CpG-treated mice after 48h in culture. Data are representative of three independent experiments. 
Images without percentages represent confluent monolayers (killing below detection levels). Images were numerically labeled on the 
bottom right for the purpose of identification. Photos were taken using an EVOS FL Auto imaging system microscope (A) or a Zeiss Axio 
Observer A1 microscope (B). Statistical analysis presented in results was performed using Student’s t-Test.
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demonstrated that preexisting tumor-induced MDSCs are 
not an essential source of tumoricidal myeloid precursors 
during CY+CpG treatment. Furthermore, CY+CpG’s 
immunomodulatory impacts on host cells occurred even 
in the complete absence of the tumor-bearing state.

Human monocytes can be activated by combined 
TLRa and IFNγ to acquire tumoricidal properties

To evaluate whether the tumoricidal profile 
achievable by mouse myeloid cells could also be achieved 

Figure 7: Induction of tumoricidal CD11b+Gr1dim cells in non-tumor-bearing mice by CY+CpG treatment. A. 
Induction of double-positive CD11b+Gr1+ cells in spleens of non-TB mice treated with CpG, CY or CY+CpG compared to untreated 
naïve mice analyzed by flow cytometry. Numbers in the plots correspond to percentages of cells per quadrant. B. Representative pictures 
of cytospin analyses of isolated Gr1dim and Gr1hi cells from spleens of CY+CpG-treated non-TB mice. Scale bar, 10 µm. C. Evaluation 
of tumoricidal properties in Gr1dim cells isolated from CY+CpG-treated non-TB hosts. Representative photos of 4T1-f growth in the 
presence or absence of splenic Gr1dim cells from CY+CpG-treated non-TB mice stimulated in vitro with CpG or CpG+IFNγ. In additional 
wells containing Gr1dim splenocytes, 4T1-f and CpG+IFNγ, L-NMMA (iNOS inhibitor, 5mM), trypsin inhibitor (serine protease inhibitor, 
4,000 U/ml) or catalase (ROS inhibitor, 4,000 U/ml) was added individually. Tumoricidal effect of Gr1dim cells was evaluated as in Figure 
5A-5C. The percentage of tumor growth inhibition is denoted in white numbers (top left). Images without percentages represent confluent 
monolayers (killing below detection levels). Images were numerically labeled on the bottom right for the purpose of identification. Data 
are representative of 3 independent experiments. Three to five mice were pooled per experiment. All the studies were performed with cells 
isolated after mice received one round of treatment (c1d7). Representative photos shown in C correspond to 48h in culture. Photos were 
taken using a Zeiss Axio Observer A1 microscope. Statistical analysis for 4T1-f killing assay presented in results was performed using 
Student’s t-Test.
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in the human setting, we performed a series of in vitro 
assays in which human peripheral blood monocytes from 
four healthy donors were co-cultured with the fluorescent 
(f) cell lines MDA-MB-231-f (human breast cancer), 4T1-
f (murine breast cancer), or 3T3-f (non-transformed mouse
fibroblasts) in the presence or absence of rhIFNγ, TLR4
agonist LPS, and TLR8 agonist resiquimod (R848). These
agents were selected because of their strong capacity to
activate human monocytes and myeloid dendritic cells, as
well as because of the lack of TLR9 and TLR7 expression
on human monocytes [64]. In addition, rhGM-CSF was
added to the cultures to promote monocyte viability.
Assays were evaluated from 24 hours to 7 days.

Non-irradiated MDA-MB-231-f cells seeded at 
20,000 cells per microwell in medium supplemented only 
with GM-CSF reached near confluence by 96 hours in the 
absence of monocytes (Figure 8A upper panel). When 
human monocytes (100,000 cells per microwell) were also 
added in the absence of both IFNγ and TLRa, modest but 
significant tumor inhibition was observed (Figure 8A lower 
panel leftmost group). In contrast, while the addition of 
IFNγ and/or TLRa without monocytes displayed varying 
background inhibition of MDA-MB-231-f cells (Figure 
8A upper panel), the additional inclusion of monocytes 
could markedly and significantly boost tumor inhibition, 
especially when combinations of IFNγ and/or TLRa were 
included (Figure 8A lower panel). Examination of groups 
under bright field confirmed that areas lacking fluorescent 
MDA-MB-231-f cells were denuded of tumor, with 
monocytes clustering upon the few remaining tumor cells 
(Figure 8B). Similarly, human monocytes activated in the 
presence of IFNγ and TLRa also strongly inhibited 4T1-
f growth (data not shown), indicating that the antitumor 
effect was not MHC nor antigen restricted. In contrast, 
such activated monocytes spared non-transformed 3T3 
fibroblasts even in the presence of GM-CSF, IFNγ, LPS 
and R848 (Figure 8C), paralleling our observations for 
CY+TLR-induced tumoricidal mouse myeloid cells. 
Similar findings were observed for all four monocyte 
donors, suggesting that the CY+TLRa therapeutic strategy 
has the potential to be operational in humans.

DISCUSSION

We have demonstrated in these investigations that 
optimally designed chemoimmunotherapy can be used 
to eradicate aggressive syngeneic mouse tumors after 
unresected primary tumors have already reached 50-100 
mm2 dimension, innumerable metastases have already 
been established, and life expectancy is a matter of days. 
The effectiveness of repetitive CY+TLRa treatment for a 
wide range of tumors of multiple tissue origins, different 
strains, widely divergent MDSC content and the virtual 
absence of treatment intolerance make this strategy a 
promising candidate for cancer therapy. Our observations 
in human monocytes confirmed that a parallel tumoricidal 

mechanism can also be achieved in humans. 
The reason for CY’s highly significant therapeutic 

superiority to other tested chemotherapeutic agents in 
conjunction with TLRa is not readily apparent, particularly 
since two additional alkylating agents, temozolomide 
and oxaliplatin, proved ineffective (data not shown). 
CY+TLRa treatment generated CD11b+Gr1dim 
tumoricidal precursors even in naïve non-TB mice 
(Figure 7), confirming that this is a direct impact on 
normal host cells rather than an indirect effect resulting 
from tumor cytoreduction. Interestingly, two tested 
agents, 5-FU and the receptor tyrosine kinase inhibitor 
sunitinib, were well tolerated in conjunction with TLRa 
and furthermore depleted splenic MDSCs in the 4T1 and 
CT26 models even more than CY (data not shown), yet in 
contrast to CY+TLRa did not reverse tumor progression 
(Supplemental Figure S2C and data not shown). Finally, 
since combining gemcitabine (GEM) with TLRa in TB 
mice was unexpectedly poorly tolerated compared to GEM 
alone (Supplemental Figure S2B and S2C), we performed 
extensive ancillary experiments in which GEM and/or 
TLRa were dose reduced in search of a better tolerated 
regimen; nonetheless, efficacy comparable to CY+TLRa 
was not observed at any tested dose of GEM+TLRa (data 
not shown).

Remarkably, agents that were themselves ineffective 
in combination with TLRa, including 5FU and docetaxel, 
could be coadministered with CY+TLRa to achieve well-
tolerated tumor regressions equivalent to CY+TLRa alone 
(data not shown). Therefore, even though these additional 
agents did not synergize from the immunotherapy 
perspective, they could still be co-administered without 
detriment to CY+TLRa’s immunopotentiating impact.

It is also not readily apparent why definitive 
treatment with CY+TLRa for some tumor models required 
paired rather than single TLRa. Because such dual TLRa 
stimulation of MyD88 and TRIF pathways markedly 
increases host production of IL-12 [55], we examined 
whether CY+TLRa treatment would be therapeutically 
abrogated in IL-12 knockout mice, particularly in models 
requiring two TLRa. Surprisingly, whether requiring one 
or two TLRa for cure, tumor models were equally curable 
by CY+TLRa in WT as well as in both IL12p35 knockout 
and IL12p40-knockout syngeneic mice (data not shown).

One of the major findings of our studies is that it 
is routinely possible to eradicate even advanced, highly 
metastatic tumors solely by modulating the endogenous 
immune response through the administration of CY+TLRa, 
with no need to provide tumor-antigen vaccinations or 
adoptive transfer of T-cells. Intratumoral administration 
of TLRa proved completely unnecessary, and even remote 
s.c. administration was highly effective, rendering this
treatment potentially applicable to the majority of patients
who do not have easily accessible tumors for repeated
intralesional injections. Eradication of tumors depended
upon a natural CD4+ and CD8+ T-cell presence in all our
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screening models, as administration of depleting anti-CD4/
CD8 mAbs prevented CY+TLRa-mediated durable tumor 
rejection (Figure 2A). While weekly CY+TLRa treatment 
predictably resulted in partial depletion of tumor-reactive 
IFNγ-secreting T-cells (Figure 3), such treatment also 
produced an even greater body wide progressive depletion 
of Tregs, especially intratumorally, where as early as c2d3 
Foxp3+ T-cells were virtually undetectable (Figure 4).

Even though there was evidence for immunological 
memory, the endogenous anti-tumor T-cell response 

present in cured mice proved to be relatively ineffective 
against tumor rechallenge in the absence of CY+TLRa 
retreatment, itself a T-cell dependent process. It is likely 
that repetitive chemotherapy limited the sustained numeric 
expansion of endogenous effector T-cells, rendering the 
T-cells co-dependent upon other host cells for definitive
tumor rejection. Importantly, even CY-depleted anti-tumor
T-cells proved sufficient in conjunction with other host
elements not only to mediate complete tumor rejection,
but also to prevent subsequent spontaneous tumor relapse.

Figure 8: IFNγ and TLRa promote tumor-inhibitory properties in human monocytes. A. Human breast cancer cell line 
MDA-MB-231 tGFP (2x104) was cultured in the presence or absence of enriched human monocytes from healthy donors (1x105), and IFNγ, 
resiquimod (R848) and/or LPS were variably added to the assays at time 0; all wells received GM-CSF to promote sustained viability. Upper 
panel displays treatment with the above factors but without monocytes (M-); lower panel displays the same factors but also with human 
monocytes (M+). The 96h time point is shown, representative of four healthy monocyte donors. For each factor or factor combination, % 
tumor inhibition was enumerated for six non-overlapping HPF with or without monocytes (black boxes). Monocyte-attributable inhibition 
of MDA-MB-231 cells (shown in red boxes) was calculated for each factor set by subtracting background inhibition in the absence of 
monocytes. The red boxes also indicate the degree of significance between M- and M+ groups for each factor analyzed by unpaired Student’s 
t-Test. Confluence of MDA-MB-231 cells was variably delayed by the tested factors even in the absence of monocytes but to a significantly
greater degree when monocytes were also present (* p < 0.05, **p < 0.01, ***p < 0.001), the exception being wells which received only
GMCSF+R848 (ns, non-significant). B. Bright field examination of MDA-MB-231 cells exposed to GMCSF+IFNγ+LPS+R848 either
without (upper panel) or with (lower panel) co-exposure to human monocytes (same treatments as far right group in A). Upper panel shows
nearly confluent tumor outgrowth whereas lower panel shows largely eradicated MBA-MB-231 cells with prominent acellular spaces and
monocytes clustering on residual tumor cells. C. Same as B except that the target is 3T3 non-transformed mouse fibroblasts. 3T3 cells
achieve near confluence regardless of GMCSF+IFNγ+LPS+R848 exposure without monocytes (upper panel) or with monocytes (lower
panel), the monocytes failing to form clusters with the 3T3 cells.
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In aggregate, our results strongly point to activated 
CD11b+Gr1dim myeloid host cells as the final arbiters of 
CY+TLRa-mediated tumor rejection, with small numbers 
of endogenous T-cells playing at least a critical helper role. 
Although IFNγ-producing, CD4+ and CD8+ host T-cells 
were crucial for the effectiveness of the treatment (Figure 
2A), and although tumor-specific IFNγ-producing T-cells 
were present in treated mice (Figure 3A-3B), isolated 
T-cells did not display demonstrably sustained tumoricidal
nor tumoristatic effects even after in vitro exposure to
exogenous IFNγ and TLRa (Figure 5). Furthermore, even
though durable tumor eradication by CY+CpG treatment
was T-cell dependent (Figure 2), T-cell absolute numbers
were reduced both peripherally and intratumorally
compared to those observed in untreated TB mice (Figure
4). In contrast, CD11b+Gr1+ host myeloid cells remained
the dominant host constituent in the regressing tumors
of CY+CpG-treated 4T1-bearing mice (Figure 4) and, as
importantly, CD11b+Gr1dim cells from CY+TLRa treated
TB or even naïve mice became highly tumoricidal upon in
vitro reexposure to exogenous CpG, with the tumoricidal
state extending to 7 days if reexposure to IFNγ was also
included (Figure 5-7). Such tumor cell destruction was
significantly blocked by clodronate-induced elimination
of phagocytic cells as well as by NO inhibition (Figure 6).

The potential of tumoricidal myeloid cells to serve 
as final mediators of tumor rejection has recently become 
more appreciated; for example, Beatty et al. demonstrated 
for both mouse and human pancreatic carcinoma a likely 
pivotal role of tumor-infiltrating myeloid cells activated to 
a tumoricidal state through an agonal CD40 mAb [14, 65]. 
While the mechanism by which tumoricidal myeloid cells 
recognize tumor cells remains incompletely understood, 
it bypasses recognition of specific antigens and it is not 
MHC restricted [60]. In classical studies by Fidler’s group, 
co-passage of tumor cells with cytolytic T-cells (CTL) led 
to complete tumor resistance to T-cell mediated cytolysis 
within several passages, whereas multiple co-passages of 
tumor cells with tumoricidal myeloid cells did not lead 
to tumor resistance [16]. Therefore, while tumor down-
regulation of antigen/MHC complexes represents a 
formidable escape mechanism for T-cell mediated target 
lysis, it does not render tumor cells resistant to tumoricidal 
myeloid effector cells. In addition, PD-L1 expression 
by tumor cells, a check-point for T-cell-mediated tumor 
rejection, did not impede myeloid cell-mediated tumor 
killing in our in vitro assays. 

Much evidence supports that tumoricidal myeloid 
cell recognition of tumors is mediated through surface 
lectins which bind to aberrantly glycosylated proteins 
on the transformed cell’s surface [60]. Such aberrant 
glycosylation is pathognomonic for malignant cells, 
consistent with activated myeloid cells’ ability to 
distinguish malignant cells from non-transformed cells 
and to kill only the former [66-70]. In the present study, 
CY+TLRa treatment in vivo followed by IFNγ and 

TLRa reexposure in vitro generated what appears to be 
a maximum tumoricidal state in Gr1dim (monocytic) 
myeloid cells, effectively obliterating actively dividing, 
non-irradiated tumor cells for at least seven days in 
culture. 

At the time points examined in vitro, both MDSC 
function and tumoricidal function were concentrated in 
the Gr1dim monocytic subset of CD11b+Gr1+ myeloid 
cells (Supplemental Figures S4-S5 and Figure 5-6). This 
raises the possibility that CY+TLRa treatment modulates 
a transition from MDSC function to tumoricidal function 
in naturally MDSC-rich tumor models such as 4T1 and 
CT26. However, MDSC-poor models such as Panc02 
also responded to CY+TLRa therapy. This is likely 
explained by our observations that treatment of even 
non-TB mice with a single cycle of CY+CpG induced 
de novo expansion of CD11b+Gr1dim splenocytes with 
tumoricidal potential. Similarly, in mice bearing Panc02 
tumors, CY+CpG+pIC treatment induced a de novo 
surge of both CD11b+Gr1high and CD11b+Gr1dim cells 
intratumorally as well as intrasplenically (data not shown). 
Such findings support the hypothesis that the repetitive 
bone marrow rebounds triggered by weekly CY include 
bodywide extramedullary distributions of CD11b+Gr1+ 
cells, effectively delivering fresh Gr1dim tumoricidal 
myeloid precursors into tumor deposits. Once situated 
intratumorally, the tumoricidal myeloid precursors can 
be activated by exogenous TLRa in tandem with IFNγ 
supplied by the endogenous anti-tumor T-cell response. 
The observation that CY+TLRa fails to be curative 
if weekly CY is replaced by daily CY (Supplemental 
Figure S3B), likely reflects a therapeutic requirement for 
bone marrow extramedullary replenishments which are 
lacking in the steady state leukopenia resulting from daily 
chemotherapy. 

It is not yet clear why several tumor models are 
stabilized by treatment with CY+TLRa so long as the 
treatment persists, yet fail to achieve durable regressions. 
This pattern of partial disease resistance is especially 
interesting in the case of B16 melanoma because B16 
is highly sensitive to tumoricidal macrophages in vitro, 
and remains so during serial co-culture with tumoricidal 
macrophages [16]. This is in contrast to serial co-culture 
with CTL, which progressively results in B16 resistance to 
CTL [16]. The observed pattern of therapeutic stabilization 
that ends with cessation of CY+TLRa treatment closely 
resembles the treatment resistance observed when 4T1 or 
other responsive tumors are treated with CY+TLRa either 
in nude mice or in T-cell depleted WT mice (Figure 2 and 
not shown). We are testing the hypothesis that bolstering 
the endogenous T-cell response will improve the 
therapeutic outcome in partially refractory tumor models. 

The ability of mouse myeloid cells to effectively 
mediate tumor cell rejection raises the question of what 
treatment can best elicit the equivalent properties in 
human myeloid cells. Major differences in TLRa usage 
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between mice and humans are evident. For example, 
TLR8 is dysfunctional in mice [71] and TLR9 and TLR7 
are not expressed by human myeloid cells [64]. The strong 
in vitro tumoricidal activation of mouse myeloid cells by 
treatment with CpG+IFNγ can, however, be replicated in 
human monocytes by exposure to combinations of TLR8 
agonist (resiquimod), TLR4 agonist (LPS) and/or IFNγ 
(Figure 8). Furthermore, human monocytes activated to 
a tumoricidal state continued to spare non-transformed 
cells (Figure 8C). We are conducting a clinical trial to 
determine if patients with advanced cancers tolerate and 
respond to combinational treatment with CY and the novel 
TLR8 agonist motolimod as meaningfully as mice treated 
with CY+CpG ODN 1826.

In summary, we have shown for multiple tumor 
models that the endogenous T-cell response to tumor may 
not require vaccinations or ex vivo expansion to mediate 
tumor rejection. Within the course of CY+TLRa treatment, 
T-cells provide an essential helper function which likely
orchestrates, in conjunction with exogenous TLRa,
activation of tumoricidal myeloid cells. Given the apparent
inability of tumor cells to escape from tumoricidal myeloid
recognition, it appears to be a therapeutic advantage
for the host that myeloid cells rather than T-cells serve
as the final mediators of tumor killing. Similar ready
inducibility of tumoricidal function in human peripheral
monocytes renders the CY+TLRa treatment algorithm a
promising strategy to be applied to the therapy of human
malignancies.

MATERIALS AND METHODS

Ethics statement

Investigation has been conducted in accordance with 
the ethical standards and according to the Declaration of 
Helsinki and according to national and international 
guidelines and has been approved by the authors’ 
institutional review board. Research involving human 
participants has been approved by the Mayo Clinic 
Institutional Review Board, IRB 09-000263. Informed 
consent has been obtained.

Mice

All experiments were performed with 8- to 10-
week old female BALB/c wild type (WT) mice purchased 
from NCI Frederick (Frederick, MD). C57BL/6 wild 
type mice and IFNγ knockout (KO) mice on the BALB/c 
background (C.129S7(B6)-Ifngtm1Ts/J) were purchased 
from Jackson Laboratory (Sacramento, CA). Athymic 
nude mice (BALB/c nu/nu mice (C.Cg/AnNTac-Foxn1nu 
NE9) were purchased from Taconic (Oxnard, CA). All 
mice were housed in the Natalie Schafer animal facility 

at the Mayo Clinic in Arizona and kept under specific 
pathogen-free conditions. All protocols were approved 
by the Mayo Clinic Institutional Animal Care and Use 
Committee (IACUC).

Antibodies and reagents

Chemotherapy agents were obtained from the 
Mayo Clinic in Arizona chemotherapy pharmacy or from 
Sigma-Aldrich. CpG oligodeoxynucleotides 1826 (CpG) 
were purchased from Oligos ETC (Wilsonville, OR). 
Polyinosinic:polycytidylic acid (pIC) was obtained from 
Sigma. Recombinant mouse IFNγ was purchased from 
Peprotech (Rocky Hill, NJ). The depleting mAbs anti-
CD4 (GK1.5) and anti-CD8a (2.43), and the respective 
isotype control (purified Rat IgG control) were obtained 
from Leinco Technologies INC (St. Louis, MO). 

Cell lines

The 4T1 mammary tumor cell line was a gift from 
Suzanne Ostrand-Rosenberg (University of Maryland). 
The Panc02 pancreatic adenocarcinoma cell line was 
kindly provided by Dr. M.A. Hollingsworth. CT26 colon 
carcinoma was purchased from ATCC. The 4T1-luc2-
tdTomato cell line was purchased from Caliper. Cell lines 
were verified at the end of the experiments (6/1/2015) 
as being entirely of mouse origin from the BALB/c 
or C57BL/6 strains and no mammalian interspecies 
contamination was detected using a panel of microsatellite 
markers for genotyping (IDEXX BioResearch, Columbia, 
MO). All cells were determined to be free of mycoplasma 
(IDEXX). BM185 cell line was derived from bone marrow 
from an acute lymphoblastic leukemia model, originally 
provided by D. Kohn (University of Southern California, 
Los Angeles, CA). MDA-MB-231 cell line was originally 
obtained from Imperial Cancer Research Fund cell culture 
core (London, UK). Cells were stably transfected for tGFP 
by Innoprot (Derio-Bizkaia, Spain). IDEXX verification 
confirmed that the cell line was of human origin and no 
mammalian interspecies contamination was detected. 
The cell line was consistent with the ATCC MDA-
MB-231 cell line. Cell lines were tested and confirmed 
negative for mycoplasma and viral pathogens. All 4T1 
cell lines, CT26, Panc02, BM185 and MDA-MB-231 
tGFP cell lines were cultured in RPMI 1640 (Lonza 
Walkersville, MD) supplemented with heat inactivated 
FBS (Gibco Carlsbad, CA) at final concentration 10%, 2 
mM L-glutamine (Lonza), 50 uM 2-ME (Sigma-Aldrich 
INC St. Louis, MO), 100 U/ml penicillin and 100 µg/
ml streptomycin (Lonza) (cRPMI). CT26 tGFP cells 
were grown in cRPMI 1640 supplemented with G-418 
sulfate 500 ug/ml (Adipogen San Diego, CA), tGFP-
3T3 Green and 3T3 NIH Red cell lines were grown in 
DMEM (Gibco) supplemented with heat inactivated FBS 
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at final concentration 10%, 2 mM L-glutamine (Lonza), 
50 uM 2-ME (Sigma-Aldrich INC St. Louis, MO), 100 
U/ml penicillin and 100 µg/ml streptomycin (Lonza) and 
3ug/ml Puromycin (InvivoGen San Diego, CA). All cells 
were cultured and maintained at 37°C in 5% CO2. Cells 
were used for in vivo injection and/or in vitro assays once 
they were in log phase of growth and reached about 75% 
confluence. 

Tumor mouse models

For tumor growth experiments and evaluation of 
the effect of chemotherapy and TLRa treatments, cells 
were injected as follows: For ectopic models, 4T1 cells 
were injected subcutaneously (s.c) into the right flank 
of syngeneic BALB/c or nude mice at a concentration 
of 1x106 cells/0.1 ml PBS. Panc02 cells were injected 
s.c. into the right flank of syngeneic C57BL/6 mice at a
concentration of 5x106 cells/0.1 ml PBS cells. CT26 cells
were injected s.c. into the right flank of syngeneic BALB/c
mice at a concentration of 2x106 cells/0.1 ml PBS. For 4T1
orthotopic model, 5x105 cells/0.1 ml PBS were injected
into the left fourth inguinal mammary fat pad of BALB/c
mice. For 4T1 tumor rechallenge experiments, long-term
tumor-free BALB/c mice (for one to three months) were
ectopically injected s.c. into the left flank with 4T1 cells
(0.5-1.0x106 /0.1 ml PBS). Aged-matched naïve mice were
also injected with same number of 4T1 cells as a control
group. Tumors were measured with a caliper and tumor
size was determined as the bidimensional product of the
longest perpendicular length and width measurements
(mm2).

Screening of chemotherapeutic agents

In preliminary experiments groups of non-TB mice 
received graded doses of each tested agent weekly for 
three cycles (comparable to 21-28 day cycles in humans) 
to determine the maximum tolerated dose (MTD) of each 
agent given on this basis. The chemotherapy agents were 
then tested at their established MTD in TB mice with or 
without CpG and pIC. 

Standardized cyclophosphamide (CY) + TLRa 
schedule subsequent to preliminary studies

For 4T1 models, tumors were allowed to grow 
until primary tumor reached a size between 50-100 mm2 
(14-17 days after tumor challenge). For other models, 
initiation of treatment varied according to the growth 
kinetics of the model; PanC02, 26-35 days and CT26, 8 
days. For all mouse tumor models CY+TLRa treatment 
was administered in weekly cycles for 7 cycles. Mice 
were injected i.p. with CY (200g/kg) on day 0, and with 

CpG alone (4T1 and CT26) or CpG plus pIC (Panc02) 
(each at 5 mg/kg) on day 3 of each cycle coincident to 
the leukocyte nadir, followed by a 4-day rest period to 
allow bone marrow recovery before the next CY dose was 
given. Tumor size was recorded on d0 before the first CY 
injection, and then monitored at least weekly. Mice were 
sacrificed at different time points to evaluate the effect of 
treatments on TB mice; otherwise, mice were euthanized 
when primary tumor reached the threshold size of 250 
mm2 or earlier if mice appeared moribund, in accordance 
with the Institutional Animal Care and Use Committee 
(IACUC) guidelines. In naïve BALB/c mice (non-TB), 
CY, CpG or CY+CpG was administered for a single cycle 
(one week), following the same CY+CpG scheme used for 
4T1 tumor model. Mice were studied at the end of the first 
cycle of treatment (c1d7).

Lung metastasis analysis

4T1 TB mice were sacrificed at different time points 
after 4T1 challenge. Lungs were infused with India ink 
(15% in PBS) via the trachea, resected and then washed 
by placing them into 3 ml of Fekete’s solution (100 mL 
of 70% alcohol, 10 mL of 10% buffered formalin, and 5 
ml of glacial acetic acid) for 5 minutes. Lung metastases 
appeared as white spots as they did not retain the India ink 
solution after bleaching in Fekete’s solution while normal 
tissue remained black. Lung metastases were enumerated 
and pictures were taken using a Stereo Discovery V8 
stereomicroscope.

CD4+ and CD8+ cell depletion

CD4+ or CD8+ cells were depleted in WT BALB/c 
or C57BL/6 mice by injecting 125ug in a volume of 200 
ul PBS of anti-CD4, anti-CD8, or IgG (isotype control) 
intraperitoneally (i.p.). The depleting mAbs and isotype 
control were initially given 4 days before 4T1 inoculation, 
and then administered every 8 days throughout the 7 
cycles of the CY+TLRa treatment. Effectiveness of the 
T-cell depletion procedure was confirmed by cytometric
analyses of CD4+CD3+ and CD8+CD3+ populations in
spleens of non-experimental mice.

In vivo treatment with rmIFNγ

8- to 10-week old female nude mice were injected
i.p. with 10 μg of rmIFNγ (Peprotech, Cat No. 315-05).
Injections were performed the same day of CpG injections,
during the CY plus CpG treatment scheme.
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Spleen, tumor and LN processing

Spleens were excised and directly mashed on 40 
μm nylon cell strainers to get single cell suspensions 
followed by red blood cell lysis. Tumors were resected, 
minced and underwent enzymatic digestion (collagenase 
type IV, DNase and hyaluronidase, Sigma) for 2h at room 
temperature to release tumor-infiltrating leukocytes. 
Tumor digest was passed through a 40 μm nylon cell 
strainer to remove persistent tumor debris and washed 
with PBS. For LN processing, in the case of TB mice, 
axillary, brachial and inguinal tumor-draining lymph nodes 
were excised, pooled and directly smashed on 40 μm cell 
strainer to obtain single cell suspensions followed by red 
blood cell lysis. The same procedure was applied for LN 
obtained from naïve mice in which axillary, brachial and 
inguinal LN from both left and right sides were pooled 
for analyses. Total cell count was performed for spleen, 
tumor, and total lymph node cell suspensions samples and 
viability was evaluated by trypan blue.

Total T-cell adoptive transfer

Total T-cells (CD3+ cells) were enriched by negative 
selection (Dynabeads untouched mouse T-cells, Invitrogen/
Molecular Probes, Eugene OR) from total splenocytes 
obtained from naïve BALB/c and IFNγ KO mice following 
manufacture’s instruction. In brief, total splenocytes after 
red cell lysis were adjusted to a concentration of 1x106 
cells in 1 ml isolation buffer, cells were incubated with 
antibody mix (against B-cells, monocytes/macrophages, 
NK cells, dendritic cells, erythrocytes, and granulocytes) 
for 20 min at 4°C. Cells were washed with isolation buffer, 
and then Depletion Dynabeads were added to the cells. 
After 15 min incubation at room temperature, cells were 
washed and magnetic separation was performed. Total 
T-cells were present in the supernatant. Enriched T-cell
preparations were analyzed by flow cytometry using anti-
CD3, anti-CD4 and anti-CD8 mAbs and 99% cell purity
was confirmed prior to adoptive transfer. Total T-cells
were injected into the tail vein of BALB/c nude mice in a
concentration of 30x106 in 0.1 ml PBS eight days before
4T1 challenge. Successful T-cell adoptive transfer was
confirmed in randomly selected mice by flow cytometric
analysis of CD4+CD3+ and CD8+CD3+ populations in
spleen and lymph node samples.

CD8+ and CD4+ cell enrichment

CD8+ and CD4+ cells were isolated by negative 
selection (Dynabeads untouched mouse CD8+ cells 
or CD4+ cell kit, respectively; Invitrogen) from total 
splenocytes or total lymph node single cell suspensions, 
following manufacture’s instruction. In brief, total 

splenocytes or LN cells after red cell lysis were adjusted 
to a concentration of 5x107 cells in 0.5 ml isolation buffer 
and 0.1 ml FBS was added. Cells were incubated with 0.1 
ml antibody mix for CD8+ or CD4+ cells for 20 min at 
4°C. Cells were washed with isolation buffer, and then 1 
ml Mouse Depletion Dynabeads was added to the cells. 
After 15 min incubation at room temperature, cells were 
washed and magnetic separation was performed. Total 
CD8+ or CD4+ cells were present in the supernatant. 
Enriched T-cell preparations were analyzed by flow 
cytometry using anti-CD3, anti-CD4 and anti-CD8 mAbs 
and > 90% cell purity for either CD8+ or CD4+ T-cell 
subpopulation was confirmed. 

IFNγ ELISpot assay

IFNγ production in enriched subpopulations of 
T-cells was evaluated by ELISpot using mouse IFNγ
ELISpotplus kit (3321-4APW, Mabtech Cincinnati, OH)
following the manufacturer’s instructions. In brief,
freshly isolated T-cells (CD4+ or CD8+) from spleens
or LN of naïve, untreated and CY+CpG-treated 4T1 TB
mice were washed twice with cRPMI. Cells were filtered
through a 40 μm nylon cell strainer. Enriched CD8+ or
CD4+ cells were added in a concentration of 1x105 cells
in 100 ul cRPMI media to the ELISpot plates at time 0.
As stimuli, irradiated 4T1 or BM185 tumor cell lines
(1x104 rads) were added in a concentration of 1x105 cells
in 100 ul cRPMI also at time 0. Plates were incubated for
48 h at 37°C degrees and 5% CO2. ELISpot analysis was
performed using a Zeiss ELISpot reader (Thornwood,
NY) with KS ELISpot software 4.9. CD8+ or CD4+ cells
in cRPMI alone were used as a negative control. Each
sample was run in triplicates for each biological assay.
IFNγ production was analyzed as number of IFNγ spots
per 1x105 enriched T-cells.

Gr1hi and Gr1dim host myeloid cell enrichment

CD11b+Gr1hi and CD11b+Gr1dim cells were 
enriched by using Myeloid-Derived Suppressor Cell 
Isolation Kit, mouse (130-094-538, Miltenyi Biotec) 
following the manufacturer’s instructions. In brief, 
splenic total single cell suspensions were washed with 
isolation buffer (0.5% BSA and 2mM EDTA in PBS, 
pH 7.2). Gr1hi (Gr1hiLy6Gpos) cells were positively 
selected by incubation with anti-Ly6G-biotin and anti-
biotin microbeads, and then magnetic cell separation 
was performed, using LS columns (Miltenyi Biotec). 
The effluent (the pre-enriched Gr1dimLy6Gneg fraction) 
was incubated with anti-Gr1-biotin and streptavidin 
microbeads, and then magnetic separation was performed 
for positive selection of Gr1dim cells, using LS columns 
(Miltenyi Biotec). Flow cytometric analysis using anti-
CD11b, anti-Gr1 and anti-CD3 mAbs confirmed at least 
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90% purity for Gr1dim cells (~10% Gr1hi cells and < 
0.5% CD3+ cells) and 75% purity for Gr1hi cells (~25% 
Gr1dim cells).

Cytospin analysis

To perform morphological studies of isolated 
Gr1dim cells and Gr1hi cells from spleens of CY+CpG-
treated mice, cytospin preparations (5x104 cells/100ul 
5% FBS) of enriched cells were stained with Diff-Quik 
(modified Giemsa) (Siemens, cat No. B41321A). Photos 
were taken at 400x magnification using an EVOS xl 
microscope.

CD45 cell enrichment for tumor digests

Tumor-infiltrating leukocytes released by enzymatic 
digestion from resected 4T1 tumors of TB mice were 
subjected to CD45 enrichment by positive selection (130-
052-301, CD45 MicroBeads mouse kit, Miltenyi Biotec),
following manufacture’s instruction. In brief, total tumor-
infiltrating leukocytes were adjusted to 1x107 cells in 90
ul isolation buffer (0.5% BSA and 2 mM EDTA in PBS,
pH 7.2), and 10 ul CD45 MicroBeads were added. Cells
were incubated for 15 min at 4°C, washed and subjected to
magnetic separation, using LS columns (MACS separation
Columns, Miltenyi Biotec Auburn, CA). The CD45-
magnetically labeled fraction was flushed out from the
columns and collected cells were washed and resuspended
in cRPMI. Cell viability was evaluated by trypan blue.
Flow cytometric analysis using APC/Cy7-conjugated anti-
CD45 mAb confirmed > 90% purity.

Flow cytometry studies

Single cell suspensions were incubated with Fc 
Receptor blocking solution (20 ml of FACs buffer, 0.5 
mg of purified Rat anti-mouse CD16/CD32, and 5 mg 
of mouse IgG). Cells were adjusted to a concentration of 
≤1x106 cells in 100ul of FACs buffer (PBS, 10% FBS, 
0.1% NaN3 sodium azide) and added to 96-well round-
bottom plates. For surface staining, cells were treated 
with the following mouse monoclonal antibodies: APC/
Cy7-conjugated anti-CD45 (30-F11, Biolegend), Alexa 
Fluor 700-conjugated anti-CD11b (M1/70, eBiosciences), 
fluorescein isothiocyanate-conjugated anti-Gr1 (RB6-8C5, 
BD), Brilliant Violet 421-conjugated anti-CD3 (17A2, 
Biolegend), Alexa Fluor 700-conjugated anti-CD4 (RM4-
5, BD Pharmingen), fluorescein isothiocyanate-conjugated 
anti-CD8 (53-6.7, BD Pharmingen), Brilliant violet 
421-conjugated anti-PD-L1 (10F.9G2, Biolegend) or the
corresponding matched-isotype control. Additionally,
for intracellular Foxp3 determination, cells were washed
and incubated with fixative/permeabilization buffer

(eBioscience), followed by the addition of phycoerythrin-
conjugated anti-Foxp3 mAb (FJK16s, eBioscience) or 
isotype control (EBR2a, eBioscience). For Figure 4, 
total numbers of myeloid CD11b+Gr1+ subpopulations 
(CD11b+Gr1dim and CD11b+Gr1hi), and T-cells subsets 
(Teff cells, CD3+Foxp3neg; Tregs, CD3+Foxp3pos) present 
in spleen were determined based on total cell counts and 
the proportions of the different subpopulations obtained 
by cytometric analyses. For the study of tumor digests, 
leukocytes were identified by CD45 positive staining. 
Gated CD45pos cells were then analyzed for the expression 
of CD11b, Gr1, CD3 and Foxp3 markers to determine the 
levels of double positive CD11b+Gr1dim, CD11b+Gr1hi, 
CD3+Foxp3neg and CD3+Foxp3pos cells. Total cell numbers 
for each cellular subpopulation were determined based 
on manual total leukocyte counts and the proportions 
of each cellular subset according to flow cytometric 
studies. In addition, absolute numbers of cellular subsets 
were divided by tumor volume (cells/mm3). Cells were 
analyzed on a LSRFortessa machine (BD Bioscience) 
using FACsDiva software (BD Biosicience).

In vitro tumor killing assay

To evaluate the tumoricidal properties of splenic 
cells and tumor-infiltrating leukocytes (CD45+ cells) 
from CY+CpG-treated (c2d3, 2h post CpG injection) and 
untreated 4T1 TB mice, we devised a 7d in vitro tumor-
killing assay mainly employing as a target fluorescent 
4T1-tdTomato (4T1-f) cells. To emulate in vitro the 
aggressive in vivo 4T1 tumor growth, non-irradiated 4T1-
f cells were used when they were in log phase of growth 
and displayed about 75% confluence. These non-irradiated 
cells were added directly to the plates. 4T1-f cells were 
plated in 96-well flat-bottom plates at a concentration of 
2x104 cells in 0.1 ml of cRPMI media. The plates were 
incubated for 20-60 min at 37°C degrees and 5% CO2 to 
allow 4T1-f cells to adhere to the plastic. Then, immune 
cells (always used at a concentration of 1x105 cells in 
0.1 ml of cRPMI) isolated from spleens or tumor digests 
were added to the wells followed by the addition of CpG 
(1uM), rmIFNγ (1,000 U/ml) or both reagents. Plates 
were incubated at 37°C degrees and 5% CO2. 4T1 cell 
monolayers were examined under fluorescent and bright 
fields. Wells with 4T1-f cells in cRPMI alone were used 
as a reference for tumor cell growth. The assays were 
evaluated at 48h when totally confluent 4T1 monolayers 
were formed in the growth control wells. The addition 
of CpG, IFNγ or CpG plus IFNγ to 4T1-f cells did not 
alter the growth or survival of these cells out to 7 days 
in culture. To distinguish between cytostatic vs cytolytic 
effects, viable 4T1-f cells were evaluated at 48h, 72h and 
7d after plating. 

Immunofluorescence as well as brightfield images of 
wells displayed in Figures 5-8 and Supplemental Figures 
5-6 were taken at 100x magnification. To determine the
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percentage of killing of 4T1-f cells or inhibition of 4T1-
f cell outgrowth, the percent of black areas (acellular 
spaces) of 6 non-overlapping high-power (400x) field 
equivalents was measured using public domain ImageJ 
software, and average percentage of killing ± SD was 
determined. Wells were scored by four independent 
evaluators and representative images are shown. Each 
treatment condition was furthermore set up in 2-3 
microwells to verify technical reproducibility, and each 
condition was run from scratch at least twice to assess 
biologic reproducibility. Visualization of 4T1-f cells was 
performed using a Zeiss Axio Observer A1 microscope or 
the EVOS FL Auto Imaging System microscope. Similar 
assays were also run targeting the CT26 tGFP tumor cell 
line and 3T3 (tGFP or NIH Red) non-transformed mouse 
fibroblasts. 

Similarly, to evaluate inducible tumoricidal 
properties in human monocytes, we employed the 
fluorescent (f) human breast cancer cell line MDA-MB-
231-f as well as 4T1-f and 3T3-f as targets (each at 2x104

cells in 0.1 ml cRPMI per well). Peripheral blood enriched
human monocytes were obtained from healthy donors
(as described previously) [72]. Briefly, countercurrent
centrifugal elutriation was applied to leukapheresed
peripheral blood. All isolated cells were myeloid (CD33+/
CD13+) of which 90% were also CD14+. Isolated CD14+
and CD14- cells were ultrastructurally indistinguishable,
indicating the CD33+CD14- cells were likely committed
myeloid dendritic cells. Thawed cryopreserved monocytes
were added to the wells (1x105 cells in 0.1 ml cRPMI per
well). To promote monocyte survival, rhGM-CSF (40
ng/ml) was added to the cultures at time 0. Exogenous
rhIFNγ (25 ng/ml), TLR8 agonist resiquimod (3 μg/ml)
(Invitrogen) and/or TLR4 agonist LPS (5 ng/ml) were also
variably added to the cultures. Near confluence of MDA-
MB-231-tGFP cells was observed at 96h in microwells
receiving only GM-CSF and no monocytes. Evaluation of
tumoricidal properties in human monocytes was assessed,
following the same method used to evaluate tumoricidal
properties in mouse cells co-cultured with 4T1-f cells.

Clodronate liposome assays

To evaluate the role of phagocytic cells in the killing 
of 4T1-f tumor cells in vitro, clodronate (25 ng/microwell) 
or control liposomes (Encapsula Nano Sciences, Nashville 
TN) were variably added at time 0 to 96-well flat-bottom 
plates in which splenic Gr1dim cells exposed to CpG plus 
IFNγ were co-cultured with 4T1-f cells. Each condition 
was conducted in triplicate. Plates were incubated at 
37°C degrees and 5% CO2. The effect of the clodronate 
or control liposomes was analyzed at 48h and 72h. The 
addition of the liposomes did not affect 4T1-f cell growth 
at the evaluated time points. The percentage of 4T1 cell 
killing was analyzed as previously explained (see above 

in vitro tumor killing assay). 

Evaluation of iNOS, serine protease and reactive 
oxygen species in 4T1 killing assays

To evaluate the mechanism involved in the killing of 
4T1-f tumor cells by activated Gr1dim cells, inhibitors for 
iNOS (5mM L-NMMA, Sigma), serine proteases (4,000 
U/ml trypsin inhibitor, Sigma) and reactive oxygen species 
(4,000 U/ml U catalase, Sigma) were variably added to 
wells in which splenic Gr1dim cells were exposed to 
CpG and/or CpG plus IFNγ and co-cultured with 4T1-f 
cells. Each condition was performed in duplicate, and 3 
independent experiments were conducted. The effect of 
the inhibitors was initially analyzed at 48h when massive 
confluent monolayers were observed in the tumor growth 
control wells (4T1-f cells alone in cRPMI), and evaluated 
again after 7 days in culture. The addition of the inhibitors 
did not affect the growth of 4T1-f cells. The percentage of 
4T1 cell killing was evaluated as previously explained (see 
above in vitro tumor killing assay). 

PD-L1 expression on 4T1 tumor cell line

4T1-f cells were plated in 96-well flat-bottom plates 
at a concentration of 2x104 cells in 0.1 ml of cRPMI 
media. The plates were incubated for 20-60 min at 37°C 
degrees and 5% CO2 to allow 4T1-f cells to adhere to the 
plastic followed by the addition of CpG, IFNγ or CpG plus 
IFNγ (same concentrations used in 4T1-f killing assay, see 
above). 4T1 cells in medium alone were used as a control. 
Cells were incubated and PD-L1 expression on 4T1-f cells 
was evaluated after 48h in culture. To determine PD-L1 
levels, 4T1 cells were detached by removing the media, 
incubating in PBS for 20 min at 37°C degrees and 5% 
CO2. Cells were detached by up and down pipetting. Cells 
were washed twice with FACs buffer and Fc Receptor 
blocking solution was added. Cells were stained with 
Brilliant violet 421 anti-mouse PD-L1 mAb (124315, 
Biolegend San Diego, CA) or isotype control. Cells 
were analyzed on a LSR Fortessa flow cytometer (BD 
Bioscience), using FACsDiva software (BD Biosicience).

CSFE labeling

Enriched CD4 cells from spleens of naïve BALB/c 
mice, previously stained with Alexa Fluor 700 rat anti-
mouse CD4 mAb (RMA-5 BD Bioscience), were washed, 
resuspended in PBS and labeled with CSFE (final working 
concentration 2.5 μM) (C34554, CellTrace CFSE Cell 
Proliferation Kit, Invitrogen). After 5 min incubation at 
room temperature, ice-cold cRPMI was added and cells 
were incubated on ice for 5 min. Then, cells were washed 
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once and resuspended in fresh cRPMI (10 ml) at 37°C for 
30 min, carefully mixing the cell suspension every 10 min 
(this step was done for a total of two times). Finally, cells 
were resuspended in fresh cRPMI and counted. Viability 
was assessed by trypan blue. 

CD4+ T-cell proliferation assay

Enriched CD4+ T-cells form spleens of naïve mice, 
previously labeled with CSFE and Alexa Fluor 700 rat 
anti-mouse CD4 mAb, were added at a concentration of 
1.5x105 cells/100 ul cRPMI per well to a 96-well round-
bottom plate pre-coated with anti-CD3 and anti-CD28 
mAbs (50 ul 2mg/ml each). Enriched myeloid Gr1dim 
or Gr1hi cells from spleens of untreated or CY+CpG-
treated 4T1 TB mice, obtained by magnetic cell isolation 
(Myeloid-Derived Suppressor Cell Isolation Kit, Miltenyi 
Biotec), were variable added to the cultures at time 0 
(1.5x105 cells/100 ul cRPMI). Cells were incubated 
at 37°C for 72h. Flow cytometric analysis of T-cell 
proliferation was performed on gated CD4+ T-cells based 
on CFSE expression. 

Statistical analysis

All data are expressed as mean ± SD. ELISpot 
analyses were performed by using one-way ANOVA 
followed by Tukey’s posttest for multiple comparisons. 
For therapy experiments in which binomial read out 
was appropriate (e.g., durable tumor rejection vs any 
other outcome), Fisher’s exact test was employed. For 
comparison of means, unpaired Student’s t-Test was 
used. All analyses were made using GraphPad Prism v5 
software. Significance is shown as follows *p < 0.05, **p 
< 0.01, ***p < 0.001.

Abbreviations
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ABSTRACT
Nephrotoxicity is a common toxic side-effect of chemotherapeutic alkylating 

agents. Although the base excision repair (BER) pathway is essential in repairing DNA 
alkylation damage, under certain conditions the initiation of BER produces toxic repair 
intermediates that damage healthy tissues. We have shown that the alkyladenine 
DNA glycosylase, Aag (a.k.a. Mpg), an enzyme that initiates BER, mediates alkylation-
induced whole-animal lethality and cytotoxicity in the pancreas, spleen, retina, and 
cerebellum, but not in the kidney. Cytotoxicity in both wild-type and Aag-transgenic 
mice (AagTg) was abrogated in the absence of Poly(ADP-ribose) polymerase-1 
(Parp1). Here we report that Parp1-deficient mice expressing increased Aag (AagTg/
Parp1-/-) develop sex-dependent kidney failure upon exposure to the alkylating 
agent, methyl methanesulfonate (MMS), and suffer increased whole-animal lethality 
compared to AagTg and wild-type mice. Macroscopic, histological, electron microscopic 
and immunohistochemical analyses revealed morphological kidney damage including 
dilated tubules, proteinaceous casts, vacuolation, collapse of the glomerular tuft, 
and deterioration of podocyte structure. Moreover, mice exhibited clinical signs of 
kidney disease indicating functional damage, including elevated blood nitrogen urea 
and creatinine, hypoproteinemia and proteinuria. Pharmacological Parp inhibition 
in AagTg mice also resulted in sensitivity to MMS-induced nephrotoxicity. These 
findings provide in vivo evidence that Parp1 modulates Aag-dependent MMS-induced 
nephrotoxicity in a sex-dependent manner and highlight the critical roles that Aag-
initiated BER and Parp1 may play in determining the side-effects of chemotherapeutic 
alkylating agents.

INTRODUCTION

The kidney is essential for excretion of waste and 
maintenance of proper osmotic and oncotic pressure; these 
functions require a properly functioning filtration unit 
comprised of the glomerulus and surrounding Bowman’s 
capsule. Blood is filtered within the filtration unit; 
protein, cells, and specific concentrations of chemicals 

are retained, whereas waste and extra fluid is passed to 
the renal tubules to become urine. One common feature 
of glomerular dysfunction is loss of protein from the 
blood (hypoproteinemia) accompanied by increased 
urinary protein (proteinuria). Glomerular dysfunction 
can cause chronic kidney disease and eventually end-
stage renal disease (ESRD), requiring dialysis or kidney 
transplantation. Various causes include genetic mutations, 
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autoimmunity, infections, environmental exposures or 
any combination thereof (reviewed in [1-4]). Pathological 
changes damaging the glomerular filtration apparatus are 
responsible for 90% of ESRD, resulting in ~$20 billion in 
yearly health costs in the USA [5].

The glomerular filtration unit has three layers: 
the visceral epithelial cells (podocytes), the glomerular 
basement membrane, and parietal endothelial cells; proper 
communication and function of all three components is 
required for glomerular function. Podocytes, the most 
essential cell-type for glomerular filtration, possess 
interdigitating foot processes that form filtration slits 
called slit diaphragms (reviewed in [6]). Loss of the 
slit diaphragm through effacement of the podocyte foot 
processes is sufficient to cause proteinuria and kidney 
damage, emphasizing the importance of podocytes in 
proper kidney function [7]. Various podocytopathies play 
a dominant role in glomerular diseases [2].

Some cancer chemotherapeutic agents, including 
alkylating agents, induce nephrotoxicity. For example, 
oxazaphosphorines, used in the treatment of certain 
leukemias, lymphomas and solid tumors, result in 
significant nephrotoxicity [8-10]. Such off-target toxicity 
is dose-limiting, thus reducing efficacy. 

Alkylating agents represent one class of commonly-
utilized chemotherapeutic agents that generate numerous 
types of alkylated DNA base lesions, including O6-
alkylguanine (O6alkG), 7-alkylguanine (7alkG) and 
3alkyladenine (3alkA). The induction of cell death in 
rapidly-dividing cells by these toxic DNA lesions underlies 
the effectiveness of alkylators as cancer chemotherapeutic 
agents. The base excision repair (BER) pathway repairs 
many alkylated DNA base lesions [11]. BER is initiated 
by the recognition and excision of alkylated DNA base 
lesions by the alkyladenine DNA glycosylase, Aag (a.k.a. 
Mpg). After base excision, an AP endonuclease (Ape1) 
hydrolyzes the phosphodiester backbone at the abasic 
site, generating a single-stranded DNA break (SSB) with 
3’OH and 5’deoxyribose-5-phosphate (5’dRP) termini. 
Poly(ADP-ribose) polymerase-1 (Parp1) acts as a SSB 
sensor, and, upon binding a SSB, is activated to catalyze 
the addition of long polymers of ADP-ribose to itself 
and several other proteins. The poly(ADP-ribose) chains 
are thought to recruit downstream BER enzymes: DNA 
polymerase β (Pol β) that removes the 5’dRP terminus and 
extends the missing nucleotide from the 3’OH, and either 
DNA Ligase I or the Xrcc1/LigaseIIIα complex that seal 
the remaining nicked DNA to complete BER.

Although BER can repair DNA alkylation damage, 
under certain conditions the initiation of BER can generate 
toxic repair intermediates that cause damage to healthy 
tissues. Recently, using mouse genetic models, we 
demonstrated the importance of both Aag and Parp1 in 
modulating in vivo alkylation sensitivity. Modest increases 
in Aag activity in a transgenic mouse model (AagTg mice) 
increased susceptibility to the alkylating agent, methyl 

methanesulfonate (MMS), for both whole-animal survival 
and tissue damage in a specific subset of tissues [12, 13]. 
The Aag-mediated alkylation sensitivity of these tissues, 
for both wild-type (WT) and AagTg mice, is entirely 
Parp1-dependent, being wholly prevented by Parp1 
deficiency. Here, we show that although Parp1 deficiency 
protects against Aag-dependent, MMS-mediated 
tissue degeneration in the pancreas, spleen, retina, and 
cerebellum [12], Parp1 deficiency is surprisingly unable 
to protect against MMS-mediated whole-animal lethality. 
In fact, AagTg/Parp1-/- mice exhibit greater morbidity and 
lethality following MMS treatment as compared to AagTg 
mice. Strikingly, following MMS treatment, AagTg/Parp1-

/- mice exhibit severe glomerular damage, suggesting 
a novel role for Aag and Parp1 in modulating the renal 
toxicity of alkylating agents. 

Numerous animal models of acquired podocyte 
diseases have been described (reviewed in [14, 15]). 
MMS-treated AagTg/Parp1-/- mice represent a new model 
of glomerular disease and may provide insight into many 
types of human glomerular diseases. Further, the induction 
of nephrotoxicity by MMS is novel and the importance 
of Parp1 and Aag in modulating responses is especially 
relevant, given the recent surge in the use of PARP 
inhibitors for multiple clinical indications and the wide 
range of AAG activity in the human population [12, 16, 
17]. 

RESULTS

AagTg and Parp1-/- alleles display synthetic 
lethality for alkylation-induced animal toxicity

AagTg mice, expressing higher than WT levels 
of Aag, display increased sensitivity to MMS toxicity 
compared to WT mice, at the whole-animal level and 
in numerous tissues including the cerebellum, retina, 
and pancreas, but not kidney [12, 13]. However, Parp1 
deficiency completely suppresses MMS-mediated damage 
to these tissues in both WT and AagTg mice [12]. To 
determine whether Parp1 deficiency also protects against 
whole-body alkylation sensitivity in AagTg mice, we 
determined the LD50 of the alkylating agent MMS in WT, 
Parp1-/-, AagTg, and AagTg/Parp1-/- mice. Surprisingly, 
although alkylation-induced damage in numerous tissues 
is suppressed in AagTg/Parp1-/- mice [12], whole-animal 
toxicity is not suppressed; rather, the animals are more 
susceptible to MMS-induced whole-animal lethality. The 
MMS LD50 for AagTg mice is 80 mg/kg as we previously 
reported [12], and 66 mg/kg for AagTg/Parp1-/- mice 
(Table 1). Parp1-/- mice exhibit the same whole-body 
sensitivity to MMS as WT (LD50 200 mg/kg). Remarkably, 
during a 30-day (d) survival experiment post-MMS 
treatment (75 mg/kg, a dose slightly below the LD50 of 
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AagTg mice), we observed that AagTg/Parp1-/- mice began 
to lose significant body weight (Figure 1A) and exhibited 
signs of severe disease, including lethargy, a hunched 
posture, and cachexia (losing ~20% of initial BW) by 15d 
post-MMS treatment; all AagTg/Parp1-/- mice succumb 
within 30d (Figure 1B-1C).

AagTg mice combined with either the Parp1-/- 
allele or Parp inhibition are susceptible to MMS-
mediated renal toxicity

To investigate causa mortis in AagTg/Parp1-/- mice, 
we examined a panel of tissues at gross and histological 
levels 14d post-MMS. Remarkably, only the kidneys 
displayed alkylation-induced pathology. MMS-treated 
AagTg/Parp1-/- kidneys were smaller and paler compared 
to untreated and MMS-treated WT mice (Figure 2A). 
Accordingly, severe histological changes were observed. 
Under low magnification, we observed large, pink, 
proteinaceous casts that resulted in dilation of the kidney 
tubules (Figure 2B). High magnification revealed severe 
glomerular abnormalities, including vacuolation and loss 
of the Bowman’s space (Figure 2B). Periodic acid-Schiff 
(PAS) staining shows a glomerular structure severely 
disturbed in AagTg/Parp1-/- mice post-MMS, as evident 
by vacuolation and glomerular tuft collapse (Supplemental 
Figure 1). No evidence of kidney disease was seen in 
MMS-treated WT, AagTg (Figure 2B and Supplemental 
Figure 1) or Parp1-/- (not shown) mice. Moreover, no other 
tissues from MMS-treated AagTg/Parp1-/- mice revealed 
histological abnormalities (not shown) at 14d. AagTg/
Parp1-/- kidneys stained with PAS, toludine blue and 
phosphotungstic acid-hematoxilin (PTAH) 14d post-MMS 
showed no evidence of abnormal glomerular cellular 
accumulations, intravascular fibrin thrombi, matrix 
deposits, or significant fibrosis (Supplemental Figure 2). 

AagTg mice treated with ABT-888 (a.k.a. Veliparib), 
a clinically-relevant PARP inhibitor, exhibit MMS-
mediated renal toxicity similar to AagTg/Parp1-/- mice 
(Figure 3) indicating that Parp inhibition was sufficient to 
sensitize AagTg mouse kidneys to MMS. However, renal 
toxicity was reduced in MMS/ABT-888-treated AagTg 
mice compared to MMS-treated AagTg/Parp1-/- mice, with 
affected glomeruli and protein casts being less prevalent. 

Consistent with the reduced severity of the kidney 
phenotype, MMS/ABT-888-treated AagTg mice exhibited 
lower whole-body sensitivity compared to AagTg/Parp1-

/- mice; at 20d post-MMS treatment, no AagTg mice were 
moribund and >80% of the AagTg mice showed no sign of 
distress through 30d post-MMS (not shown). 

Having shown that AagTg mice combined with 
either the Parp1-/- allele or Parp inhibition are susceptible 
to MMS-mediated renal toxicity, we determined 
whether this toxicity correlates with the accumulation 
of BER intermediates and lack of Parp activity. The Aag 
glycosylase generates potentially toxic abasic (AP) sites 
that can block replication and transcription [18, 19], and 
their cleavage by AP endonuclease generates highly toxic 
DNA single-strand breaks [20]; indeed, until the final 
ligation step of BER, these toxic lesions are present in 
DNA. Thus, if BER is initiated under conditions where the 
subsequent processing of BER intermediates is limiting, 
i.e. by Parp deficiency, this can result in cell death and
tissue damage; under these circumstances cells are said
to have an imbalanced BER pathway [11]. Indeed, at 3
hours post-MMS treatment, AagTg kidney DNA contained
twice as many AP sites as WT kidney DNA (Supplemental
Figure 3A). Consistent with these findings, at 6 hours
post-MMS treatment, Parp activity was highly increased
in AagTg kidneys compared to WT kidneys (Supplemental
Figure 3B). In both WT and AagTg kidneys, Parp activity
peaks at 24 hours post-MMS treatment and returns to basal
levels within 48 hours post-MMS treatment. Conversely,
although AagTg/Parp1-/- kidney DNA had high levels of
AP sites similarly to AagTg kidney DNA at 3 hours post-
MMS treatment (Supplemental Figure 3A), no increase in
Parp activity was observed in AagTg/Parp1-/- kidneys at
any time point (Supplemental Figure 3B). These findings
support the hypothesis that an imbalanced BER pathway
can be detrimental for the kidney.

Progression of MMS-mediated renal toxicity in 
AagTg/Parp1-/- mice

We examined the kinetics of MMS-induced kidney 
damage by monitoring kidney toxicity at 3, 5, 7 and 14d 
post-MMS. We assessed the glomerulus, renal tubules and 
Bowman’s capsule following histopathological criteria 
listed in Supplemental Table 1. No histopathological 
abnormalities were observed at any time point in WT 
mice and in AagTg/Parp1-/- mice at 3d or 5d post-MMS 
(Figure 4A-4C). However, by 7d we observe abnormalities 
in AagTg/Parp1-/- kidneys. One obvious change within 
the renal tubules at 7d post-MMS is tubule dilation and 
presence of proteinaceous casts (Figure 4C). By 14d 
there is also evidence of reactive changes in the tubules, 
including mild degeneration and hyperplasia (Figure 4C). 
Consistent with reactive regeneration, epithelial mitotic 

Table 1:  Approximate LD50 of MMS in mutant mice
Approximate LD50#

Mouse Strain MMS
WT 200 mg/kg
Parp1 -/- 200 mg/kg
AagTg 80 mg/kg
AagTg/Parp1-/- 66 mg/kg

# as determined by Deichmann and LeBlanc method 
(1943). MMS, methyl methanesulfonate
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Figure 1: Parp1 deficiency results in increased overall whole-body sensitivity to MMS toxicity. A. Body weight, as 
percentage of initial body weight following MMS treatment (75 mg/kg), is illustrated for WT (n = 17), Parp1-/- (n = 9), AagTg (n = 19), and 
AagTg/Parp1-/- (n = 22) mice at different time points. Representative data from two experiments are shown. B. Representative pictures of 
mouse body condition 14 days post-MMS treatment (75 mg/kg). C. Kaplan Meier survival curves are shown for WT (n =  9), Parp1-/- (n = 
7), AagTg (n = 6), and AagTg/Parp1-/- (n = 12) mice following treatment with MMS (75 mg/kg).
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figures are also observed (Supplemental Figure 4). The 
glomerulus exhibits histological abnormalities as early 
as 7d post-MMS, including vacuolation of podocytes or 
parietal cells and capillary collapse of the lumen (Figure 
4D). By 14d, glomeruli in AagTg/Parp1-/- mice exhibit 
significant increases in the histological scores of podocyte 
or parietal cell hyperplasia (p = 0.0005), vacuolation 
(p = 0.001) and capillary lumen collapse (p < 0.05). 
At 14d post-MMS, additional glomerular pathological 
abnormalities appear, including crescent formation 
(Figure 2B and 4A), a phenomenon commonly observed 
in crescentic glomerulonephritis in both humans and mice 
[21-23]. 

AagTg/Parp1-/- mice exhibit clinical markers of 
kidney disease

We next investigated whether kidney abnormalities 
observed at the histological level were accompanied 
by clinical markers of disease. Serum analytes were 
measured before treatment, 14d post-MMS, and when 
the mice exhibited morbidity post-MMS. We observe a 
trend toward higher serum levels of blood urine nitrogen 
(BUN) in AagTg/Parp1-/- mice 14d post-MMS compared 
to WT mice (p = 0.157) (Figure 5A); this trend became 
significant in moribund AagTg/Parp1-/- mice (p < 0.005) 
(Figure 5A). Levels of blood creatinine, another marker 
of kidney damage, did not change significantly post-MMS 
treatment (Figure 5B). 

Serum albumin levels, a marker of glomerular 
function, displayed dramatic decreases following MMS 
in AagTg/Parp1-/- mice compared to treated WT mice or 

Figure 2: AagTg/Parp1-/- mice exhibit MMS-mediated kidney damage. A. Representative images of kidneys following MMS 
treatment. Kidneys from a moribund AagTg/Parp1-/- mouse and a WT mouse 14 days post-MMS treatment (75 mg/kg) are shown. B. H&E 
analysis of kidneys from WT, AagTg, Parp1-/-, and AagTg/Parp1-/- mice 14 days following MMS treatment (75 mg/kg). Magnification is 
200X (scale bar 50 µm) and 600x (scale bar 10 µm); asterisks indicate proteinaceous casts, the black arrow indicates vacuolation, and 
yellow arrowhead indicates parietal and visceral epithelial hypertrophy/hypercellularity with vacuolation, tuft adhesions, capillary collapse 
and crescent formation.
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untreated AagTg/Parp1-/- mice (Figure 5C). In addition, 
we observed high levels of a ~65 kDa protein, consistent 
with the size of albumin, in the AagTg/Parp1-/- mouse 

urine 7d post-MMS (Figure 5D). Together, these data 
indicate that albumin is not properly maintained in the 
serum, but is likely accumulating in the kidney tubules 

Figure 3: AagTg mice treated with a Parp inhibitor exhibit MMS-mediated renal toxicity similar to AagTg/Parp1-/- 
mice. H&E stained images of kidneys from WT, AagTg, and AagTg/Parp1-/- mice 20 days (A) and 30 days (B) following MMS (75 mg/kg) 
and/or ABT-888 (10 mg/kg) treatment as indicated. ABT-888 was administered 1 hour prior and 5 days post-MMS treatment. Magnification 
is 100X, 200X (scale bar 50 µm) and 600x (scale bar 10 µm); MMS- and ABT-888-treated AagTg mice show islands of pink proteinaceous 
casts, dilation of the kidney tubules, and few glomeruli with severe abnormalities (including vacuolation and the loss of Bowman’s space) 
as seen in AagTg/Parp1-/- mice post-MMS treatment. 
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Figure 4: Kinetics of kidney damage in AagTg/Parp1-/- mice following MMS treatment. A. H&E-stained images of kidneys 
from WT and AagTg/Parp1-/- mice under untreated conditions and 7 and 14 days following MMS treatment (75 mg/kg). Magnification is 
600X (scale bar 10 µm). B. Total histopathology scores for glomerular damage (podocyte/parietal cell hyperplasia/hypertrophy, vacuolation, 
capillary lumen collapse, tuft adhesions and/or sclerosis) and tubular damage (degeneration, cast formation, hyperplasia) is shown at five 
time points, post MMS treatment (75 mg/kg); untreated (WT, n = 5 and AagTg/Parp1-/-, n = 7), 3 days (WT, n = 3 and AagTg/Parp1-/-, n = 
2), 5 days (WT, n = 7 and AagTg/Parp1-/-, n = 10), 7 days (WT, n = 5 and AagTg/Parp1-/-, n = 7 and 14 days (WT, n = 10 and AagTg/Parp1-/-, 
n = 11). Histopathological scores for C. renal tubule criteria and D. glomerular criteria. 
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as proteinaceous casts, and ultimately leaking into the 
urine of MMS-treated AagTg/Parp1-/- mice. The albumin 
leakage in the urine 7d post-MMS is consistent with 
histopathological changes within the glomerulus observed 
at the same time point (Figure 5D). These features indicate 
impaired glomerular function induced by MMS.

AagTg/Parp1-/- mice exhibit MMS-induced 
podocyte injury

Given the apparent loss of glomerular filtration, 
we examined whether the AagTg/Parp1-/- mice displayed 

podocyte injury post-MMS by immunostaining for Wilm’s 
tumor 1 (WT1) protein, a podocyte marker. MMS-treated 
AagTg/Parp1-/- mouse kidneys exhibited a decreased 
number of WT1-stained cells. No significant change was 
observed in MMS-treated WT mice (Figure 6A-6B). 
Furthermore, we investigated a potential alteration in the 
slit diaphragm by immunostaining for Podocin. MMS-
treated AagTg/Parp1-/- mice exhibit diminished staining 
of Podocin, consistent with reduced glomerular filtration 
(Figure 6C). 

Electron-microscopy (Figure 6D) revealed that 
WT mice (untreated and14d post-MMS) had normal 

Figure 5: AagTg/Parp1-/- mice exhibit clinical signs of kidney damage. Serum levels of A. blood urea nitrogen (BUN), B. 
creatinine, and C. albumin were measured in untreated (n = 3-4), 14 days post-MMS treatment (75 mg/kg) (n = 5-6), and when mice 
exhibit morbidity (n = 3). For the moribund time point, a control WT mouse was assayed with each AagTg/Parp1-/- mouse. D. Silver stain 
visualization of protein content in urine of WT and AagTg/Parp1-/-  in untreated conditions and 7 days following MMS treatment (75 mg/
kg). 
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Figure 6: Podocyte damage is observed following MMS treatment in AagTg/Parp1-/- mice. A. Immunofluorescence staining 
of WT1-positive podocytes in WT and AagTg/Parp1-/- mice, untreated and 14 days following MMS treatment (75 mg/kg). A representative 
image of n = 3 mice is shown. Magnification is 600X (scale bar 10 µm). B. Quantitation of podocytes (the % of cells stained with both 
WT1 and DAPI/total number of DAPI positive cells in the glomerulus) is shown. Eight glomeruli were counted on each section from n = 
3-4 mice/condition. C. Immunofluorescence staining of Podocin in WT and AagTg/Parp1-/- mice in untreated and 14 days following MMS
treatment (75 mg/kg). Magnification is 600X (scale bar 10 µm). D. Transmission electron microscopy (TEM) of WT and AagTg/Parp1-

/- mice, untreated and 14 days following MMS treatment (75 mg/kg). P, podocytes; fp, foot processes; cl, capillary lumen; B, Bowman’s
capsule; GBM, glomerular basement membrane; PEC, parietal epithelial cell.
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glomerular tuft architecture comprised of well-organized 
capillary loops, Bowman’s capsule and flat parietal 
epithelial cells (PECs). Podocytes looked healthy with 
numerous well-organized foot processes. Untreated 
AagTg/Parp1-/- mouse kidneys appeared similar to the WT 
controls in ultrastructural morphology of glomerular tufts. 
However, MMS-treated AagTg/Parp1-/- mouse kidneys 
(14d) showed ultrastructural alterations consistent with 
the main histological alterations observed in the podocytes 
and PECs. As shown in Figure 6D, PECs and podocytes 

were markedly hypertrophied by the presence of multiple 
intracytoplasmic medium-to-large-sized membrane-
bound vacuoles. These vacuoles were mostly empty or 
occasionally contained pale to electron-dense irregular 
granular to amorphous material. The capillary tufts were 
distorted and compressed of numerous large distinct 
vacuoles within the podocyte foot processes. Extensive 
flattening and alteration of podocyte foot processes was 
observed. There was also a discernible reduction in the area 
of capillary loop and fusion between the large vacuolated 

Figure 7: Female AagTg/Parp1-/- mice are protected from MMS-mediated kidney damage. A. Kaplan Meier survival curves 
are shown for female (n = 14) and male (n = 16) AagTg/Parp1-/- mice following treatment with MMS (75 mg/kg). B. BW, as percent of 
initial BW, is shown for female AagTg/Parp1-/- (n = 14) and male AagTg/Parp1-/- (n = 16) mice following treatment with MMS (75 mg/
kg). C. H&E-stained images from kidneys are shown for female and male AagTg/Parp1-/- mice 14 days following MMS treatment (75 mg/
kg). Magnification is 600x (scale bar 10 µm). D. Total histopathology scores for glomerular damage (podocyte/parietal cell hyperplasia/
hypertrophy, vacuolation, capillary lumen collapse, tuft adhesions/sclerosis) and tubular damage (degeneration, cast formation, hyperplasia) 
is shown for female and male mice 14 days post-MMS treatment (75 mg/kg). Scores in a AagTg/ Parp1-/- male is also presented in Figure 
4B-4D.
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PECs and podocytes at the urinary pole, resulting in loss 
of urinary space. These observations confirm that AagTg/
Parp1-/- mice exhibit severe morphological and functional 
podocyte damage post-MMS. 

Female AagTg/Parp1-/- mice are protected from 
MMS-induced nephrotoxicity

An unexpected sexual dimorphism became apparent 
in MMS-treated female AagTg/Parp1-/- mice. MMS-
induced whole-animal toxicity was reduced in AagTg/
Parp1-/- female mice. The MMS LD50 for AagTg/Parp1-

/- female mice is 80 mg/kg, whereas that for AagTg/Parp1-

/- male mice is 66 mg/kg. Furthermore, in contrast with 
the morbidity observed in male AagTg/Parp1-/- mice, 
female AagTg/Parp1-/- mice exhibited no body weight 
decrease and survived 30d post-MMS (75 mg/kg, Figure 
7A-7B). Histopathological analysis confirmed complete 
protection against kidney damage in MMS-treated female 
versus male AagTg/Parp1-/- mice (Figure 7C-7D). The 
renoprotective roles of estrogen are well-established in 
both mice [24, 25] and humans [26, 27]; our data suggest 
that estrogen may also be protective against alkylation-
induced nephrotoxicity in AagTg/Parp1-/- mice. Indeed, 
chronic 17b-estradiol treatment (E2 pellets) completely 
protected 6 out of 8 male mice against MMS-induced 
kidney damage (Supplemental Figure 5). The remaining 
2 mice showed only a mild pathology with few alterations 
of tubules and few affected glomeruli. Moreover, MMS-
mediated nephrotoxicity in males is not a consequence of 
the genetic background or strain, as AagTg/Parp1-/- mice 
on a pure 129S background exhibit kidney functional 
abnormalities similar to that of AagTg/Parp1-/- mice 
on a C57Bl/6J:129S mixed background (Supplemental 
Figure 6). This finding is especially relevant because 
genetic background has previously been shown to modify 
susceptibility to glomerular disorders [28, 29]. 

 DISCUSSION

Although protected from MMS-induced toxicity 
in a variety of tissues, AagTg/Parp1-/- mice eventually 
succumb to whole-animal lethality at lower MMS 
doses in comparison to AagTg mice. This increased 
lethality was dependent on imbalanced BER, caused by 
increased Aag levels, since the MMS LD50 in Parp1-/- 
mice expressing normal Aag levels is equivalent to that 
in WT mice. Interestingly, when BER is imbalanced by 
increased Aag activity, there are obvious tissue-specific 
differences with respect to whether Parp1 deficiency 
suppresses or exacerbates toxicity. Parp1 deficiency 
protects AagTg mice against MMS-induced tissue damage 
in the cerebellum, pancreas, spleen and retina [12], but 
enhances MMS-induced kidney damage. We examined 
a multitude of tissues in AagTg/Parp1-/- mice post-MMS 

and only found histological abnormalities in the kidney. 
It is possible that with time, additional tissues could 
display similar damage and that the rapid development 
of kidney disease prevents observation of such damage. 
Controlling Aag expression in a tissue-specific manner 
will help to determine whether other tissues exhibit 
MMS-mediated toxicity in the absence of Parp1 at longer 
time points. Neither increased Aag activity, nor Parp1 
deficiency alone resulted in susceptibility to kidney 
damage, but rather the combination of both gave rise to 
this severe kidney phenotype post-MMS treatment. We 
found that AagTg/Parp1-/- mice as well as AagTg mice 
generate more BER intermediates, i.e. AP sites, than WT 
mice post-MMS treatment. However, in AagTg mice, the 
higher accumulation of AP sites is compensated by higher 
levels of Parp activity compared to WT. In both, WT and 
AagTg mice, Parp activity returns to basal levels within 48 
hours when all lesions have likely been repaired. Unlike 
AagTg mice, AagTg/Parp1-/- mice do not show any Parp 
activity, suggesting that Parp deficiency is a limiting 
step in subsequent processing of BER intermediates 
and that the accumulation of BER intermediates, due 
to increased Aag activity and Parp deficiency, might be 
the cause of kidney toxicity. Our results are especially 
relevant given the fact that AAG levels can vary >10-fold 
in the human population (at least in lymphocytes) [12, 
16, 17] and given the recent surge in the use of PARP 
inhibitors in combination with chemotherapeutic agents. 
As nephrotoxicity can be the rate-limiting side effect in 
a subset of chemotherapeutic agents, these findings may 
have important clinical relevance [30]. 

In contrast to our finding that MMS induces 
nephrotoxicity in Parp1-/- and Parp-inhibited AagTg 
mice, several other models of kidney damage have 
demonstrated protection under conditions of genetic or 
pharmacologic Parp depletion. Parp1 depletion protects 
against nephrotoxicity induced by the chemotherapeutic 
agent, cisplatin [31, 32], diabetic nephropathy [33, 34] and 
the necrosis associated with renal ischemia/reperfusion 
[35, 36]. The MMS-induced nephrotoxicity in AagTg/
Parp1-/- mice was unexpected and to our knowledge has 
not been previously described. This finding suggests that 
Parp1 deletion or Parp inhibition may not give rise to the 
same outcomes across all tissues and experimental models, 
making it increasingly important to consider the clinical 
consequences of PARP inhibition in cancer treatment. 

Parp1 is a multi-functional protein, exhibiting many 
functions independent of its role in DNA repair [37]. It 
is possible that a DNA repair-independent Parp1 function 
contributes to the phenotype described here. For example, 
Parp1 plays a role in modulating inflammation [38, 39] 
and although there is no evidence of altered immune 
cell recruitment to the glomeruli, it remains possible 
that immune system changes contribute to this severe 
glomerular phenotype. Indeed, autoimmune disorders, 
such as lupus nephritis, routinely result in glomerular 
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lesions with some of the characteristics we observe [40]. 
Strikingly, female AagTg/Parp1-/- mice were 

completely protected from MMS-mediated nephrotoxicity. 
Males (in both human and animal models) are more prone 
to kidney disease [41, 42]. Indeed, epidemiological studies 
identified male sex as a risk factor for kidney disease 
[43]. Consistent with this, female mice are protected 
from ischemic renal injury and diabetic nephropathy, and 
estrogen provides protection against ischemia-reperfusion 
renal injury and age-related kidney decline [44-46], but 
does not protect against cisplatin-mediated nephrotoxicity 
[47]. Specifically, stimulation of estrogen receptors 
protects against podocyte damage and death both in vitro 
and in vivo [48, 49]. Not only is estrogen protective, 
but testosterone potentiates renal injury [50-53]. Here, 
we show that estrogen treatment protects male mice 
from alkylation-induced nephrotoxicity. These findings 
further support the role of estrogen in protection against 
kidney disease. However, in addition to sex steroids, 
sexual dimorphisms in renal morphology and physiology 
[54, 55] may also contribute to the protection of female 
AagTg/Parp1-/- mice from MMS-mediated kidney 
disease. Additionally, it has been described previously 
that female and male mice exhibit different responses 
to Parp1 deletion or Parp inhibition in mouse models of 
endotoxemia and nephrotoxic serum-induced nephritis 
[56, 57]. These data further underscore the recent push for 
investigating and understanding sex differences in basic 
and clinical science [58-61]. 

The sexual dimorphism in our model may be 
explained by the interaction of Aag and Parp1 with 
estrogen receptor-α (ERα) [62, 63]. A direct interaction 
between Aag and ERα has been described; binding of 
Aag and ERα causes increased catalytic activity of Aag 
and decreased ERα-mediated transcription [62]. Parp1 
has been shown to bind and PARylate ERα, leading 
to increased binding of ERα to the estrogen response 
element in the promoter of target genes, thus promoting 
ERα-mediated transcription [63]. Together, these findings 
suggest that a direct interaction between Aag and/or 
Parp1 with estrogen receptors could lead to changes in 
DNA repair and/or gene expression, explaining the sexual 
dimorphism of MMS-mediated nephrotoxicity in mice. 

Numerous existing models of acquired podocyte 
diseases are used to explore human renal diseases, however 
all models have both advantages and disadvantages [14]. 
We present here a new model that may provide insight into 
the mechanisms of podocyte injury and death following 
treatment with alkylating agents.

MATERIALS AND METHODS

Animals and treatments

Parp1-/- mice were purchased from Jackson 
Laboratories [64]. Aag transgenic (AagTg) mice were 
described previously [12, 13, 65]. All experiments were 
performed in mixed background mice (C57Bl/6J:129S) 
unless otherwise stated. All animal procedures were 
performed according the NIH guide for the Care and Use 
of Laboratory Animals.

Approximate LD50 was determined as in Deichmann 
and LeBlanc [66]. MMS was injected intraperitoneally. 
ABT-888 (10 mg/kg, Selleck Chemicals Inc) was 
administered by oral gavage 1 hour before and 5 days after 
MMS treatment. For estrogen treatment, 17b-estradiol 
pellets (E2, 0.1 mg/21 days release, Innovative Research 
of America) were implanted s.c. in the dorsal neck region 
of adult male mice. MMS was administered 3 days after 
implants. 

AP sites and PARP activity measurement

DNA was isolated using Roche kit according to 
the manufacturer’s instructions with precautions taken 
to avoid overheating of the DNA solution (proteinase 
K step 10 min at 55 0C). AP sites were determined by 
using the DNA Damage Quantification Kit (Dojindo) and 
performed according to the manufacturer’s instructions. 
Parp activity was determined by using the HT PARP in 
vivo Pharmacodynamic Assay II (Trevigen) according to 
the manufacturer’s instructions. 

Serum analytes and albumin gel electrophoresis

Whole blood was collected via cardiac puncture and 
placed in BD microtainer serum separator tubes (VWR). 
Blood samples were then centrifuged for 5 minutes 
at 2000 x g to separate serum. Idexx Laboratories, Inc. 
(North Grafton, MA) performed serum chemistry analysis. 

Two μL of urine was denatured and run on a SDS-
PAGE gel and proteins were visualized using ProteoSilver 
Plus Silver Staining Kit (Sigma).

Electron microscopy

Tissue processing and imaging was performed by 
the W.M. Keck Microscopy Facility at the Whitehead 
Institute (MIT). Kidney cortex was fixed in 2.5% 
gluteraldehyde, 3% paraformaldehyde with 5% sucrose 
in 0.1 M sodium cacodylate buffer (pH 7.4), post-fixed 
in 1% osmium tetroxidein veronal-acetate buffer, stained 
in block overnight with 0.5% uranyl acetate in veronal-
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acetate buffer (pH 6.0) and then embedded in Embed-812 
resin. Ultrathin sections were cut from blocks on a Leica 
Ultracut UCT microtome with a Diatome diamond knife. 
The sections were examined using a FEI Tecnai Spirit at 
80 keV. 

Histopathology

Tissues were processed by the Histology Core 
Facility at the David H. Koch Institute for Integrative 
Cancer Research (MIT); they were paraffin-embedded, 
sectioned at 5 μm, and stained with hematoxylin and eosin 
(H&E), or Periodic Acid-Schiff (PAS). Phosphotungstic 
acid-haematoxylin (PTAH) staining was performed at 
the Division of Comparative Medicine (MIT). All H&E 
stained slides were blindly analyzed by a pathologist 
(R.T.B). Renal lesions were blindly scored by a pathologist 
(S.M.) using criteria listed in Supplemental Table 1. 

Immunofluorescence

Deparaffinized tissue sections (5 μm) were thermally 
processed for epitope retrieval using a Prestige Medical 
2100-Retriver. Sections were permeabilized in PBS-T (1x 
PBS + 0.1% Triton X-100, three times for 5 minutes each 
), incubated with 1x PBS-T plus 10% goat serum for 1 
hour and then stained with either anti-WT1antibody (Santa 
Cruz) or anti-podocin (Sigma) overnight at 4oC. Nuclear 
counterstaining was done using DAPI. The number of 
glomerular DAPI- and WT1-stained cells were counted 
using ImageJ. 

Statistics

Statistical analyses were performed using GraphPad 
Prism software. Statistical significance was determined 
using unpaired t-test. Kaplan-Meier survival curves were 
generated and survival differences determined using the 
Log-Rank test. Data are represented as mean +/- SEM. A 
p-value is considered significant if less than 0.05.
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AbstrAct
The p53-inducible cell cycle regulator 14-3-3σ exhibits tumor suppressive 

functions and is highly expressed in differentiating layers of the epidermis and hair 
follicles. 14-3-3σ/SFN/stratifin is frequently silenced in human epithelial cancers, and 
experimental down-regulation of 14-3-3σ expression immortalizes primary human 
keratinocytes. In the repeated-epilation (ER) mouse model, a heterozygous nonsense 
mutation of 14-3-3σ causes repeated hair-loss, hyper-proliferative epidermis, and 
spontaneous development of papillomas and squamous cell carcinomas in aging mice. 
Therefore, loss of 14-3-3σ function might contribute to epithelial tumor development. 
Here, we generated mice with loxP sites surrounding the single 14-3-3σ exon which 
allowed Cre-mediated deletion of the gene. 14-3-3σ-deficient mice are viable, but 
demonstrate a permanently disheveled fur. However, histological analyses of the 
skin did not reveal obvious defects in the hair follicles or the epidermis. Deletion 
of 14-3-3σ did not enhance spontaneous epidermal tumor development, whereas it 
increased the frequency and size of DMBA/TPA-induced papillomas. In conclusion, 
14-3-3σ is dispensable for normal epidermal homeostasis but critical for suppression
of chemically-induced skin carcinogenesis. In addition, these results suggest that
the ER mutation of 14-3-3σ is not equivalent to loss of 14-3-3σ, but may represent a
gain-of-function variant, which does not reflect the organismal function of wild-type
14-3-3σ.

IntroductIon

The mammalian epidermis undergoes continuous 
self-renewal to repair damaged tissue and replace aged 
cells. A single layer of proliferative keratinocytes at the 
inner base of the epidermis gives rise to non-proliferative 
keratinocytes which renew the suprabasal (outer) layers, 
until they reach the outermost layer where they terminally 
differentiate and are shed [1].

 In the human epidermis 14-3-3σ expression 
gradually increases along the axis of keratinocyte 
differentiation. Suppression of 14-3-3σ expression 

abrogates terminal keratinocyte differentiation and 
immortalizes human primary keratinocytes in cell culture 
[2, 3]. This suggests that elevated 14-3-3σ protein levels 
inhibit clonal expansion of cells within the epidermal basal 
layer and support keratinocyte differentiation.

 The p63 protein is a master regulator of epidermal 
morphogenesis and is exclusively expressed in the basal 
cell layer. p63-null mice lack suprabasal layers and do not 
express differentiation markers [4]. ∆Np63α, an alternative  
p63 splice variant, transcriptionally represses 14-3-3σ 
expression [5]. Thus, p63 and 14-3-3σ exercise opposite 
functions in the epidermis. In line with this scenario, it 
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has been reported that 14-3-3σ binds to ∆Np63α upon 
DNA damage and sequesters ∆Np63α to the cytoplasm 
to facilitate its proteasomal degradation [6]. Thereby, an 
elevated 14-3-3σ expression could prevent expansion of 
the basal keratinocyte layer.

 In addition, many studies have demonstrated that 
14-3-3σ expression is deregulated or lost in several types
of human epithelial cancers [7, 8]. Silencing of the 14-
3-3σ gene by CpG-methylation also frequently occurs
in breast cancer [9]. Hence, loss of 14-3-3σ could be a
necessary step for the initiation and/or progression of
epithelial tumorigenesis.

14-3-3σ has been characterized as a p53-target
genes that is sufficient and necessary to mediate a G2/
M-arrest after DNA damage [10, 11]. 14-3-3σ proteins
only form homodimers and have a distinct repertoire of
ligand interactions when compared to the six other 14-
3-3 isoforms expressed in human and murine cells [12,
13]. 14-3-3σ dimers bind to a large number of ligands
via phosphorylated serine/threonine residues and thereby
presumably affect a plethora of cellular processes [14].
Numerous studies based on cellular analyses have
implicated 14-3-3σ in the regulation of diverse processes,
such as cell cycle progression, signaling, differentiation,
apoptosis and metabolism [7, 15-17]. However, relatively
few studies of the organismal function and relevance
of 14-3-3σ employing genetically engineered mouse
models have been reported. By studying a mammary
epithelial-specific 14-3-3σ knock-out mouse it was
shown that 14-3-3σ-deficient mammary epithelial cells
lose their polarity and show increased proliferation [18].
Amplification and elevated expression of the erbB2 proto-
oncogene is associated with poor outcome in patients
with breast cancer [19]. It has been shown that the Cre-
mediated deletion of 14-3-3σ in an erbB2-driven breast
cancer mouse model enhances tumor initiation and
metastases [20]. Additionally, ectopic 14-3-3σ expression
reduces the metastatic capacity of a human breast cancer
cell line in a xenograft mouse model [21]. Therefore, 14-
3-3σ shows tumor suppressive capacities in vivo.

 The repeated epilation (ER) mouse model has 
been used multiple times for studying the role of 14-3-
3σ in the epidermis. ER mutant mice harbor a single 
nucleotide insertion in the 14-3-3σ gene causing a frame 
shift which leads to the expression of a C-terminally 
truncated 14-3-3σ protein that lacks the nuclear export 
signal and several phosphopeptide-binding residues [22, 
23]. Homozygous ER mutant mice (ER/ER) die at birth 
as a result of respiratory stress [22-24]: The oral cavity is 
fused, limbs and tail are shortened, defined digits and nails 
are lacking. Their epidermis is strongly hyper-proliferative 
and thickened accompanied with failures in terminal 
differentiation. The hair follicles are underdeveloped 
and sparse. Heterozygous ER mutant mice (+/ER) are 
viable. However, at postnatal day 7 they display a hyper-
proliferative epidermis, however not as pronounced as 

observed in ER/ER mutant mice at embryonic day E18.5. 
Furthermore, +/ER mutant mice show defects in hair 
shaft differentiation, resulting in destruction of the hair 
shaft and a cyclic hair loss [25]. Studies analyzing this 
hair defect showed that the heterozygous ER-mutation in 
14-3-3σ specifically affects the club hair retention [26] and
causes severe defects in hair shaft differentiation during
morphogenesis and abnormal cycling of the hair follicle
stem cells in the bulge [25]. In addition, heterozygous
ER-mice show an extensive hyper-proliferation of the
epidermis followed by the development of multiple
papillomas and squamous cell carcinoma at the age of 6
month [27]. ER-mice display increased levels of p63 in
the epidermal suprabasal layers, suggesting that truncated
14-3-3σ fails to block the transcription of TP63 which may
contribute to hyper-proliferation of the epidermis [28]. In
addition, Yap1, an essential factor of the Hippo pathway
controlling organ size and tissue homeostasis [29], is
expressed in the epidermal suprabasal layers of ER-mice
[30]. In keratinocytes derived from ER mice truncated 14-
3-3σ fails to bind and sequester Yap1 in the cytoplasm,
suggesting that 14-3-3σ inhibits Yap1-dependent gene
expression to control epidermal proliferation and
differentiation.

 To date the in vivo role of 14-3-3σ expression in 
epidermal homeostasis and tumorigenesis has been mainly 
inferred from results obtained with ER-mice. However, 
truncation of the 14-3-3σ protein in ER-mice may not be 
equivalent to deletion and therefore complete inactivation 
of 14-3-3σ function. 

 In this study we provide evidence that the ER 
phenotype may rather result from a gain of function 
mutation since we determined that 14-3-3σ deficiency 
does not affect homeostasis of normal epidermal tissues 
and does not result in perinatal lethality seen in ER/ER 
mice. Nonetheless, loss of 14-3-3σ sensitizes mice to 
chemically-induced skin carcinogenesis. Therefore, 14-3-
3σ may indeed represent a mediator of tumor suppression 
in the skin. 

results And dIscussIon

14-3-3σ-deficient mice display disorganized hair
but lack obvious epidermal defects

In order to analyze whether the reported phenotypes 
of ER-mice are caused by the expression of the truncated 
14-3-3σ protein or are due to 14-3-3σ loss of function,
we generated mice with a floxed 14-3-3σ allele and
inactivated the 14-3-3σ gene in the germ-line by crossing
these with deleter-Cre mice (see also Supplemental
Figure S1). By further back-crossing we obtained
14-3-3σ-deficient mice with an FVB background. FVB
mice are prone to develop tumors of the skin when
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subjected to chemical carcinogenesis [31]. Mice with 
heterozygous (14-3-3σ+/-) and homozygous (14-3-3σ-/-) 
deletion of 14-3-3σ were viable, fertile and born at the 
normal Mendelian ratio, had a normal life-span and did 
not display an increase in tumor formation (data not 
shown). 14-3-3σ+/- mice were indistinguishable from their 
wild-type littermates. However, 14-3-3σ-/- mice showed 
a disorganized fur beginning around postnatal day 17 
(Figure 1). Nonetheless, the histological analysis of skin 
from postnatal day 17 animals did not reveal obvious 
alterations in hair follicle density or hair shaft shape 
(Figure 2). Immunohistochemical detection of Loricrin 
indicated no difference in epidermal thickness either. 
Ki-67 staining did not reveal differences in proliferation 
of keratinocytes between the genotypes. Therefore, 14-
3-3σ-/- mice and 14-3-3σ+/ER mutant mice have at least
one phenotype in common: a disorganized fur onwards
from approximately 2 weeks after birth. However, other
phenotypes characteristic for 14-3-3σ+/ER mice were not
observed in 14-3-3σ-deficient mice: the frequency of Ki-
67-positive hair follicle matrix cells (Figure 2A) or basal
epidermal cells (Figure 2B) was unchanged. Additionally,
the number of hair follicles and the epidermal thickness
showed no differences in 14-3-3σ-/- tissues (Figure 2).
Similar results were obtained after tissue specific  14-3-3σ
knockout in the epidermis of mice  with a the C57BL/6J
background (Supplementary Figure S2A). This suggested
that the epidermal hyper-proliferation observed in 14-3-
3σ+/ER mice is caused by the expression of the truncated
14-3-3σ protein, which acquired additional functions
and presumably an altered ligand specificity, and not
by the mere loss of 14-3-3σ function. Notably, p63 and

YAP1 have been shown to functionally interact with 
the ER mutant of 14-3-3σ in murine epidermis [28, 30]. 
However, we could not detect an effect of 14-3-3σ loss on 
the localization and expression level of p63 (Supplemental 
Figure 2B). In addition, we were unable to detect a 
functional or direct interaction or colocalization of 14-
3-3σ with YAP1 in cells ex vivo (data not shown). Also
YAP1 expression and localization in chemically induced
skin papillomas was not affected by deletion of 14-3-3σ
in mice (data not shown). The expression of a truncated
ER 14-3-3σ mutant may therefore indirectly promote
the deregulation of p63 and YAP1, whereas complete
loss of 14-3-3σ function does not affect the function and
expression of p63 or YAP1. This divergence could, at least
in part, explain the phenotypic differences between the ER
mice and 14-3-3σ knock-out mice.

Unchanged frequency of spontaneous epidermal 
tumors in 14-3-3σ deficient mice

To exclude the possibility that mice lacking 14-3-
3σ exhibit an attenuated epidermal hyper-proliferation 
phenotype similar to that of 14-3-3σ+/ER mice, we analyzed 
the long-term consequences of 14-3-3σ deficiency in mice. 
14-3-3σ+/+, 14-3-3σ+/- and 14-3-3σ-/- (40 mice / genotype)
mice were maintained for a prolonged time period (up
to 32 months) and were inspected twice a week for the
presence of neoplastic lesions or other pathologies. Mice
with tumors larger than 2 cm in diameter or with other
signs of illness were euthanized. Dead mice were analyzed
by necropsy. Tumor burden of dead mice was recorded

Figure 1: 14-3-3σ knock-out mice show a disorganized fur from postnatal day 17 onwards. Heterozygous 14-3-3σ knock-
out mice were intercrossed and pictures of the offspring with the indicated genotypes were taken at the indicated time-points.
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(Figure 3A). Time points of death were noted and used for 
calculation of the survival probability of each genotype 
(Figure 3A, 3B). No significant difference in survival 
between wild-type, heterozygous and knockout 14-3-3σ 
mice was found. In addition, 14-3-3σ knockout mice did 
not show a significantly increased risk of spontaneous 
tumor development (Figure 3A, 3B). Furthermore, the 
tumor burden was independent from the genotype (Figure 
3A). These results show that 14-3-3σ deficiency is not 
sufficient to initiate spontaneous skin carcinogenesis. 
Therefore, the development of multiple papillomas and 
squamous cell carcinomas observed in 14-3-3σ+/ER mice 
[27] is presumably not caused by the loss of 14-3-3σ
function but rather by the expression of a truncated 14-3-
3σ protein, which presumably acquired additional, non-
physiologic properties.

14-3-3σ deficiency increases number and size of
DMBA/TPA induced papillomata

The 14-3-3σ gene is frequently silenced in 
basal cell and squamous cell carcinoma [8, 32, 33]. 
Nevertheless, the pathophysiological relevance of 14-
3-3σ inactivation for epithelial skin cancer formation is
largely unknown. In order to study the effect of 14-3-
3σ inactivation on the onset, frequency and progression
of chemically-induced papillomas of the skin, which
ultimately progress to squamous cell carcinomas (SCC),
we employed a well-established two-stage model of
chemical skin-carcinogenesis which is based on DMBA/
TPA treatments [34]. The back skin of male wild-type and
14-3-3σ knockout mice (7 to 9 weeks old) was treated

Figure 2: Comparison of back skin morphology in 14-3-3σ+/+ and 14-3-3σ-/- mice. Back skins from wild-type and 14-3-3σ 
knock-out mice were resected at postnatal day 17, paraffin embedded, vertically sectioned and stained with haematoxilin/eosin (H&E, 
upper panels) or subjected to immunohistochemistry with 14-3-3σ, Ki-67, and Loricrin specific antibodies. A. Hair follicle density (scale 
bar = 300 µm) and hair shaft (HS) morphology (scale bar = 30 µm) are visible. The dashed line indicates the dermal papilla. Bar-chart: The 
average number of hair follicles per millimeter skin section was evaluated (n = 3). B. A higher magnification of the interfollicular epidermis 
and the underlying dermis is shown (scale bar = 10 µm). The dashed line indicates the border between epidermis and dermis. The Loricrin 
staining shows the outermost layer of the epidermis. Bar-chart: The average epidermal thickness was evaluated (n = 3). 
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in the pause phase of the hair cycle with a single dose 
of 7.12-dimethylbenz(a)anthracene (DMBA) for tumor 
initiation (Figure 4A). Two weeks later, both groups were 
treated twice a week with 12-O-tetradecanoylphorbol-13 
acetate (TPA) for a total period of 20 weeks to achieve 
tumor promotion. The time points of tumor occurrence, 
number and size were quantified throughout the complete 
treatment period (Figure 4C-4F). After 20 weeks the back 
skin was resected (Figure 4B) and the number (4C) and size 
(4D) of tumors present in these specimen was determined. 
Subsequently, tumors were analyzed histologically (Figure 
5). ~7 weeks after the first TPA administration the first 
skin tumors (≥1 mm diameter) occurred in both groups 
(Figure 4E). Over the subsequent 13 weeks of tumor 
promotion, the number of mice with tumors (Figure 4E) 
and the number of tumors per mouse (Figure 4F) increased 
significantly faster in 14-3-3σ -deficient mice. By the end 
of the TPA treatments, 100% of the 14-3-3σ-deficient 
and 89% of the wild-type mice had developed numerous 
tumors. 60% of the 14-3-3σ deficient and only 11% of 
the wild-type mice had 16 or more tumors (Figure 4C). 
Counting of tumors with an area of ≥15mm2 revealed 
that 14-3-3σ wild-type mice developed on average 2.8, 

whereas 14-3-3σ knock-out mice displayed 5.5 papilloma 
of this size (Figure 4D). Taken together, 14-3-3σ-deficient 
mice developed 1.8-fold more papillomas per mouse in 
total and 1.98-fold more larger tumors (≥15mm2) per 
mouse than wild-type mice (Figure 4F, 4D). Further 
examination revealed that all induced tumors from wild-
type and 14-3-3σ knock-out mice projected outwardly, 
with a cauliflower-like shape, which is a characteristic 
of benign papillomas (see example in Figure 5). Next we 
obtained tissues sections containing tumors of different 
sizes from wild-type and 14-3-3σ-deficient mice and 
analyzed them microscopically after haematoxilin/eosin 
staining and by immunohistochemistry (Figure 5). Like 
we already had deduced from the external examination 
of the tumors (Figure 4B), inspection of the histological 
sections confirmed a tumor growth directed towards 
the outer side of the epidermis (Figure 5). The tumors 
resemble the architecture of normal skin with a basal layer, 
stratified squamous epithelium and an outer keratinized 
layer (Figure 5A). No invasion was observed (Figure 5B). 
Taken together our results show that 14-3-3σ deficiency 
significantly increases the number and size of DMBA/
TPA-induced papillomas. Thus, 14-3-3σ fulfills a tumor 

Figure 3 : Survival analysis of mice with varying 14-3-3σ genotype. A. Experimental groups (20 female and 20 male mice per 
group) and summary of results. B. Kaplan-Meier curve (n = 40) and p-values of the curve comparisons calculated using the GraphPad 
Prism5 software. 
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suppressive function in vivo, which presumably prevents 
the initiation and growth of epidermal tumors. This is in 
line with the timing of epigenetic inactivation of 14-3-3σ 
in tumors, which has been described to occur in the early 
phases of tumor progression [35].

MAterIAls And Methods

Generation and handling of mice

The detailed description of the generation of 14-
3-3σ deficient mice can be found in supplementary
material and methods (Figure S1). 14-3-3σ-/- mice were
transferred into an FVB background by backcrossing for
at least 6 generations with FVB wild-type mice. For the

experiments, FVB littermates of the genotypes 14-3-3σ+/+, 
14-3-3σ+/- and 14-3-3σ-/- were generated by intercrossing
of FVB 14-3-3σ+/- mice. All mice were maintained in the
animal facility at the Pathology Institute of the Ludwig-
Maximilians-University Munich in individually ventilated
cages (IVC). All animal experiments were approved by the
Regierung von Oberbayern (AZ: 55.2-1-54-2532-11-13).

Genotyping PCR

Genomic DNA was obtained by overnight digest of 
ear punches in lysis buffer (50 mM KCl, 1.5 mM MgCl2, 
10 mM Tris pH8.5, 0.01% gelatin, 0.45% NP40, 0.45% 
Tween 20, 100 µg/ml proteinase K). PCR was performed 
for 35 cycles with an annealing temperature of 65°C. 
Primers for the detection of the 14-3-3σ wild-type and 

Figure 4: Effect of 14-3-3σ-deficiency on the number and size of DMBA/TPA-induced skin tumors. A. 14-3-3σ+/+; n = 9 
and 14-3-3σ-/-; n = 10 male mice were treated once with 100 nmol DMBA. After 2 weeks all mice were treated twice a week with 13.6 nmol 
TPA for 20 weeks. B. Overview of representative back skin resections (scale bar = 5 mm). C. Cumulative percentage of mice carrying the 
indicated numbers of tumors. D. Average numbers of large tumors (surface ≥ 15 mm2). Results are the mean ± s.e.m.; p = 0.041 by two-
sided t test. E. Percentage of mice with detectable papillomas during the period of tumor promotion. F. Average number of tumors during 
the period of tumor promotion. Results are the mean ± s.e.m. with p = 0.0048 by Mann-Whitney U test.
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floxed alleles (forward: 5’-CAC TAC CGT GGT CTT 
CCC TAA CTT GAT G-3’; reverse: 5’-TCC CAG GAA 
GCA GAT GGG ATT TCT GTC C-3’) and the 14-3-3σ 
knock-out allele (reverse: 5’-AGG CAC TAT GCC CCT 
GCC TCA GAT-3’) were added in the same ratio to the 
reaction mix and PCR products were resolved on 2% 
agarose or 8% polyacrylamide gels. The PCR-products 
were 106 bp (wild-type allele), 159 bp (floxed allele), and 
183 bp (14-3-3σ knock-out allele).

Determination of hair follicle numbers and 
epidermal thickness

Dorsal skin from male 14-3-3σ+/+ and 14-3-3σ-/-  
FVB littermates was dissected, fixed in 4% formalin, 

paraffin embedded, vertically sectioned at 5 µm distances, 
stained with haematoxilin and eosin (H&E), mounted and 
analyzed by light microscopy. Hair follicles were counted 
over an epidermis length of 1 mm from 3 individuals 
per genotype. In addition, the epidermal thickness was 
measured at 3 randomly chosen positions of the epidermis 
of 350 µm length using the AxioVison Rel4.8 software. 
Average numbers, standard deviation and significance 
were calculated using a Student’s test (two-sided; n = 3). 

 Survival probability

40 mice (20 male, 20 female) per genotype (14-3-
3σ+/+, 14-3-3σ+/-, 14-3-3σ-/-) with a FVB background were 
maintained and monitored over a period of more than 2 
years. Moribund mice were euthanized and skin sections 

Figure 5: Morphology of DMBA/TPA-induced epidermal tumors in mice with varying 14-3-3σ genotype. Skin sections 
containing papillomas from 14-3-3σ+/+ and 14-3-3σ-/- were stained with haematoxilin/eosin and probed for Ki-67. The upper panel shows 
an overview of the whole papilloma/skin area (scale bar = 1 mm). The dashed boxes in the overview indicate the magnified areas of a. an 
apical tumor region, b. a tumor attachment site shown in the lower panels (scale bar = 100 µm).
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were analyzed immunohistochemically. Tumor burden [No 
= 0, Yes = 1] and age at death [in days] was documented. 
Survival probability was calculated according to Kaplan-
Meier using GraphPad Prism5 software. Additionally, the 
percentage of mice with tumors was calculated. 

Chemically-induced skin carcinogenesis

The back skin of male 14-3-3σ+/+ (n = 9) and 14-
3-3σ-/- FVB (n = 10) littermates (7-9 weeks of age) was
shaved 2 days prior to tumor initiation. Tumors were
initiated with a single topical application of DMBA
(Sigma-Aldrich, Munich, Germany, order no. 40567,
100 nmol in 50 µl methanol) to the back skins of the
mice. Two weeks later, tumor promotion was achieved
by topical application of TPA (Sigma-Aldrich, Munich,
Germany, order no. P1585, 13.6 nmol in 200 µl acetone)
twice weekly for 20 weeks. Tumor incidence (percentage
of tumor-bearing mice) and multiplicity (papillomas
per mouse) were recorded twice weekly throughout the
experiment. Pictures of dissected back skin were taken and
used to determine the sizes of papillomas [mm2] with the
ImageJ software.

Immunohistochemistry

Tissues were fixed in 4% formalin and embedded in 
paraffin. 5 µm sections were prepared, deparaffinized in 
xylene and rehydrated in serial ethanol dilutions. Antigen 
retrieval was carried out by boiling in DAKO citrate 
buffer (pH 6.0) twice for 15 minutes in a microwave oven 
at 750 Watts. After quenching endogenous peroxidase 
activity by 10 min. exposure to 7.5% H2O2 solution, tissue 
sections were blocked in either 10% goat or rabbit serum, 
or 10% BSA for 30 min. at room temperature depending 
on the origin of the primary antibody. Primary antibodies 
were used at 1:20 dilution for anti-14-3-3σ (C-18, goat 
polyclonal anti-mouse, Santa Cruz), 1:500 for anti-Ki67 
(D3B5, rabbit monoclonal anti-mouse, Cell Signaling), 
1:500 for anti-Loricrin (AF62, rabbit polyclonal anti-
mouse, Covance) and 1:100 for anti-p63 (4A4, Dako, 
supplementary data). Biotinylated secondary antibodies 
and streptavidin/HRP complexes were used according 
to the provided manual (Vectastain kit, Vector Labs). 
Sections were treated with DAB chromogenic substrate 
(DAKO), counterstained with haematoxilin and mounted 
in xylene-based mounting medium. 

Abbreviations

ER, repeated epilation; DMBA, 
7.12-dimethylbenz(a)anthracene; TPA, 
12-O-tetradecanoylphorbol-13 acetate
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AbstrAct
Class-I phosphatidylinositol 3-kinase (PI3KI) converts phosphatidylinositol 

4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3). PIP3 
comprises two fatty-acid chains that embed in lipid-bilayer membranes, joined by 
glycerol to inositol triphosphate. Proteins with domains that specifically bind that 
head-group (e.g. pleckstrin-homology [PH] domains) are thus tethered to the inner 
plasma-membrane surface where they have an enhanced likelihood of interaction 
with other PIP3-bound proteins, in particular other components of their signaling 
pathways. Null alleles of the C. elegans age-1 gene, encoding the catalytic subunit 
of PI3KI, lack any detectable class-I PI3K activity and so cannot form PIP3. These 
mutant worms survive almost 10-fold longer than the longest-lived normal control, 
and are highly resistant to a variety of stresses including oxidative and electrophilic 
challenges. Traits associated with age-1 mutation are widely believed to be mediated 
through AKT-1, which requires PIP3 for both tethering and activation. Active AKT 
complex phosphorylates and thereby inactivates the DAF-16/FOXO transcription 
factor. However, extensive evidence indicates that pleiotropic effects of age-1-
null mutations, including extreme longevity, cannot be explained by insulin like-
receptor/AKT/FOXO signaling alone, suggesting involvement of other PIP3-binding 
proteins. We used ligand-affinity capture to identify membrane-bound proteins 
downstream of PI3KI that preferentially bind PIP3. Computer modeling supports a 
subset of candidate proteins predicted to directly bind PIP3 in preference to PIP2, and 
functional testing by RNAi knockdown confirmed candidates that partially mediate 
the stress-survival, aggregation-reducing and longevity benefits of PI3KI disruption. 
PIP3-specific candidate sets are highly enriched for proteins previously reported to 
affect translation, stress responses, lifespan, proteostasis, and lipid transport.

IntroductIon

Class-I phosphatidylinositol 3-kinase (PI3KI) is the 
enzyme responsible for converting phosphatidylinositol 
4,5-bisphosphate (PIP2) to phosphatidylinositol 

3,4,5-triphosphate (PIP3). In the nematode C. elegans, 
mutations inactivating AGE-1, the catalytic subunit of 
PI3KI, result in increased resistance to a variety of stresses 
and extension of lifespan [1, 2] by as much as 10-fold [3]. 
Although PI3K lies in the insulin-like receptor/IRS/PI3K/
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AKT/FOXO pathway, pleiotropic effects of age-1-null 
mutations greatly exceed those of other disruptions to that 
signaling cascade, suggesting the possible involvement 
of other PIP3-binding proteins [2, 3]. There are >200 
human proteins with Pleckstrin Homology (PH) domains, 
augmented by additional phosphoinositide-binding-
domain families (see below). However, very few proteins 
in these families have been shown to preferentially bind 
PIP3, and protein homology has proven insufficient to 
identify PIP3-specific binding [4]. In contrast, structural 
analysis has shown promise for predicting PH-domain 
binding preferences [5]. We used PIP3- and PIP2-affinity 
enrichment to compare proteins from isogenic strains that 
differ genetically in their ability to make PIP3, coupled to 
proteomic identification of the binding proteins. Molecular 
modeling of proteins that show preferential binding to PIP3 
over PIP2 allows us to extend structural prediction beyond 
PH-domain proteins, with the potential for confirmation 
by functional testing.

Phosphorylated derivatives of phosphatidylinositol 
(phosphoinositides or PtdInsPs) are key components 
of multiple signal-transduction complexes that convey 
external signals to the interior of cells [6-8]. PtdInsPs 
play critical roles in diverse cellular processes including 
growth, development, reproduction, cancer and 
longevity [9-11]. Phosphoinositides comprise 10-20% of 
phospholipids, but only ~1% of membrane lipids [12]. 
Proliferating cancer cells have elevated PIP3 levels due to 
elevated activity of PI3KI [13] or reduced activity of the 
opposing phosphatase, PTEN [14, 15], best known as an 
anti-oncogene. 

Proteins with reported specificity for PIP3 include 
the serine/threonine kinases AKT and PDK-1 [4]; 
Phospholipase C (PLC) isoforms [16]; atypical protein 
kinase C, aPKC (e.g., Mζ and ι / λ isoforms) [17]; 
cytohesins [4]; general receptor for phosphoinositides 1, 
GRP1 [18]; kindlin3 [19]; IL-2 inducible T-cell kinase, 
ITK [20]; Skap-hom [21]; and Arf GTPase-activating 
protein 1 [4, 22]. Protein domains reported to confer PIP3-
specific binding in some proteins (although based on quite 
variable evidence) include pleckstrin homology (PH) 
domains [4], Phox-homology (PX) and FYVE domains 
[23, 24], P2X domains [25], and the SYLF domain [26]. 

While disruption of insulin and insulin-like 
signaling (IIS) pathways has been shown to extend 
lifespan in diverse species, the elimination of class-I 
PI3K confers at least 4-fold greater life extension than 
any other IIS mutation [3]. The basis for this heightened 
dependence on PI3KI remains unresolved, but may be 
related to the ability of PI3KI mutation to reduce protein 
aggregation [27], which accompanies normal aging but is 
elevated and neurotoxic in most or all neurodegenerative 
diseases. IIS, and in particular PI3KI, modulate neuronal 
processes including learning and neuron survival [28, 29]. 
In the current study we identified the PIP3-binding proteins 
from C. elegans and showed that some are involved in 

age-related traits including oxidative stress resistance and 
longevity in normal worms, as well as protein aggregation 
and associated functional impairment in C. elegans models 
of neurodegeneration-associated proteinopathy. 

results

PI3KI contributes to protein aggregation in 
diverse nematode models

Components of the IIS pathway, including PI3KI, 
have been implicated in diverse neuropathologies 
including Alzheimer’s disease [30-32]. PI3KI is a key 
mediator of protein aggregation [27] and the unfolded 
protein response [33], leading us to test whether its 
knockdown (by RNAi targeting the age-1 gene that 
encodes the PI3KI catalytic subunit) would rescue 
nematode models of protein aggregation. In adult C. 
elegans with muscle expression of a Q40::YFP transgene, 
age-1 knockdown reduced the number of fluorescent 
aggregates by >35% (Figure 1A; P < 10 -4). Moreover, 
in worms expressing human Aβ1-42 in muscle, amyloid-
induced paralysis declined 46% after age-1 knockdown 
(Figure 1B; P = 0.02). 

PIP3 deficiency reduces the yield of membrane 
proteins and especially of membrane-associated 
PIP3-binding proteins

The two fatty-acid chains of PIP3 are embedded 
in the inner plasma membrane, whereas PIP3-binding 
domains such as PH bind the phosphorylated inositol 
ring that projects into the cytoplasm. In this way, key 
signaling proteins such as AKT, PDK-1, PLCs, and aPKC 
are tethered to the inner membrane surface, where they 
are in proximity to other signaling kinases via clustering 
[34]. We used PIP3-coated agarose beads to isolate PIP3-
binding proteins from C. elegans membranes, in which 
they are expected to be enriched. Based on staining of 
electrophoresed proteins, most but not all membrane 
proteins isolated from wild-type (N2) adults were 
less abundant in age-1-null mutant adults (Figure 2, 
solid arrows). Many protein bands, not necessarily the 
same ones, increased in abundance in worms fed a diet 
supplemented with exogenous PIP3 (open arrows, Figure 
2). 

Gels like those of Figure 2 were sliced and analyzed 
by high-resolution proteomics to identify the proteins 
in each lane. Complete spectral counts are listed in 
Supplementary Data, Table S1, and summarized as Venn 
diagrams in Figure 3A. Of the 708 membrane proteins 
identified from N2, 632 (89%) were also seen in age-
1(mg44) F2 adults lacking active PI3KI and having no 



Oncotarget  395www.impactjournals.com/oncotarget

Figure 1: Knock-down of age-1 reduces Q40::YFP aggregates and protects against paralysis in worms expressing Aβ1-42  
in body-wall muscle. A. assays of aggregate count in strain AM141 at adult day 4. b. assays of paralysis in strain CL4176 48 hr after 
induction of Aβ1-42. *P < 0.02; **P < 0.0001.

Figure 2: A strong nonsense mutation in the age-1 gene (allele mg44) reduces the recovery of many membrane proteins 
relative to wild-type controls, whereas feeding PIP3 to worms restores some bands. Polyacrylamide/SDS gels, stained with
SYPRO Ruby after electrophoresis, show A. isolated membrane proteins, and B. proteins recovered from PIP3-coated beads, bound after 
isolation of membrane proteins as in A.
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detectable PIP3, so only 11% of these proteins may be 
membrane-associated via PIP3 tethering. Feeding PIP3 to 
PI3K-null worms restored 40 proteins that were identified 
in N2 (5.6%). Considering just those membrane proteins 
that bind PIP3 far more than PIP2 based on relative spectral 
counts (Figure 3B), 560 proteins from N2 adults met these 
criteria but just 286 of those (51%) were also identified 
in very long-lived age-1(mg44) F2 adults. Feeding PIP3 
restored 81 proteins found in N2 (15%), or 30% of the 274 
N2-specific proteins that might have been rescued. 

Proteins that preferentially bind PIP3

In Table 1, results are compiled from 3 typical 
experiments (of 5 that were run). The table lists many 
proteins that consistently preferred PIP3 over PIP2 binding 
(Experiments 1 and 2) and/or were greatly depleted in 

age-1(mg44) worms lacking active PI3KI and hence PIP3 
(Experiment 3). Noteworthy differences are highlighted 
in yellow. Examples include AKT-1, a Ser/Thr kinase 
known to contain a PIP3-specific PH domain [4], which 
strongly preferred binding to PIP3 over PIP2 but was not 
effectively recovered from membranes of well-fed worms; 
muscle M-line assembly protein (UNC-89) and both 
nematode 14-3-3 proteins (PAR-5 and FTT-2), all reported 
to contain PH domains of uncertain specificity [4]; 
disorganized muscle protein 1; a variety of vitellogenins, 
protein precursors of LDL proteins also related to 
ApoB-100; chaperonins HSP60, HSP70, HSP90, and 4 
subunits of the T complex, important in protein folding 
and refolding; protein disulfide isomerase, involved in 
refolding oxidized proteins; V-type proton ATPase; 3 
fatty-acid binding proteins; 14 ribosomal proteins; and 5 
α (noncatalytic) subunits of the 26S proteasome, most of 

Related proteins that behaved similarly have been grouped together as indicated. Expt. 1: Worm (N2) proteins, recovered after 
affinity binding to PIP2- or PIP3-coated beads, were electrophoresed on polyacrylamide/SDS gels, and identified from trypsin-
digested gel slices by LC-MS/MS proteomics. Expt. 2: Membrane proteins were isolated from wild-type worms (N2), and 
associated proteins were recovered using a detergent that dissociates protein complexes (unlike Expts. 1 and 3). Expt. 3A: 
Membrane proteins were isolated from wild-type worms (N2), a PI3K-null mutant (mg44) or mg44 adults fed PIP3. Expt. 3B: 
Proteins from 3A were bound to PIP3-beads, eluted, resolved by electrophoresis, and identified from trypsin-digested gel slices 
by LC-MS/MS proteomics. Spectral counts are shown, indicating the number of significant peptide identifications per protein, a 
crude measure of relative protein abundance. Deep yellow highlighting indicates ratios of ≥5; lighter yellow indicates suggestive 
differences. *RNAi knockdown extends lifespan; **RNAi reduces lifespan; †RNAi alters protein aggregation.

table 1: PIP3-binding proteins identified in at least two experiments, based on affinity-binding capture ratios (Experiments 
1 and 2) or genetic evidence (Experiment 3B).
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Figure 3: Venn diagrams. Indicate numbers of proteins positively identified in each membrane fraction (A), or in the subset of those 
proteins that bound PIP3>>PIP2 (b).

Figure 4: Docking models of PIP3 binding to proteins. A. & B. Hybrid models of PIP3 (grey) and contact residues of human AKT
(A) with ΔGbinding of ‒13.9 kCal/mol, and nematode AKT-1 (b) with ΔGbinding of ‒13.1 kCal/mol. c. “bin plot” of ΔΔG values for PIP3-
specific binding candidates (blue bars) and randomly chosen control proteins (red bars). Intervals are rightward inclusive (e.g. proteins are
shown between –1.6 and –1.2 if ΔΔG lies between –1.59 and –1.2). Dotted line: smoothed control distribution, taken as a moving average
of adjacent count pairs.
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which are in the 20S core assembly. 
Gene ontology (GO) and pathway (KEGG) terms 

enriched among the proteins that preferentially bind PIP3 
(Table 2) include Translation (enriched 7.4-fold, P < 10-64),  
Stress response (5.9-fold, P < 10-5), Mitochondria/
respiration (5.6-fold, P < 10-5), Determination of adult 
lifespan and Aging (3.3-fold, P < 10-10), Lipid transport 
(2.9-fold, P < 0.003), Proteasome core complex (2.8-fold, 
P < 10-10), and Unfolded protein response (2.8-fold, P < 
10-5). 

In silico modeling predicts preferential interaction 
with PIP3 over PIP2, for most proteins with higher 
observed affinity for PIP3

Molecular docking programs were used to estimate 
affinities for PIP3 vs. PIP2 of proteins empirically observed 
to prefer PIP3. The docking predictions are not expected 
to support all of the observed PIP3-specific candidate 
proteins, since retention on PIP3-coated beads could reflect 
either direct or indirect binding (e.g., via a complex). 
We began by retrieving crystallographic or NMR-
based structures from the PDB database, for structure-
defined orthologs of candidate proteins that had shown 
preferential affinity for PIP3 in multiple experiments. 
The corresponding C. elegans protein structures were 
then derived using molecular modeling with I-TASSER 
or MODELLER 9.13 (see Methods). Similarly, the 
NMR-based structures of PIP3 and PIP2 were refined in 
MODELLER, chiefly by truncating the fatty-acid chains 
to limit their contributions to interactions. 

Docking of each protein structure was simulated 
with PIP2 and PIP3 separately by energy minimization, 
using AutoDock-Vina to calculate ΔGbinding (the change 
in Gibbs free energy on binding) for each docking 
interaction. Table 3 shows ΔGbinding for protein binding to 
PIP3 or PIP2 and the difference between them. That energy 

difference, ΔΔG = ΔG(PIP3)–ΔG(PIP2), indicates the 
binding preference for either phosphoinositide. Docking 
models that emphasize contact points (Figure 4A & B) 
illustrate the precise fit of PIP3 in PH domains of both 
human and nematode AKT proteins. Predicted ΔΔG values 
for 15 of 31 candidate proteins (48%) surpassed all 40 
randomly chosen control proteins (Figure 4C; rank-order 
P < 3 x 10-4), and 16 of those (bold lines, Table 3) would 
be considered significant at an empirical threshold of P < 
0.05. For all 16, ΔG(PIP3) was < ‒7.5, indicating relatively 
stable interactions.

Knockdown of genes encoding PIP3-binding 
proteins enhances stress resistance

We selected 18 PIP3-binding proteins, based on 
function and inclusion in the Ahringer RNAi library [35], 
to ask whether they might contribute to the “multiple 
stress resistance” traits of C. elegans age-1-null mutants 
[36]. Knockdowns of 5 candidates (28%) signifi cantly 
improved survival in hydrogen per oxide (Figure 5), 
an oxidative stress to which age-1(mg44) mutants are 
exceptionally resistant [3]; they are TCT-1, CAND-1, 
AKT-1, RAD-50 and FAT-2.

PIP3-binding proteins influence protein 
aggregation in C. elegans model systems

The same 18 PIP3-binding candidates were tested to 
determine whether they contribute to protein aggregation. 
Strain CL4176 can be induced to express human Aβ1-42 
in body-wall muscle [37]; it forms β-amyloid aggregates 
leading to paralysis soon after induction, or progressively 
with age if not induced [36]. RNAi knockdown of 5 genes 
(28%) encoding RAD-50, AKT-1, CAND-1, FAT-2 and 
DHC-1, reduced age-dependent paralysis in adult worms 

Table 2: GO/Pathway analysis.
 GO terms enriched for PIP3-specific binding proteins (total)
 term count Fold Δ Fdr
Translation 107 7.4 5E‒65
Protein biosynthesis 40 2.4 2E‒43
Positive regulation of growth 109 2.0 7E‒25
Adult life-span determination / Aging 46 3.3 1E‒10
Proteasome core complex 18 2.8 1E‒10
Proteasome component region PCI 6 2.2 1E‒9
Stress response 6 5.9 4E‒6
Unfolded protein response 3 2.8 6E‒6
Mitochondria / Cellular respiration 14 5.6 1E‒5
Lipid transport 4 2.9 3E‒3

Functional-annotation enrichment (https:/david.ncifcrf.gov/) was analyzed for proteins recovered from PIP3-affinity beads 
and identified by LC-MS/MS. Count: total proteins per category. Fold Δ: term enrichment factor. FDR: False Discovery Rate 
(<0.05 is considered significant).
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table 3: In silico interaction energies of PIP3-binding proteins with PIP3 vs. PIP2

   Protein  [role] ΔGbinding for PIP3 
(kCal/mol)

ΔGbinding for PIP2 
(kCal/mol) ΔΔG

CYC-2.1 [one of 2 C. elegans cytochrome c proteins] ‒10.6 ‒6.5 ‒4.1
RPL-21 [ribosome large s.u. protein 21, SH3 domain] ‒13.6 ‒9.8 ‒3.8
DKC-1 [ortho. of human dyskerin, H/ACA RNP s.u.] ‒10.4 ‒7.3 ‒3.1
FAT-2 (iso. A) [Δ12 FA desaturase, increases fluidity] ‒9.7 ‒7.2 ‒2.5
NKB-1 [Na+/K+-transporting ATPase s.u.] ‒9.2 ‒7.2 ‒2.0
CCT-1 [α subunit of T-complex chaperonin] ‒9.0 ‒7.1 ‒2.0
AKT-1c [insulin-like signaling kinase] ‒10.6 ‒8.6 ‒1.9
RAD-50a (C-term.) [part of homol. recomb. complex] ‒9.1 ‒7.3 ‒1.8
IFE-1 (iso. A) [mRNA cap-binding protein eIF4E] ‒10.1 ‒8.3 ‒1.7
EIF-1 [ortho. of euk. translation initiation factor EIF1] ‒8.7 ‒7.1 ‒1.7
PAS-1 [α subunit 1 of 26S proteasome] ‒11.7 ‒10.0 ‒1.7
TCT-1 [orthol. to human TPT1, tumor protein 1] ‒9.4 ‒7.8 ‒1.6
SOD-2 [Fe++/Mn++ superoxide dismutase] ‒7.9 ‒6.3 ‒1.6
MSP-78 [major sperm protein 78] ‒8.8 ‒7.3 ‒1.6
HSP-6 [DnaK/Hsp70 family chaperone] ‒7.5 ‒6.2 ‒1.4
KAT-1 [ketoacyl-coA thiolase, part of FA β-oxidation] ‒8.9 ‒7.7 ‒1.2
HIPR-1 [ortho. to Huntingtin-interacting protein 1-r] ‒6.3 ‒5.7 ‒0.6
CAND-1 [cullin-associated NEDD8-dissoc. protein 1] ‒5.7 ‒5.1 ‒0.6
FAR-1 (iso. A) [fatty acid/retinol binding protein 1] ‒10.9 ‒10.5 ‒0.4
MSP-77 [major sperm protein 77] ‒8.7 ‒8.4 ‒0.3
SOD-3 [Fe++/Mn++ superoxide dismutase, orth. SOD1] ‒6.8 ‒6.7 ‒0.1
CGH-1 [DEAD-box RNA helicase] ‒8.3 ‒8.4 0.1
SOD-1 (iso. A) [Cu++/Zn++ superoxide dismutase] ‒6.2 ‒6.7 0.5
MSP-3 [major sperm protein 3] ‒8.1 ‒8.7 0.6
PAS-2 [α subunit 2 of 26S proteasome] ‒7.0 ‒7.7 0.6
LBP-1 [lipid-binding protein 1] ‒8.6 ‒9.3 0.6
RPN-12 (iso. A) [19S proteasome, regulatory s.u. 12] ‒5.5 ‒6.4 0.9
SODH-1 [sorbitol dehydrogenase 1] ‒8.1 ‒9.2 1.1
IFB-1a_head [intermediate filament protein 1] ‒5.9 ‒7.2 1.3
RPN-2 [19S proteasome, regulatory subunit. 2] ‒6.7 ‒8.1 1.4
BCAT-1 [branched-chain aminotransferase 1] ‒5.5 ‒7.2 1.7
Control Proteins (top 10 proteins are shown, out of 40 taken at random from PDB)
1a3q ‒9.8 ‒8.6 ‒1.2
1a3b 5th percentile ΔΔG threshold ‒7.4 ‒6.3 ‒1.1
1a10 ‒7.7 ‒6.7 ‒1.0
1agf 10th percentile ΔΔG threshold ‒8.2 ‒7.3 ‒0.9
1a00 ‒7.8 ‒7.1 ‒0.7
1a0z ‒7.4 ‒6.7 ‒0.7
1ah1 ‒5.9 ‒5.3 ‒0.6
1a17 ‒6.0 ‒5.4 ‒0.6
1axa ‒7.6 ‒7.1 ‒0.5
1a1m ‒7.3 ‒6.8 ‒0.5

For each protein structure listed (obtained from PDB or derived as described), docking was simulated with PIP2 or PIP3 
by energy minimization using AutoDock-Vina. ΔGbinding was calculated for each docking, and proteins were ranked by the 
difference between PIP3 and PIP2 binding energies: ΔΔG = ΔG(PIP3) –ΔG(PIP2). Control protein structures were taken at 
random from PDB for 40 proteins, of which the top-ranked 10 (based on ΔΔG) are shown.
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with “leaky” Aβ1-42 expression [36], shown at day 12 in 
Figure 6. Three of these knockdowns (rad-50, cand-1 
and fat-2) also significantly blocked paralysis 48 h after 
induction of Aβ1-42 (data not shown), but we consider 
uninduced paralysis to be a more appropriate model of 
age-dependent protein aggregation. 

Muscle-specific expression of human α-synuclein 
(in strain NL5901), a model of Parkinson’s disease, was 
also assessed during adult aging. Significant reductions 
in the number of aggregates, at least as deep as that 
elicited by RNAi to age-1, were observed at 9 and 10 
days post-hatch after knockdown of genes encoding 6 
(33%) of 18 PIP3-binding proteins tested: RAD-50, FAT-
2, TCT-1, PRDX-3, KAT-1, and PAS-6 (Figure 7). KD of 
ifb-1 appeared to increase aggregates, although without 
statistical significance.

RNAi knockdowns of several PIP3-binding 
proteins confer multiple fitness benefits

Previous studies in C. elegans had reported lifespan 
extension upon knockdown for two of those 5 genes, akt-1 
[38] and fat-2 [39]. We confirmed a significant (P < 0.05)
life extension upon akt-1 knockdown (data not shown),
and somewhat stronger effects of RNAi targeting cand-
1 (**P < 10-4) or rad-50 (*P < 3x10-4) (Table 4, Figure
8), suggesting that these PIP3-binding proteins may also
contribute to the unique longevity of age-1-null mutants
that cannot form PIP3 [3]. Significant but less pronounced
life extension was observed when RNAi was begun only at
the L4 (late-larval) stage to avoid effects on development
(Table 4, Expt. 4). However, no life extension was seen
in a daf-16 mutant (Figure 8B), confirming that cand-1
and rad-50 act via the insulin/IGF-1 signaling pathway.
Of 18 PIP3-binding candidates tested by RNA interference,
5 improved fitness by at least two measures, survival of
peroxide stress and protection in protein-aggregation
models (Table 5), and at least 4 extend lifespan.

Table 4: Survival data for PIP3-binding candidate knockdowns

Experiment 1 (N2) Expt. 2 (N2) Expt. 3 (N2) Expt. 4 (N2)
  rnAi: none CAND-1 RAD-50 none CAND-1 none RAD-50 none RAD-50
Median 18.5 23.5 23.5 23.5 28.5 22.5 25.5 22.5 22.5
  ratio ― 1.27 1.27 ― 1.21 ― 1.13 ― 1.0
Mean 19.5 23.2 23.5 24.3 28.0 23.2 25.1 22.6 24.3
  ratio ― 1.19 1.20 ― 1.15 ― 1.10 ― 1.08
     P < ― 3E–5 3E–5 ― 0.0001 ― 0.007 ― 0.008

Expt. 5 (N2) RNAi from L4 Experiment 6 (daf-16 ‒) Experiment 7 (daf-16 ‒)
  rnAi: none CAND-1 RAD-50 none CAND-1 RAD-50 none CAND-1 RAD-50
Median 22.5 24.5 24.5 17.5 17.5 17.5 18.5 18.5 17.5
  ratio ― 1.09 1.09 ― 1.00 1.00 ― 1.00 0.95
Mean 23.5 24.5 24.6 18.9 18.6 18.4 18.5 18.6 18.5
  ratio ― 1.04 1.05 ― 0.99 0.97 ― 1.00 1.00
     P < ― 0.04 0.06 ― 0.6 0.4 ― 0.8 1.0

Median and Mean survivals are given in days post-hatch. Five independent experiments were performed in the wild-type 
N2-DRM strain, and two in strain SR814, created by outcrossing DR26 (daf-16(m26)) into N2-DRM. RNAi feeding began at 
hatch, or (Experiment 5) in late L4. Gehan-Wilcoxon 
log-rank P values are shown.

Table 5:  Multiple benefits of PIP3-binding candidate knockdowns

Gene  H2o2 
survival

  Aβ1–42  aggreg. α-synuclein 
aggregation

Longevity effect 
(range) or referenceinduced     aging

rad-50 ↑5x  ↓3x        ↓10x ↓3.6x ↑15% (8 – 20%) 
cand-1 ↑11x  ↓5x        ↓20x N.S. ↑17% (15 – 19%) 
fat-2 ↑5x  ↓4x        ↓20x ↓40% ↑ [40]
akt-1 ↑9x   N.S.        ↓3x N.S. ↑9%; [45]
tct-1 ↑7x   N.S.          N.S. ↓ 2x

N.S., not significant; grey shading, not tested here. Reference citations indicate published lifespan data.
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dIscussIon

PIP3, the product of class-I PI3K, is normally 
embedded in eukaryotic cell plasma membranes where 
it is thought to contribute to multiple kinase-cascade 
signaling pathways. C. elegans mutants lacking the PI3KI 
catalytic subunit exhibit extreme longevity, improved 
stress resistance, delayed development, and reproductive 
defects [3]. We infer that PIP3 plays critical roles in these 
pleiotropic physiological traits by binding and recruiting 
signaling proteins. Those proteins, and the pathways they 
participate in, must confer developmental and reproductive 
benefits early in life, presumably through roles in anabolic 
metabolism and cell proliferation. Nonetheless, they 
appear to have deleterious long-term consequences so that 
their continued activity in post-gravid adults promotes 
aging.

Proteins that bind PIP3 are tethered to the 
membrane, dependent on PIP3 availability

We used a combined proteomic/genetic strategy to 
isolate and identify PIP3 binding proteins in C. elegans. 
Although any affinity-capture procedure can produce false 
positives, we set several criteria by which to evaluate 
candidate proteins identified in at least 3 independent 
experiments. 

Preferential binding to PIP3 over PIP2

PIP3-specific binding was assessed by comparing 
the capture of any given protein based on affinity to 
each ligand. Many proteins showed differential binding, 
of which 10 (highlighted in bright yellow, Table 1/Expt. 
1) met our arbitrary criteria of (i.) at least 5-fold higher
binding to PIP3 than to PIP2 and (ii.) at least 5 peptide
“hits”. Several caveats should be considered. The PIP3/
PIP2 ratio in normal cells ranges from 0.001 to 0.02,
suggesting that moderately high affinity ratios might not
be sufficient to prevent binding to PIP2 due to its higher
abundance in vivo. Moreover, affinity purification may not
precisely mirror physiological dependence on ΔGbinding,
since binding also depends on protein abundance. Protein
levels are equal for the two PI ligands in lysates, but
certainly differ among cell types in vivo, which might also
vary in their PIP3 levels. Binding propensities in vivo can
also be altered by additional factors such as competing
ligands, other interacting proteins in a complex, and other
hydrophobic or electrostatic features in the immediate
vicinity of membrane-embedded PIP3.

Some proteins may show preferential affinity for 
PIP3 through indirect binding, in which the protein is part 
of a stable complex containing a PIP3-specific binding 
protein. Our data suggest that this may be quite common. 
We note that Experiments 1 and 2 in Table 1 differed in 
only one respect: protein complexes were disrupted in the 
second experiment, leading to loss of many “PIP3-specific” 
proteins that had ceased to be significantly differential. 
The value of candidate PIP3-binding proteins as potential 

Figure 5: RNAi knockdown of PIP3-binding proteins 
improves peroxide survival. Worm survival ±SE is shown 
after 4h in 5-mM H2O2. RNAi groups differed significantly from 
controls (by 1-tailed Fisher exact test): *P < 0.05; **P < 0.005; 
***P < 10-4 (each N = 40). Error bars indicate the standard error 
of a proportion.

Figure 6: RNAi knockdown of PIP3-binding proteins 
reduces age-dependent paralysis from leaky muscle 
expression of Aβ1-42. Data show % paralyzed, ±SD, at 12 d
post-hatch. RNAi groups differed significantly from controls (by 
1-tailed Fisher exact test): akt-1, P < 10-4; all others, P < 10-7.
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pharmacologic targets, however, does not depend on 
whether membrane-tethering is direct or indirect. 

Presence on cell membranes, dependent on 
biological availability of PIP3

We took advantage here of our previous studies 
demonstrating that PIP3 is essentially absent (below 
detectable limits, i.e. < 1% of normal levels) in second-
generation homozygous age-1 mutants lacking active 

Figure 7: Aggregate counts for C. elegans day-9 adults expressing muscle α-synuclein. Adult worms were maintained for 9 days on 
bacteria expressing RNAi against the genes indicated, encoding PIP3-binding proteins. Error bars indicate ±SEM. Values above bars show 
signifi cance of differences from Feeding Vector (FV) control, by heteroscedastic 2-tailed t-tests.

Figure 8: Survivals of C. elegans exposed from the late-larval (L4) stage, to RNAi targeting genes that encode two PIP3-binding 
proteins. Data were combined from 4 experiments with N2 wild-type worms (A) or from 2 experiments with daf-16(m26) mutant worms 
(b) exposed to empty feeding vector (FV) or RNAi targeting cand-1 or rad-50. Total numbers of uncensored/censored deaths included
were (A) control, 148/7; cand-1 RNAi, 82/2; and rad-50 RNAi, 114/6; and (B) control, 88/2, cand-1 RNAi, 90/0; and rad-50 RNAi, 87/3.
*Gehan-Wilcoxon log-rank P < 3E-4; **Gehan-Wilcoxon log-rank P < 1E-4.
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PI3KI or detectable PIP3 [2]. Thus we expected that 
genuine PIP3-binding proteins will be recovered from 
membranes of wild-type worms but not from extremely 
long-lived age-1(mg44) mutant worms. This expectation 
was met convincingly (>2-fold reduction and P < 
0.05) by a subset of candidate proteins (Table 1, Expt. 
3A): lamin-1, 2 chaperones (HSP60, HSP90), rRNA 
2’-O-methyltransferase, T-complex subunit CCT-5, 
adenosylhomocysteinase, 11 ribosomal proteins, CAND-
1, TCT-1, 5 fatty-acid desaturases and 2 elongases, 2 
multidrug resistance proteins and an intermediate filament 
protein. 

Many proteins are integral to membranes, and if 
these are in vast excess they might mask proteins that 
are recruited to membranes via tethering to PIP3. Thus 
it is reassuring that most PIP3-binding proteins that were 
affinity-isolated from the membrane fraction, although 
depleted in overall abundance by the two-step isolation, 
were further reduced in age-1(mg44) adult worms relative 
to N2 controls (Table 1, Experiment 3B). Apparent 
exceptions include pyruvate carboxylase 1, CAND-1, 
TCT-1, peroxiredoxin and proteasome α subunits. 

Restoration of membrane tethering by exogenous 
PIP3

In principle, it should be possible to reverse all “age-
1” traits in worms genetically deficient in PI3KI and hence 
in PIP3, by supplying exogenous PIP3, provided that it is 
taken up, is not degraded, and reaches all tissues. Of the 
proteins listed under (2.) above, fatty-acid desaturases and 
elongases showed essentially no reversal (≤3%) whereas 
all other proteins were partially reversed (17-80%) by PIP3 
feeding. 

This wide variation in efficacy of PIP3 
supplementation appears paradoxical: If PIP3 is able to 
enter cells to reverse any of the age-1 phenotypes, should 
it not reverse all of them? Variable extents of rescue could 
result from our use of very short-acyl-chain PIP3, which 
may be insufficient to tether large proteins or complexes to 
the plasma membrane. A plausible alternative explanation 
is tissue heterogeneity of PIP3 uptake, since PIP3 added to 
the medium or the bacterial lawn would reach intestinal 
cells first, and unless it saturated the membranes of 
those cells it might not distribute any further. Our data 
appear inconsistent with this scenario, however, since the 
proteins least effectively “reverted” (restored to membrane 
fractions in age-1(mg44) F2 worms) by PIP3 feeding 
are fatty-acid desaturases and elongases, expected to be 
concentrated in the intestine since it serves as the lipid-
storage organ of nematodes [40, 41]. 

Molecular modeling can predict proteins that 
preferentially bind to PIP3

Park et al. [5] used “machine learning” to define the 
amino-acid residues and positional constraints within PH 
domains that distinguished between proteins demonstrated 
previously (or, for the test group, demonstrated in that 
paper) to have binding specificity for particular PI moieties 
including PIP3. Apart from that study, no systematic 
attempt has been made to identify all proteins with PIP3-
specific binding. Over the last few years, molecular 
modeling has proven itself capable of screening protein-
drug and protein-protein interactions with ever-increasing 
reliability. Nevertheless, we were uncertain whether it 
would prove equal to the challenge posed by discriminant 
PIP3-binding. 

Just over half of the 31 tested proteins that had been 
identified as strong PIP3-specific candidates substantially 
exceeded the minimal energetic requirements for avid and 
selective binding of PIP3, with ΔΔG values outside the 
range observed in randomly-chosen control proteins (Table 
4; Figure 4C). We note that PIP3 would be considered a 
reasonable candidate ligand for all 31 proteins, given that 
their ΔG levels ranged from -5.5 to -13.6; protein ligands 
predicted previously by AutoDock agreed well with 
confirmed binders provided that ΔGbinding was < -4 [42]. 
Our results strongly support the premise that molecular 
modeling can predict substrate specificity for PtdInsP-
binding proteins. The 15 proteins with unexceptional 
ΔΔG values may not selectively bind PIP3 themselves, 
but instead participate in larger protein complexes that 
include a PIP3-specific component. Such indirect tethering 
of complexes may be quite common, but the candidate 
proteins nevertheless remain drug targets of interest if 
they are components of complexes that require PIP3 or 
membrane localization to function.

PIP3-binding proteins are enriched for roles in 
translation, longevity and proteostasis

Interesting proteins that met multiple criteria for 
PIP3-specific binding include AKT signaling kinases 
(AKT-1, AKT-2); heat-shock chaperones (HSP60, 
HSP70s, and HSP90); T-complex protein CCT-1; 14-
3-3 proteins (PAR-5, FTT-2); muscle M-line protein
UNC-89; branched-chain amino-acyl transferase BCAT-
1; ubiquitinylation/NEDD8 regulator CAND-1; RNA
helicase CGH-1; proteasome subunits (PAS-1, PAS-2,
RPN-7); 8 fatty-acid desaturases and elongases (FAT and
ELO proteins), and 14 ribosomal proteins (8 RPL and 6
RPS).

Among these proteins are several previously 
reported to possess or associate with PIP3-binding domains 
(AKT [43]; 14-3-3 proteins [44]; DIM-1; UNC-89 [www.
wormbase.org]), and a remarkably large number that 
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were previously implicated in longevity and age-related 
diseases: AKTs [45]; HSPs [46]; 14-3-3 proteins [44]; fatty 
acid desaturases FAT-2 [39] and FAT-4 [40]; lipid-binding 
protein LBP-6 [47]; pyruvate carboxylase, PYC-1 [39]; 
α-enolase/ ENOL-1 [48]; and lamin-1 [49]. In addition, 
many have roles in proteostasis failure leading to protein 
aggregation, a process that is critical to lifespan regulation 
[36,50]: HSPs [46]; T-complex proteins [51]; V-type 
proton ATPase [51]; actin and tubulin chains [52]; disulfide 
isomerase [53]; DHC-1 [54]; adenosylhomocysteinase 
[51]; and proteasomes [36]. Dynein heavy chain 1 (DHC-
1) is associated with neurodegenerative diseases and
protein aggregation [54], and ketoacyl thiolase (KAT-1) is
a conserved mitochondrial fatty-acid β-oxidase that delays
aging, independent of known longevity pathways [www.
wormbase.org].

The frequent recovery of ribosomal proteins, 
specific to PIP3 affinity and to worms with PI3KI activity, 
suggests that PIP3 may be involved in tethering ribosomes 
to rough endo plasmic reticulum. This conjecture is 
currently supported only by indirect evidence [55], 
but would account for the 7.4-fold GO enrichment for 
“translation” (Table 2).

PIP3-binding proteins contribute to diverse 
pathways mediating extreme age-1 traits

Although it was not a criterion for PIP3-specific 
binding, a goal of the current study was to assess whether 
any of the proteins downstream of PI3KI, if depleted by 
RNA interference, could confer some part of the beneficial 
survival traits displayed so strikingly by very-long-lived 
age-1-null mutant worms [3]. In fact, as shown in Figure 
5, RNAi directed against genes rad-50, cand-1, cct-1, fat-
2, and akt-1, encoding candidate PIP3-binding proteins, 
extended the length of time that adult worms could 
survive a lethal oxidative stress (5-mM H2O2), emulating 
the greatly enhanced peroxide-resistance of age-1(mg44) 
F2 adults [3]. Moreover, RNAi targeting rad-50, cand-1, 
fat-2, and dhc-1 rescued 92-100% of the paralysis that 
otherwise progressively afflicted worms expressing Aβ1-42  
in body-wall muscle (Figure 6). RNAi directed against 
akt-1, although also significant, was less effective (69% 
rescue) ― perhaps due to functional redundancy between 
AKT-1 and AKT-2 proteins. Two of these RNAi treatments 
were previously reported to increase longevity, and three 
(targeting akt-1, cand-1 and rad-50) produced moderate 
increases in lifespan (9-20%) in our hands.

In view of the importance of PI3KI as a driver of 
cell proliferation, inhibitors have been actively sought as 
potential chemotherapeutic agents for cancer. In pursuit 
of novel anti-cancer drugs, and equally in seeking drugs 
to prevent or ameliorate Alzheimer’s and other age-
dependent diseases, potential therapeutic benefits of 
PI3KI inhibitors have been over shadowed by the virtual 

certainty that they would also be detrimental to stem cell 
niches. This concern has motivated our search for PIP3-
binding proteins as alternative targets downstream of 
PI3KI. Among these, AKT is believed to drive most of 
the proliferative effects of PI3K [45], whereas RAD50, 
CAND1, FAT2 and TCT1 constitute novel targets that may 
preserve survival benefits of PI3KI disruption, uncoupled 
from blockage of cell proliferation. 

MAterIAls And MetHods

C. elegans strains and culture

Wild-type Bristol N2 [DRM stock], DR26 [daf-
16(m26)], AM141 (unc-54p/Q40:: YFP), CL4176 (smg-
1ts [myo-3/Aβ1-42/long 3’-untranslated region (UTR)]), and 
NL5901 (unc-54p/α-synuclein::YFP), were obtained from 
the Caenorhabditis Genetics Center (CGC). Strain SR808 
was created by outcrossing age-1(mg44) 6x into the N2-
DRM background; strain DR26 was similarly outcrossed 
to create strain SR814 [3]. All strains were maintained 
at 20°C on 2% (w/v) agar plates containing nematode 
growth medium (NGM), overlaid with E. coli strain OP50. 
If induction is indicated, strain CL4176 was upshifted to 
25°C at the L3-L4 transition to induce expression of the 
human Aβ1-42 transgene. To generate synchronized worms, 
well-fed C. elegans were lysed at day 3 post-hatch (adult 
day 1) to release unlaid eggs, which were plated on 100-
mm Petri dishes containing NGM-agar seeded in a central 
area with E. coli (OP50) as described [3]. 

RNA interference

Targeted genes were subjected to RNAi knock-down 
by feeding worms (either from the time of hatching, or 
from the L4 (last larval) stage to avoid developmental 
effects of RNAi) on HT115 bacterial sublines from the 
Ahringer RNAi library [56]. Briefly, synchronized eggs 
were recovered after alkaline hypochlorite lysis and 
transferred to plates seeded with HT115 (DE3) bacteria, 
deficient in RNAse III and containing (a.) IPTG-inducible 
T7 RNA polymerase, and either (b.) the L4440 plasmid 
with a multiple cloning site (MCS) between two inward-
directed T7 RNA polymerase promotors for “feeding 
vector (FV) controls”, or (c.) L4440 containing an exonic 
segment of the targeted gene, cloned into its MCS [56]. 

Isolation of membrane proteins

Synchronized day-3 C. elegans adults were collected 
after washing in S buffer, drained of excess liquid, and 
flash frozen in liquid nitrogen. The worm pellets were 
pulverized with a dry-ice-cooled mortar and pestle, and 
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suspended in buffer with nonionic detergent (20-mM 
Hepes pH 7.4, 300-mM NaCl, 2-mM MgCl2, 1% NP40), 
and protease/phosphatase inhibitors (MilliporeSigma, 
Darmstadt, Germany) at 0°C. Worm or cell debris was 
removed by brief centrifugation of lysate (5 min. at 3000 
rpm). Native membrane-associated proteins were isolated 
from lysates with ProteoExtract membrane purification kit 
(MilliporeSigma) following the manufacturer’s protocol, 
and either (a.) used for PIP3 binding (see next section), 
or (b.) suspended in Laemmli buffer containing 2% SDS 
(w/v) and 0.3-M β-mercaptoethanol, heated 5 min at 
95°C to dissolve proteins, and electro phoresed on 4‒20% 
polyacrylamide gels (SDS-PAGE). Gels were stained with 
SYPRO Ruby (ThermoFisher) to visualize total protein. 

Isolation of PIP3-binding membrane proteins

Isolated membrane proteins were pre-adsorbed 
to uncoated control beads; the unbound fraction was 
collected and incubated 6 h at 4°C with PIP2- or PIP3-
coated agarose beads (echelon, Salt Lake City, UT). After 
extensive washing, bound proteins were eluted from PIP2- 
and PIP3-coated beads, suspended in Laemmli buffer 
containing 2% SDS (w/v) and 0.3-M β-mercaptoethanol, 
and heated 5 min at 95°C to dissolve proteins prior to 
separation on 4‒20% polyacrylamide/SDS gels as above.

Identification of membrane and/or PIP3-binding 
proteins

Proteins isolated from membranes, or membranes 
followed by PIP3-coated beads, were dissolved in Laemmli 
buffer as described above, and separated in one dimension 
on 1% SDS, 4‒12% acrylamide gradient gels. They 
were then stained with SYPRO Ruby (ThermoFisher) 
or Coomassie Blue to visualize total protein, and 1-mm 
slices were excised. Proteins were digested in situ with 
trypsin, and peptides analyzed by high-resolution LC-
MS/MS with a Thermo-Velos Orbitrap mass spectrometer 
(ThermoFisher) coupled to a nanoACQUITY liquid 
chromatography system (Waters, Milford MA) as 
previously reported [20]. Proteins were identified by 
MASCOT (www.matrixscience.com) matching of 
peptide fragmentation patterns to a database of previously 
observed fragment patterns [20]. 

PIP3 feeding to “rescue” age-1-null worms

Very long-lived age-1(mg44) mutant worms are 
maintained as genetically mixed cultures, with a recessive 
visible-trait marker (dumpy) on a balancer chromosome 
carrying wild-type age-1. Synchronized worms that are 
not dpy/dpy (and thus not age-1+/+) are placed singly on 
individual nutrient-agar plates and classified based on 

the developmental rate of their progeny: heterozygotes 
(mg44/+) produce a majority of offspring that develop 
normally, reaching adulthood in 2.5 days, while all 
progeny of first-generation mg44/mg44 homozygotes are 
second-generation “F2” age-1(mg44) homozygotes that 
uniformly develop quite slowly (>8 days at 20oC, from 
hatch to the L4/adult moult [3]). These F2 mutants were 
fed 30-μM phosphatidylinositol 3,4,5-triphosphate di-C4 
(echelon), beginning at 3 days post-hatch (as soon as they 
could be distinguished with certainty from their less long-
lived siblings). PIP3 di-C4 differs from normal PIP3 by 
having very short (4-carbon) fatty-acid chains to improve 
water solubility.

Paralysis assays

CL4176 worms were synchronized as described 
above, and eggs were transferred to 60-mm NGM-agar 
plates seeded with either FV-control bacteria or RNAi-
expressing bacteria to target each gene that encodes 
a protein of interest. Paralysis of worms with muscle 
expression of Aβ1-42 was assayed as described previously 
[36]. Briefly, worms were upshifted from 20 to 25°C at the 
L3-L4 transition, and triplicate groups of 50‒100 worms 
were scored 29 h later. Alternatively, age-dependent 
paralysis was monitored over 10-13 days post-hatch, 
maintaining worms at 20°C without upshift. Paralysis was 
defined by movement of the head, but not the body, in 
response to a touch stimulus. 

Aggregation assays for Q40::YFP and 
α-synuclein::YFP

AM141 worms with muscle expression of an unc-
54p/Q40::YFP transgene [27] were synchronized and fed 
from hatch with RNAi targeting each individual gene 
that encodes a PIP3-binding protein, or empty feeding 
vector (FV controls). They were assessed by imaging 
yellow fluorescence, 4 days post-hatch as described [36, 
56]. NL5901 worms, with muscle expression of an unc-
54p/α-synuclein::YFP fusion protein [57], were grown 
on RNAi (or FV) bacteria as described above and imaged 
at days 9 and 10 post-hatch. To record images, worms 
were immobilized on glass slides in S buffer containing 
0.3% (w/v) sodium azide to block muscle contraction, 
and fluorescence images were captured on a DP71 camera 
mounted on a BX51 fluorescence microscope (Olympus, 
Tokyo) with a 10x objective. YFP-containing aggregates 
(fluorescent foci) were counted for >15 worms (5-10 
fields) per group with dotcount (reuter.mit.edu/software/ 
dotcount). Statistical significance of differences in counts/
worm were based on 5-10 fields per group, by 2-tailed 
heteroscedastic t tests.
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Longevity survivals

Synchronized eggs (or L4 larvae, to avoid 
developmental effects) were plated on control bacteria 
containing an empty feeding-vector plasmid, or on 
RNAi bacteria selected from the Ahringer library [56] 
transcribing double-stranded RNA of an exonic segment 
from a PIP3-binding protein. Worms were transferred 
to fresh plates daily for 7 days, and on alternate days 
thereafter, scoring worms as alive if they moved 
spontaneously or in response to gentle prodding [3]. 
Worms lost for reasons other than natural death were 
censored (removed from mortality calculations) from the 
date of first annotation onward. 

Hydrogen peroxide stress survivals

Worms were hatched and maintained on RNAi or 
control plates as in the preceding section. Day-1 adult 
worms (50 worms, 24 h after the L4/adult molt) were 
washed free of bacteria and incubated at 20oC in 300 μl 
of 5-mM H2O2 in a 24-well plate. Worms were scored 
at hourly intervals for survival based on movement in 
response to touch [36] to assess each RNAi for effect on 
H2O2-stress survival.

Computer modeling of protein structures

Sequences of all proteins were compiled from 
WormBase and UniProt databases, and used to perform 
BLASTP searches to retrieve known structures from 
PDB (Protein Data Base). The 3-dimensional structures 
of candidate proteins were modeled in two ways. In the 
case of nematode proteins for which a reasonable template 
exists (i.e. ≥70% identity to a protein of known structure), 
template modeling was performed in MODELLER 
9.13 (salilab.org/modeller) with default parameters 
[36]. Proteins lacking good templates were modeled in 
I-TASSER (zhanglab.ccmb.med.umich.edu/I-TASSER) to
predict structures by ab initio “multi-threading” methods
[58]. Ramachandran plots were generated for all structures
generated in Modeller or I-TASSER using the RAMPAGE
server (mordred.bioc.cam.ac.uk/~rapper/rampage.php),
and amino acids in dis-allowed regions were loop-
refined using MODELLER. This process was continued
iteratively until the entire plots fell within permitted limits.
The final minimum-energy conformers were then used for
further docking analyses as described.

Protein docking to PIP3 and PIP2

The structure of PIP3 (Pubchem database) was 
processed by truncation of fatty-acyl chains using 
ChemSketch, and hydrogen atoms added as required 

with MGL Tools and Python Molecular Viewer while 
monitoring torsions. The PIP2 structure was then generated 
from that of PIP3 by removing the 3-phosphate. AutoDock 
Vina 4.2 (http://vina.scripps.edu) was used with default 
parameters [59] to predict interactions of candidate 
proteins with PIP3 and PIP2, and to score the complexes 
for interaction energies. For control interactions, protein 
structures were retrieved at random from the PDB 
database (http://www.rcsb.org). Heteroatoms (ligand), 
if present in downloaded structures, were manually 
removed before docking, as above, in AutoDock Vina 4.2 
(run with Raccoon interface on a 32-core Linux cluster). 
To avoid bias, entire proteins were made available for 
docking. Grid dimensions were defined manually for 
each interaction. The Gibbs free energy of binding was 
calculated as ΔGbinding = ΔGvdW + ΔGelec + ΔGH-bond + ΔGdesolv 
+ Δgtors, where ΔGvdW = the Lennard-Jones van der Waals
potential with 0.5Å smoothing; ΔGelec = the Solmajer-
Mehler distance-dependent dielectric potential; ΔGH-bond =
hydrogen-bonding potential with Goodford directionality;
ΔGsolv = charge-dependent version of Stouten pairwise
atomic solvation energy; and Δgtors is a function of the
number of rotatable bonds in the ligand only (see http://
autodock.scripps.edu for details).

Statistical analyses

Differences between groups were assessed for 
significance by the Fisher-Behrens heteroscedastic t 
test (appropriate to samples of unequal or unknown 
variance). Differences in relative peptide abundance, 
based on spectral counts relative to the total per sample, 
were assessed for significance by chi-squared or Fisher 
exact tests. Significance of longevity-survival differences 
was ascertained by Gehan-Wilcoxon log-rank tests. 
Significance of differences in peroxide-stress survival was 
assessed by Fisher exact tests at the earliest assay time for 
which control survival was < 15%.
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ABSTRACT
Purpose: The extent to which the developmental transcription factor SOX9 

functions as an oncogene or tumor suppressor in colorectal carcinoma (CRC) is 
debatable. We aimed to clarify the effect of SOX9 mutations on SOX9 protein 
expression and their association with known molecular subtypes and clinical 
characteristics in advanced CRC. 

Experimental Design: Next generation sequencing data (MSK-IMPACT) from 
CRC patients was used to interrogate SOX9, KRAS, NRAS, BRAF, TP53, APC, and 
PIK3CA. Mutant and wild type (WT) SOX9 cases underwent immunohistochemical 
(IHC) staining to assess protein expression. SOX9 allele-specific copy number was 
assessed by Affymetrix Oncoscan array. 

Results: SOX9 was mutated in 38 of 353 (10.7%) CRC, of which 82% were 
frameshift or nonsense. Compared to SOX9 WT, SOX9 mutation was strongly 
associated with coexistent mutant KRAS (p=0.0001) and WT TP53 (p=0.0004). SOX9 
was overexpressed in both SOX9 mutant and WT CRC. Among SOX9 mutants, the 
highest expression was noted for truncating exon 3 mutants (mean H scores 239±105 
versus 147±119, p value=0.02). Further, SOX9 truncating mutants with loss of the 
WT allele demonstrated protein overexpression indicating the WT protein was not 
required for protein stabilization. 

Conclusions: SOX9 is overexpressed in CRC, including those with recurrent distal 
truncating mutations. The latter has structural similarity to the oncogenic isoform 
MiniSOX9, which is distally truncated due to aberrant splicing. This information 
suggests that truncated SOX9 has oncogenic features. SOX9 mutations are highly 
enriched in KRAS mutant and TP53 wild type CRC; and may provide a therapeutic 
target in approximately 11% of CRC.

INTRODUCTION

SOX9 [sex-determining region Y (SRY)-box 
9 protein] is a transcription factor that regulates 
development under normal circumstances. SOX9 and other 
members of the SOX family have conserved structural 
features including a high mobility group (HMG) box 

DNA-binding domain, as well as a transactivation domain. 
The range of functions that Sox proteins serve is broad, 
including maintaining stem cell features, restricting 
lineage, and directing terminal differentiation. Germline 
SOX9 heterozygous inactivating missense and nonsense 
mutations result in campomelic dysplasia, a syndrome 
resulting in skeletal malformations, central nervous system 
dysfunction, as well as abnormalities in other organs [1-2].
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In the context of cancer, SOX9 has been classified 
as both tumor suppressor and oncogene depending 
on the study and type of cancer being investigated. 
Evidence suggesting its role as a tumor suppressor is 
derived from several tumor types. SOX9 has decreased 
expression in cervical carcinoma compared to normal 
cervical tissue, and in vitro inhibited cell growth and 
tumor formation when overexpressed [3]. In prostate 
cancer, SOX9 overexpression has been show to decrease 
cell proliferation and increase apoptotic activity.[4]. By 
contrast, both decreased SOX9 activity and oncogenic 
features of SOX9 have been implicated in colorectal 
carcinoma (CRC) [5-7]. 

Recently, exome sequencing has identified SOX9 
as a recurrently mutated gene in colorectal carcinoma.[8]. 
The spectrum of mutations, effect on protein expression, 
molecular correlates, and clinical features has not been 
characterized to date. Here, we characterize the spectrum 
of SOX9 mutations, their molecular and clinical correlates, 
and their effect on SOX9 protein expression in comparison 
to SOX9 wild type (WT) carcinoma and normal epithelium 
within the context of CRC.

RESULTS

Characteristics of SOX9 mutations in CRC

Mutations discovered were either frameshift or 
nonsense mutations in 31 of 38 (81.6%) of SOX9 mutant 
CRC. Each of the 38 SOX9 mutations was unique, without 
recurrent mutations (Figure 1A, Table 1). There were 23 
frameshift mutations, 12 nonsense mutations, 8 missense 
mutations, and 1 in frame deletion. The most frequently 
mutated exon was the last one (exon 3), which harbored 
predominantly nonsense and frameshift mutations (92%), 
while frameshift and truncating mutations only made up 
44% of exon 1 mutation and 78% of exon 2 mutations (p 
= 0.02 for truncating mutations in exon 3 versus exons 
1-2). There were 9 mutations in exon 1 (4 missense,
1 in frame deletion, 1 nonsense, and 3 frameshift), 9
mutations in exon 2 (2 missense mutations, 2 nonsense
mutations, and 5 frameshift mutations) and 23 mutations
in exon 3 (2 missense mutations, 9 nonsense mutations,
and 15 frameshift mutations). TCGA data was similar to
institutional data in that the majority of SOX9 mutations
detected were frameshift or nonsense. Further, the SOX9
mutant CRC in TCGA data displayed transcriptional
upregulation of SOX9 (Figure 1B).

Correlation of SOX9 mutation frequency with 
known CRC genes

In comparison to SOX9 wild type CRC, SOX9 
mutant CRC was strongly associated with the presence 

of KRAS mutation (p = 0.0001) and the absence of TP53 
mutation (p = 0.0004). SOX9 mutant CRC also had higher 
rates of PIK3CA mutation (p = 0.0451), a trend toward 
APC mutation (p = 0.0527), and MMR deficiency (p = 
0.0472). Interestingly, the majority of SOX9 mutations 
in the MMR-D CRC were missense or nonsense and did 
not occur in mononucleotide tracts, while only 2 of the 10 
SOX9 mutations in these 6 MMR-D, SOX9 mutant CRC 
were frameshifts (both in mononucleotide tracts). None 
of the 38 SOX9 mutant CRC harbored BRAF or NRAS 
mutations, while 34 (10.8%) and 10 (3.2%) of SOX9 
WT CRC harbored BRAF and NRAS hotspot mutations, 
respectively (Table 2). 

Figure 1: SOX9 mutation distribution and transcription 
levels. A. SOX9, which only has 3 exons (delineated by black 
double forward slashes), has a conserved DNA dimerization 
domain (Dim), a homeobox group binding domain (HMG box) 
with two nuclear localization signals (black rectangles) that bind 
DNA, and transactivation domains (K2 and Transactivation 
Domain) as well as a PQA domain. SOX9 mutations occurred 
as mostly frameshift and nonsense mutations (red circles) while 
scattered missense mutations (green circles) and an in frame 
deletion (black circle) were also detected. The majority of 
mutations preserved the dimerization and HMG box domains. B. 
TCGA data shows that, similarly to our institutional study cases, 
most SOX9 mutations are frameshift or nonsense. The mutations 
have increased RNA transcription levels on RNA sequencing.
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Correlation of SOX9 mutation Type to 
immunohistochemical expression

All 22 SOX9 WT CRC analyzed showed strong 
positive expression (mean H-score 296±19.2). (Figure 
2A, 2C) while normal epithelium shows weak expression 
limited to deep crypts (Figure 2A, 2B). Overall, SOX9 
mutant CRC showed a wide range of H scores with a 
mean H-score (188.7±123.3, p value < 0.001). However, 
closer review indicated that H scores in SOX9 mutant CRC 

were highly related to both the type of variant and its site 
within the coding region of the SOX9 gene. Truncating 
or missense exon 3 mutant CRC had higher H scores in 
comparison to other mutations (exon 1 or 2 mutant or exon 
3 frameshift mutants resulting in loss of stop codon and 
predicted protein elongation) (p = 0.02): SOX9 exon 1 or 
2 mutant mean H score = 147, SOX9 frameshifts resulting 
in loss of stop codon and predicted protein elongation had 
mutant mean H score = 2 (Figure 2A, 2D), exon 3 mutant 
CRC (excluding stop loss mutants) mean H score = 239 
(Figure 2A, 2E).

Table 1: SOX9 mutations, zygosity, and expression.
Exon Amino-acid change Nucleotide change Predicted 

AA length
TP 
(%)

AF 
(%)

H score 
(IHC)

Oncoscan 
result Site Tested

1 E57Qfs*50 168_179delinsAG 107 22 45 300 liver
1 E134* 400G>T 134 10 11 0 primary
2 E159Gfs*25 474_475dupGG 184 20 21 60 peritoneum
2 E190* 568G>T 190 46 33 140 primary
2 Q208* 622C>T 208 25 50 0 primary
2 S215Pfs*4 643delT 219 11 7 300 primary
2 E191Rfs*28 571delG 219 18 24 300 peritoneum
2 Q164*, E226* 490C>T, 676G>T 226 50 10 130 primary
2 D168Efs*84 503dupA 252 48 39 70 liver
1 W143Lfs*109 427dupT 252 70 67 190 Gain, LOH recurrence
3 V245Gfs*7 733dupG 252 50 25 300 liver
3 Q246Cfs*8 734_735dupTG 254 53 36 60 primary
3 L259* 776T>A 259 60 61 0 liver
3 P267Sfs*9 798_807delCCCTATCGAC 276 30 14 160 primary
3 G263Afs*16 788delG 279 25 13 1 primary
3 D274Wfs*6 818_819dupTG 280 40 29 300 primary
3 E277D, S279Afs*104 831G>C, 834delG 293 20 40 primary

3 Q312* 934C>T 312 30 82 300 Hypotriploid, 
LOH ovary

3 W335* 1004G>A 335 30 76 300 Gain, no LOH peritoneum
3 Q339* 1015C>T 339 10 25 300 liver

3 D290Mfs*93 868delG 383 50 44 300 Hypotetraploid, 
no LOH primary

3 P374Rfs*9 1212C>A 383 20 53 300 primary, 
duodenum

1,2,3 S23FS, T196A, R394* 66delC, 586A>G, 1180C>T 394 30 15 primary
3 H396L, E400* in cis 1187A>T, 1198G>T 400 50 55 300 Gain, LOH primary
3 Q393Sfs*10 1177delC 403 50 25 300 primary
3 H396Rfs*8 1185_1186dupGC 404 50 33 300 primary
3 Q410* 1228C>T 410 70 85 300 CN-LOH primary
3 Q412* 1234C>T 412 50 73 225 CN-LOH primary
3 H406Sfs*58 1215_1234del 464 60 23 300 primary

1 A118_A124del 353_373delCGGCGCGCAGGAAGCTCGCGG 502 54 21 300 primary

2 A187V 560C>T 509 60 25 5 primary
1 M113T 338T>C 509 90 28 90 primary
1 M113V, R162H 337A>G, 485 G>A 509 50 27 170 primary
1 S39C 116C>G 509 90 45 primary
3 V486A 1457T>C 509 25 20 250 recurrence
3 A419T 1255G>A 509 10 11 250 primary

3

R508_P509insGGL
PRRAKMAEMILK
ITEEREDQPEFPL
DICVFLFFYFVLF
FLLLLL*

1525_1530+5delCCTTGAGGAGG 557 10 18 0 primary

3 M469Ifs*109 1406dupT 578 50 54 3 liver
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Figure 2: Mean SOX9 Expression (H Score) According to Mutation Status. A. In comparison to normal epithelium (mean H 
score 40±7.9), which only shows SOX9 expression in deep crypt epithelium, the majority of both SOX9 WT (mean H score = 296±19.2) 
and mutant CRC overexpressed SOX9. Among SOX9 mutant CRC, truncating and missense exon 3 mutants had a higher mean H score 
(239±80.3) in comparison to other mutants including exon 1, exon 2, and exon 3 elongating mutants resulting in loss of stop codon (mean 
H score = 129±155.3), p = 0.02. B. Normal colorectal epithelium has nuclear SOX9 expression restricted to deep crypts. C. Strong, nuclear 
SOX9 expression is seen in SOX9 wild type CRC. D. A SOX9 p. Q312X mutant with loss of the normal allele displayed strong SOX9 
nuclear expression. E. A SOX9 frameshift mutants resulting in loss of the stop codon with paucity of nuclear SOX9 expression. 

Table 2: Clinicopathologic and molecular characteristics of SOX9 mutant versus SOX9 WT CRC.
SOX9 mutant (n = 38) SOX9 WT (n = 315) P value

Age (mean; median) 60; 62 55; 59
Sex (M:F) 22:16 184:131
Location: cecum to transverse 18 107
Location: descending to rectum 20 208
Histology:  mucinous,  poor 18%, 0 4%, 10%
MMR-D 26% 6% P = 0.0472
KRAS mutant 66% (25 of 38) 33% (123 of 315) P = 0.0001
NRAS mutant 0 11%
BRAF mutant 0 3%
APC mutant 87% 72%
TP53 mutant 42% (16 of 38) 72% (227 of 315) P = 0.0004
PIK3CA mutant 32% 17% P = 0.0451
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Overexpression of truncating SOX9 mutations in 
the absence of a wild type allele

Zygosity analysis was performed on 7 SOX9 
expressing (IHC) CRC with SOX9 frameshift or nonsense 
mutations and high SOX9 mutant allele frequencies in 
comparison to estimated tumor percent. Five of these 7 
cases showed LOH at chromosome 17q24.3 where SOX9 
is located. Of these 5 cases, 2 cases displayed copy neutral 

(CN) LOH while 3 harbored gains of the mutant allele 
(Table 1) in addition to LOH (Figure 3). The remaining 
two cases tested showed gain of the mutant allele yet 
retained the WT allele.

Figure 3: Copy number and heterozygosity of SOX9 mutants. A. Oncoscan analysis of the SOX9 p. Q312X mutant displayed in 
Figure 2D shows gain of SOX9 (arrow shows increase in log2 copy number over chromosome 17 including SOX9) and B. loss of normal 
allele (arrows show splitting of beta allele frequency).

Figure 4: Survival curves of metastatic SOX9 mutant and wild type CRC. A. Overall survival from date of metastasis of SOX9 
mutant (green) and SOX9 WT (red) are shown for the 317 CRC patients with metastatic disease (285 WT and 32 mutants) are shown. SOX9 
mutation was associated with better survival (log rank p value = 0.049) on univariate analysis. B. Adjusting for microsatellite instability, 
the overall survival of microsatellite stable (MSS) CRC are shown. This analysis excluded 2 microsatellite instability-high (MSI-H) SOX9 
mutant CRC and 30 MSI-H SOX9 wild type CRC. MSS SOX9 mutant CRC tended to have longer overall survival than SOX9 wild type 
CRC from date of metastasis with borderline significance log rank p value of p = 0.058.
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Frequency of SOX9 mutations in CRC and 
relationship to clinical features

From January 1st 2014 to December 31st, 2015; 353 
CRC patients underwent MSK-IMPACT testing. Of these, 
38 (10.7%) harbored SOX9 mutations. SOX9 mutant CRC 
did not differ from SOX9 WT CRC in male to female 
ratio, patient age distribution, WHO morphologic subtype 
distribution, or primary tumor location (proximal versus 
distal) (Table 2). Patients with metastatic SOX9 mutant 
CRC (n = 317) had longer overall survival in comparison 
to those with SOX9 WT on univariate analysis (log rank 
p value = 0.049) (Figure 4A). To adjust for microsatellite 
status because MSI-H was more frequent in SOX9 mutant 
CRC, we compared overall survival in MSS CRC with 
versus without SOX9 mutation. In this microsatellite stable 
analysis, 11 metastatic SOX9 WT and 2 metastatic SOX9 
mutant CRC were MSI-H and excluded. Metastatic SOX9 
mutant CRC tended to have a longer overall survival 
of borderline statistical significance (log rank p value = 
0.058) (Figure 4B). 

Five patients with SOX9 mutant, RAS/ RAF 
WT CRC received anti-EGFR therapy (cetuximab or 
panitumumab) in combination with other treatment 
modalities (FOLFIRI, irinotecan). Of these, 3 (60%) 
showed progression of disease, 1 patient (unknown 
whether irinotecan naïve or not) received cetuximab 
and irinotecan and showed decreased tumor volume 
of hepatic metastasis, and 1 patient received adjuvant 
panitumumab with folfiri, floxuridine and a hepatic pump 
after metastatectomy and has not recurred.

DISCUSSION

In this study, we demonstrate several findings 
including the recurrent nature of truncating SOX9 
mutations in CRC, the overexpression of SOX9 in the 
majority of both SOX9 mutant (including those with SOX9 
LOH) and WT CRC, and the strong association of SOX9 
mutation with mutant KRAS and WT TP53.

The distribution and nature of SOX9 mutations in 
CRC is similar to that seen in classic tumor suppressors, 
namely mostly truncating mutations across the length of 
the gene without hotspots. However, the fact that we found 
gain of the mutant SOX9 allele as well as overexpression 
of the mutant allele in the absence of the WT allele argues 
that truncated SOX9 may serve as an oncogene in CRC, 
or as a gain of function tumor suppressor gene as well 
described in the case of TP53. However, data across the 
Cancer Genome Atlas (TCGA) show that SOX9 is altered 
in a pattern typically seen in oncogenes: it is mutated 
and amplified in multiple cancer types, and rarely is the 
whole gene deleted [11].The higher expression of SOX9 
for exon 3 truncating mutations is potentially due to the 
fact that exon 3 is the last exon in SOX9, and truncating 

mutations within the last exon do not activate nonsense-
mediated decay.[13].This, however, may not be true 
for SOX9 mutations that extend the protein via distal 
frameshift mutations, removing the WT stop codon and 
activating nonstop mediated decay [14] both of our cases 
with distal SOX9 exon 3 frameshift mutations with stop 
loss mutations had very low H scores for expression (0 
and 3 out of 300).

Interestingly, studies have shown overexpression of 
an isoform of the SOX9 protein in CRC that is truncated 
due to retention of intron 2 (termed ‘miniSOX9’), missing 
the transactivation domain yet still conserving the N 
terminal dimerization and DNA binding domains [15].

 MiniSOX9 upregulates Wnt/β-catenin-dependent 
transcriptional activity and is associated with nuclear 
β catenin accumulation [16-18]. While one proposed 
explanation for this has been splice site mutations 
affecting intron 2, many CRC with miniSOX9 expression 
lack a mutational basis for the truncated and overexpressed 
SOX9 product. As the majority of SOX9 mutations in CRC 
are truncating and result in deletion of the C-terminal 
protein including the transactivation domain, the protein 
product is predicted to be functionally similar to the 
MiniSOX9 isoform of SOX9.

The fact that truncated SOX9 is highly associated 
with mutant KRAS and WT TP53 has not been previously 
demonstrated. Wild type SOX9 has been shown to 
cooperate with RAS mutants in several in vivo experiments 
[6] These experiments showed higher mRNA transcription
levels of SOX9 when an HRAS codon 12 mutation was
knocked in. These experiments also showed 5 times
more tumor foci in a CRC cell line with HRAS codon 12
mutation when SOX9 was overexpressed in comparison
to when SOX9 was not overexpressed [6] In regards to
TP53 status and correlation with SOX9 mutation status,
it has been found that overexpression of SOX9 results
in lower levels of TP53 [6].This indirect relationship
may be due to SOX9 overexpression having decreased
p14 levels, and p14 stabilizes TP53. Therefore, even
though truncating SOX9 mutations that result in SOX9
overexpression are associated with WT TP53, they may
indirectly downregulate TP53 activity.

Finally, the correlation of SOX9 mutation with 
longer survival has not been previously investigated. 
While we find that SOX9 mutation is associated with 
increased survival in patients with metastatic CRC on 
univariate analysis (p = 0.049), we also know that SOX9 
mutation is associated with MMR deficiency in a non-
random way as the majority of SOX9 truncating mutations 
in MMR deficient CRC were not in mono- or di- 
nucleotide repeat areas. MMR deficiency has been shown 
to have a positive impact on prognosis [19]. Even after 
adjustment for microsatellite status, SOX9 mutant MSS 
CRC tended to have longer overall survival than SOX9 
WT MSS CRC with borderline statistical significance (p = 
0.058), suggesting that the SOX9 mutation may positively 
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affect prognosis independent of MSI status. A significant 
limitation within the survival data is that each patient’s 
treatment cannot be compared or normalized for as there 
is a significant amount of variation.

In summary, we have provided evidence that 
truncating mutations in SOX9 (particularly exon 3 
truncating mutations) are recurrent in CRC and result 
in a truncated, overexpressed (in comparison to normal 
epithelium) protein that is likely oncogenic. These 
mutations are enriched in KRAS mutant, TP53 WT cases; 
and are associated with better overall survival. 

MATERIALS AND METHODS

Molecular testing

After approval by the local institutional review 
board, data from all patients with CRC being treated at 
Memorial Sloan Kettering Cancer Center between January 
1, 2014 and December 31, 2015 who had molecular testing 
with Memorial Sloan Kettering- Integrated Molecular 
Profiling of Actionable Targets (MSK-IMPACT) was 
analyzed. MSK-IMPACT molecular testing is performed 
on MSKCC patients with CRC harboring distant 
metastases for KRAS, NRAS, and BRAF status analysis. 
This panel uses patient’s matched normal and tumor 
DNA to interrogate somatic mutations, structural variants, 
and copy number alterations in all coding regions and 
select introns of 410 cancer-related genes as previously 
described in full detail (see reference) [9]. Mutations 
in the following genes were recorded: KRAS (c. G12, 
G13, Q61, A59, K117, A146), NRAS (c. G12, G13, A59, 
Q61, K117, A146), BRAF (c. V600E, fusions), APC (all 
coding mutations), TP53 (all coding mutations), PIK3CA 
(all coding mutations) and SOX9 (all coding mutations). 
Microsatellite instability (MSI) was assessed with 
MSIsensor [10] on next generation sequencing (NGS) 
data for cases that did not have mismatch repair (MMR) 
immunohistochemical (IHC) analysis for MLH1, PMS2, 
MSH2, and MSH6 expression retention (MMR-P) or loss 
(MMR-D). Tumor purity was estimated by a combination 
of histologic assessment and mutation allele frequencies. 
Possible candidates with SOX9 loss of heterozygosity 
(LOH) included cases with mutant SOX9 allele frequencies 
that were higher than half the estimated tumor purity. 
Cases with suspected SOX9 LOH were studied for allele-
specific copy number by Affymetrix Oncoscan arrays, 
provided they had sufficient remaining DNA.

Additionally, RNA transcription level data on SOX9 
mutant and WT CRC from The Cancer Genome Atlas 
(TCGA) was reviewed via cbioportal [11]. 

Immunohistochemistry (IHC)

A cohort of 22 SOX9 WT and all available (n = 
35) SOX9 mutant CRC underwent SOX9 IHC staining
on whole sections of formalin fixed, paraffin embedded
tissue. Immunohistochemical analysis for SOX9
expression was performed with the rabbit monoclonal
SOX9 antibody, EPR14335-78 (Abcam, Cambridge,
MA). Both the intensity of staining (0-3) and the percent
of tumor cells staining (0-100%) were recorded for nuclear
SOX9 IHC expression and used to generate a Histo (H)
score that ranged from 0-300 [12].Immunohistochemical
overexpression of SOX9 was interpreted relative to normal
colorectal epithelium.

Clinical assessment

Electronic medical records were used to obtain data 
points including sex, age, tumor histology according to 
World Health Organization classification, primary site 
classified as either ‘proximal’ extending from cecum to 
distal transverse colon or ‘distal’ extending from splenic 
flexure to rectum, response to anti-EGFR therapy, time 
from metastasis to death were recorded. 

Statistical analysis

Statistical analysis was performed using Fisher’s 
exact tests with two-tailed p values for categorical 
data, and unpaired Student’s t tests for comparison of 
continuous data (IHC H scores). P values less than 0.05 
are mentioned. P values less than 0.01 were considered 
statistically significant to approximately account for 
multiple hypothesis testing. Kaplan-Meier curves were 
drawn and a log-rank p-value was computed to compare 
survival from time of metastasis based on SOX9 status for 
317 patients who developed metastatic disease, including 
285 SOX9 WT and 32 SOX9 mutant patients. 
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AbstrAct
Radiation therapy is an effective cancer treatment modality although tumors 

invariably become resistant. Using the transgenic adenocarcinoma of mouse prostate 
(TRAMP) model system, we report that a hypofractionated radiation schedule (10 
Gy/day for 5 consecutive days) effectively blocks prostate tumor growth in wild type 
(β1wt /TRAMP) mice as well as in mice carrying a conditional ablation of β1 integrins in 
the prostatic epithelium (β1pc-/- /TRAMP). Since JNK is known to be suppressed by β1 
integrins and mediates radiation-induced apoptosis, we tested the effect of SP600125, 
an inhibitor of c-Jun amino-terminal kinase (JNK) in the TRAMP model system. Our 
results show that SP600125 negates the effect of radiation on tumor growth in β1pc-/- /
TRAMP mice and leads to invasive adenocarcinoma. These effects are associated with 
increased focal adhesion kinase (FAK) expression and phosphorylation in prostate 
tumors in β1pc-/- /TRAMP mice. In marked contrast, radiation-induced tumor growth 
suppression, FAK expression and phosphorylation are not altered by SP600125 
treatment of β1wt /TRAMP mice. Furthermore, we have reported earlier that abrogation 
of insulin-like growth factor receptor (IGF-IR) in prostate cancer cells enhances the 
sensitivity to radiation. Here we further explore the β1/IGF-IR crosstalk and report 
that β1 integrins promote cell proliferation partly by enhancing the expression of 
IGF-IR. In conclusion, we demonstrate that β1 integrin-mediated inhibition of JNK 
signaling modulates tumor growth rate upon hypofractionated radiation.

IntroductIon

Integrin-mediated adhesion of cancer cells to the 
extracellular matrix regulates the cellular response to 
ionizing radiation [1-3]. Our laboratory and others have 
shown that integrins regulate the response to radiation 
by modulating the activity of c-Jun NH2-terminal kinase 

(JNK) [3-5], a member of the MAPK family, also known 
as stress-activated protein kinase [6]. Integrin regulation 
of JNK signaling is complex; JNK has been shown to be 
either activated by β1 or αv integrins in head and neck 
[4] and in nasopharyngeal cancer [5] or suppressed by β1
integrins in prostate cancer as reported in our in vivo study
[3].
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While recent advances in radiotherapy have 
enabled precise targeting of tumor tissue, recurrence 
after radiotherapy, however, remains a concern. Many 
factors may lead to the failure of radiotherapy and to 
recurrence (Reviewed in [7]) including enhanced DNA 
repair, activation of tumor cell survival pathways, 
and inhibition of programmed cell death as well as the 
presence of a subpopulation of cancer stem cells that 
are inherently resistant to radiation (Reviewed in [8]). 
The conventional external beam radiation therapy used 
in the clinic ranges from 75.6 to 81.0 Gy of radiation 
divided into 1.8- to 2.0 Gy fractions, and is carried out 
daily between 7 and 9 weeks (Reviewed in [9]). Recently, 
moderate (<35 fractions) and extreme (<5 fractions) 
hypofractionated radiation therapy has been reported to 
yield more favorable results than conventional regimens 
(2 Gy/fraction), both in terms of biochemical response 
and toxicity [10]. However, there is no consensus in 
the scientific community whether hypofractionated 
radiation significantly reduces biochemical and/or 
clinical disease failure [11]. Thus, in the current study, 
we have investigated the effect of hypofractionated high 
dose radiation administered at shorter intervals (mice 
are irradiated with a total dose of 50 Gy, carried out in 
fractionated doses of 10 Gy, consecutively for 5 days). 
This simulates the approach proposed for clinical use in an 
effort to alleviate patient inconvenience and reduce health 
care costs (Reviewed in [9]). An improved understanding 
of the mechanisms involved in radiation-induced tumor 
regression may ultimately provide novel strategies of 
intervention in the treatment of human malignancies.

Using this hypofractionated radiation approach, we 
have tested the effect of a JNK inhibitor SP600125 (SP) 
on radiation response in wild type (β1wt /TRAMP) mice 
as well as in mice carrying a conditional ablation of β1 
integrins in the prostatic epithelium (β1pc-/- /TRAMP). 
SP is a reversible ATP-competitive inhibitor of JNK that 
blocks all three JNK isoforms with similar potency [12]. 
Its specificity is attributed to the fact that it effectively 
occupies the hydrophobic pocket of the ATP binding site 
in JNK1 and variations of crucial hydrophobic residues 
in other MAP kinases make JNK a selective target [13]. 
SP has been reported to be a selective JNK inhibitor [14] 
and its effectiveness against JNK in vivo has been widely 
reported [15-18]. 

In the present study, we demonstrate that the 
effects of JNK inhibition are contingent upon β1 
integrin expression. We studied the signaling interface 
between β1 integrins and the type-1 insulin-like growth 
factor receptor (IGF-IR), a trans-membrane tyrosine-
kinase receptor, known to play an essential role in the 
development and progression of cancer by regulating cell 
proliferation, differentiation, apoptosis and metastasis 
[19]. Like β1 integrins, IGF-IR signaling has been 
reported to mediate resistance to radiotherapy [20, 21]. 
Together, these receptors play a concerted role in radio-

resistance of cancer cells [3] and unraveling the nature 
of these interactions is expected to contribute not only to 
understanding the mechanisms of resistance, but also in 
the identification of novel therapeutic targets.

Here, we have studied β1-mediated downstream 
signaling in vivo in prostate cancer resistance to 
hypofractionated radiation. We report that JNK inhibition 
compromises the beneficial effects of radiation therapy in 
TRAMP mice carrying conditional ablation of β1 (β1pc-/- /
TRAMP), and results in a significant increase in prostate 
tumor growth associated with increased FAK expression 
and activity in these tumors. 

results

JNK inhibition in β1pc-/- trAMP mice irradiated 
in the lower pelvis leads to prostate cancer 
progression

We have previously demonstrated that conditional 
ablation of β1 integrins significantly improves survival 
and delays prostate cancer progression in response to 
lower pelvis irradiation in TRAMP mice [3]. To assess 
the importance of JNK activation in response to radiation, 
20 week-old β1pc-/- /TRAMP mice were treated with 
hypofractionated radiation regimen that consisted of 
10 Gy fractions for 5 consecutive days (total 50 Gy). 
In conjunction with radiation treatment, intraperitoneal  
(IP) injections of SP and PPCES (PP) were administered 
three times/week and were continued for 9 additional 
weeks followed by euthanasia at 35 weeks of age. This 
irradiation strategy led to effective tumor suppression 
in β1pc-/- /TRAMP mice. JNK inhibition in these mice 
markedly compromises the effect of radiation and results 
in increased tumor load at the end of the treatment 
period. Histopathological analysis of prostate tissues 
from irradiated β1pc-/- /TRAMP mice treated with SP 
consistently reveals aggressive pathological characteristics 
when compared to controls injected with PP which show 
in situ carcinoma characterized by marked papillary and 
cribriform epithelial proliferation with acinar expansion 
(Figure 1A, left panels). High magnification images of 
prostate tissues from SP-treated mice (Figure 1A, right 
panel) specifically reveal invasive carcinoma composed 
of anaplastic epithelioid cells growing in sheets and 
nests. Individual cells show marked cytologic dysplasia 
and areas of tissue necrosis within the expanded acini. 
Analysis of total tumor mass in irradiated mice injected 
with either PP (n = 13) or SP (n = 17) indicates that SP 
treatment significantly increases tumor mass in β1pc-

/- /TRAMP mice, P < 0.0001 (Figure 1B). These results 
suggest that the therapeutic effect of β1 abrogation in 
response to irradiation is offset by JNK inhibition. 
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Figure 1: JNK inhibition counteracts the effect of irradiation and supports aggressive prostate growth in β1pc-/- trAMP 
mice. A. Histopathological analysis after Hematoxylin and Eosin (H&E) staining of prostate tissue from irradiated β1pc-/- /TRAMP mice. 
At the age of 20 weeks, mice were subjected to IP  injections of vehicle PPCES or inhibitor SP600125, administered 3 times/week for 
10 weeks. Two hours after the first IP injection with either PPCES or SP600125, the lower pelvises of the mice were irradiated with a 
hypofractionated radiation regimen that consisted of 10 Gy fractions (total dose 50 Gy) administered for 5 consecutive days. Mice were 
euthanized at 35 weeks of age and prostate tissues were analyzed for tumor progression. Representative H&E images of tissues from control 
or treated mice are shown (left panels). Scale bar 100 µm. The right panel shows representative H&E high magnification images of prostate 
tumors from irradiated and SP600125-treated β1pc-/- /TRAMP mice depicting aggressive histopathology. Scale bar 50 µm. b. The tumor 
mass distribution in irradiated β1pc-/- TRAMP mice injected with PPCES vehicle or SP600125-treated is shown. Median tumor weight with 
interquartile range and individual data points are plotted. PPCES group n = 13 mice, SP600125 group n = 17 mice. A statistically significant 
increase in tumor mass is found in the SP600125-treated cohort as compared to the cohort injected with PPCES. P < 0.0001 (Wilcoxon-
Mann-Whitney two-sided test). 
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JNK inhibition in β1wt /trAMP mice does 
not interfere with radiation-induced tumor 
suppression

Since we have previously demonstrated that β1 
integrins suppress radiation-induced JNK activation [3], 
the JNK inhibitor was not expected to elicit any changes 
upon prostate irradiation in mice expressing wild type β1 
(β1wt /TRAMP). To test whether JNK inhibition influences 
radiation resistance in β1wt /TRAMP prostate, we carried 
out irradiation and PP or SP injections in β1wt /TRAMP 
mice as described above in Figure 1. Histopathological 
analysis of prostate tissues from irradiated β1wt /TRAMP 
mice injected with either PP or SP does not show any 
tumor growth (Figure 2). Prostate tissues from SP-treated 
β1wt mice show marked papillary and cribriform epithelial 
hyperplasia with high-grade dysplasia (Figure 2A, right 
panel). In some glands, the changes are equivalent to 
in situ carcinoma; however, invasive carcinoma is not 
observed in this group. The prostatic tissues from the PP 
group show a spectrum of phenotypes including papillary 
hyperplasia with mild atypia, papillary and cribriform 
hyperplasia with high-grade dysplasia and combined 
epithelial and stromal hyperplasia with minimal cytologic 
atypia (Figure 2A, left panel). The differences in tumor 
mass between PP (n = 15) and SP (n = 14) cohorts are not 
significant, P = 0.41 (Figure 2B). These data imply that 
JNK inhibition does not modify the radiation response in 
β1wt tumors. 

Collectively, these data show that JNK inhibition 
counteracts the effect of radiation therapy in the absence of 
β1 integrins and accelerates tumor growth and progression 
as indicated in our schematic drawing in Figure 3A. This 
is consistent with our earlier findings that JNK activation 
is suppressed by β1 integrins in prostate cancer cells 
[3] and with our new observation that exogenous JNK
inhibition does not affect tumor growth in β1wt mice. To
confirm SP-mediated JNK suppression in vivo, prostate
tissues isolated from irradiated controls (PP cohort) and
irradiated plus SP-treated β1pc-/- /TRAMP cohort were
evaluated for JNK function. Our results demonstrate that
SP significantly blocks the phosphorylation of JNK in
prostate tissues (Figure 3B).

JnK inhibition in vivo up-regulates the expression 
and activation of FAK in irradiated β1pc-/- prostate 
tumors

FAK is known to support tumor growth and 
metastasis [22], and in TRAMP mice reportedly 
contributes to the development of neuroendocrine 
carcinoma [23]. Consistent with its role in aggressive 
forms of the disease, FAK signaling has been associated 
with radiation resistance [24]. To investigate if β1 
integrins modulate FAK signaling in the presence of 

radiation, we evaluated FAK expression and activity 
profiles in our model system. Prostate tissues from 
irradiated and SP- treated β1pc-/- /TRAMP mice were 
analyzed for the expression and phosphorylation of 
FAK. Our results demonstrate that JNK inhibition by SP 
selectively leads to the up-regulation of FAK expression 
and phosphorylation (Figure 4A). No changes in AKT 
phosphorylation, however, are observed in these tissues 
(Figure 4B). Consistent with FAK phosphorylation, we 
also observe induction of tyrosine kinase Src expression 
and phosphorylation upon JNK inhibition in tissues from 
β1pc-/- /TRAMP mice (data not shown). In order to study 
the histological localization of FAK, prostate tissues 
from SP-treated β1pc-/- /TRAMP mice were analyzed for 

Figure 2: JNK inhibition in β1wt /trAMP mice does 
not offset the effect of radiation on tumor growth. 
A. Histopathological analysis of irradiated tumors from β1wt /
TRAMP mice treated as described in Figure 1. Representative
H&E images of tissues from control or treated mice are shown.
Scale bar 100 µm. b. The tumor mass distribution in lower
pelvis-irradiated β1wt /TRAMP mice injected with PPCES or
SP600125 is shown. Median tumor weight and individual data
points are plotted. PPCES group n = 15 mice, SP600125 group n
= 14 mice. No statistically significant differences in tumor mass
are found between SP and vehicle treated β1wt /TRAMP cohorts.
P = 0.4094 (Wilcoxon-Mann-Whitney two-sided test).
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Table 1: Expression profile and localization of FAK in prostate tissues from irradiated and/or SP-treated β1pc-/- /
trAMP mice.

Mouse 
number JnK inhibitor Histopathology

FAK intensity FAK Positive 
Fields

[Percentage] nuclear cytoplasmic

1 +  Invasive carcinoma 3 - 100%

2 + Aggressive high grade tumor, neuroendocrine 
phenotype 3 - 100%

3 + High grade tumor, carcinoma in situ 3 - 100%

4 + High grade tumor 3 - 100%

5 + Carcinoma in situ and high grade PIN 3 - 100%

6 + High grade tumor 3 1 100%

7 + High grade tumor 3 3 100%

8 + Aggressive high grade tumor, high grade PIN, 
invasive carcinoma, unusual papillary cells 2-3 2-3 90%

9 + High grade aggressive tumor 3 3 80%

10 + High grade tumor 2-3 2-3 80%

11 _ Carcinoma in situ, benign, PIN 1-2 1-2 100%

12 _ Well contained high grade PIN 1-2 1-2 90%

13 _ Carcinoma in situ, high grade PIN 1-2 1-2 80%

14 _ Benign, atypical to well defined PIN 1 1 70%

15 _ PIN, tumor plus dysplasia 1 1 60%

16 _ No tumor, abscess 1 - 50%

17 _ Carcinoma in situ, locally invasive, high grade 
tumor 2 1 40%

18 _ Focal high grade PIN, carcinoma in situ, 
papillary hyperplasia 1-2 1-2 40%

19 _ Normal glandular morphology 1 1 30%

20 _ Typical hyperplasia, no tumor 1 1 20%

At the age of 20 weeks, β1pc-/- /TRAMP mice were subjected to IP injections of vehicle PP (-) or inhibitor SP (+), administered 
3 times/week for 10 weeks. Two hours after the first IP injection with either PP or SP, the lower pelvises of the mice were 
irradiated with a hypofractionated radiation regimen that consisted of 10 Gy fractions (total dose 50 Gy) administered for 
5 consecutive days. Mice were euthanized at 35 weeks of age and paraffin-embedded formalin-fixed prostate tissues were 
analyzed for FAK expression patterns. Histological features of 10 PP and 10 SP tissues are shown. “Percentage positive areas” 
at x40 optical magnification represents the number of cytoplasmic and/or nuclear FAK-positive regions over ten independent 
areas in each specimen analyzed. An optical region of a sample that showed more than 50% of cells with positive FAK staining 
was scored as FAK positive; FAK expression was scored using a 1-3 arbitrary scale in the FAK intensity column. -, indicates 
undetectable levels.
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FAK expression patterns by immunohistochemistry. Ten 
specimens in the PP and SP cohorts were studied for FAK 
intensity and scored. Our data indicate that SP-treated 
specimens show relatively higher FAK intensity and 
enhanced nuclear localization in comparison to the PP-
control cohort (Table 1 and Figure 5). These data highlight 
the role of β1 and JNK signaling in FAK regulation and 
strongly suggest a role for FAK in β1-dependent radiation 
resistance of prostate cancer. 

JnK inhibition in vivo fails to enhance FAK/AKT 
signaling upon irradiation in β1wt /trAMP mice 

Since JNK inhibition leads to the induction of FAK 
signaling in β1pc-/- /TRAMP prostate tumors, we assessed 
the FAK profile in β1wt /TRAMP prostate tissues. β1 
integrins are known to regulate FAK signaling [4] and we 
have previously demonstrated that β1 integrins suppress 
radiation-induced JNK signaling in prostate cancer 
[3]. Consistent with a dominant role of β1 integrins in 

suppressing JNK1 activation in β1wt /TRAMP mice, 
JNK inhibition in β1wt /TRAMP prostate tissues does not 
enhance FAK signaling (Figure 6A); we also observe that 
JNK inhibition in β1wt /TRAMP prostate tissues does not 
enhance AKT signaling. Conversely, our results indicate 
that JNK-inhibition dependent FAK up-regulation in 
prostate tumors selectively occurs in the absence of 
β1 integrins. We also investigated the expression of a 
neuroendocrine marker, chromogranin, in β1pc-/- and β1wt 

/TRAMP prostate tissues. Chromogranin expression is 
detected in both β1pc-/- and β1wt tissues regardless of JNK 
inhibition implying that β1, JNK or FAK signaling does 
not influence chromogranin expression in our model 
(Figure 6B).

β1 integrins regulate IGF-IR expression to 
enhance prostate cancer cell proliferation

We have previously reported that β1 integrin 
expression is regulated by IGF-IR, a receptor known 

Figure 3: JNK signaling is crucial for radiation-
dependent tumor suppression in the absence of β1 
integrins. A. Schematic representation showing that the 
effect of radiation is offset by JNK inhibition in β1pc-/-/TRAMP 
mice (upper panel). In contrast, the effect of radiation persists 
in SP600125-treated β1wt /TRAMP mice (lower panel). b. 
Immunoblot analysis shows the total and JNKpT183, pY185 levels in 
irradiated prostate tissues of β1pc-/- / TRAMP mice treated as in 
Figure 1. 

Figure 4: Tumor growth upon irradiation and JNK 
inhibition in β1pc-/-/trAMP mice is associated with 
enhanced FAK signaling. A. Induction of FAK expression 
and phosphorylation in prostate tumors from β1pc-/- /TRAMP 
mice. Immunoblot analysis of prostate tissues from β1pc-/- /
TRAMP mice treated as described in Figure 1. Prostate tissues 
were snap frozen. Tissues were homogenized and lysates 
analyzed by SDS-PAGE using Abs against FAKpY397 and total 
FAK. ERK1/2 was used as a loading control. b. Immunoblotting 
analysis of prostate tissues from β1pc-/- /TRAMP mice showing 
AKTpS473 and total AKT in prostate tissues as described above in 
Figure 4A. ERK1/2 was used as a loading control. 
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Figure 5: Irradiation coupled with JNK inhibition in β1pc-/- /TRAMP mice leads to increased levels of nuclear FAK in 
tumor cells. FAK expression profile in paraffin-embedded tissue sections from irradiated and SP600125-treated β1pc-/- /TRAMP mice are 
shown. Ten specimens in control PPCES and SP600125-treated cohorts were analyzed. Representative expression profiles are shown here. 
Scale bar 50 µm. 
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to promote resistance to radiation, and that abrogation 
of IGF-IR in prostate cancer cells leads to the loss of 
β1 integrins by proteasomal degradation [25]. Here we 
investigate whether β1 integrins affect IGF-IR expression. 
LNCaP cells were transiently transfected with β1-pcDNA 
together with control or IGF-IR siRNA to evaluate the 
expression of IGF-IR. Our results demonstrate that over-
expression of β1 leads to the up-regulation of IGF-IR 
(Figure 7A). However, IGF-IR down-regulation eliminates 

exogenous increase in β1 protein levels suggesting that 
the stability of β1 is dependent on IGF-IR, reinforcing our 
previous observation that in the absence of IGF-IR, β1 
is rapidly metabolized through proteasomal degradation. 
Both IGF-IR and β1 receptors seem to co-exist in a 
functional complex and stabilize each other’s expression in 
cancer cells. As shown in Figure 7B, exogenous induction 
of β1 significantly promotes cancer cell proliferation. 
Concurrent IGF-IR down-regulation reduces β1 levels 

Figure 7: β1 integrins promote cancer cell proliferation 
by regulating the expression of IGF-IR. A. Exogenous 
β1 induction leads to the up-regulation of IGF-IR expression. 
LNCaP cells were transiently transfected with either pBJ1 or 
β1-pBJ1 constructs, together with control or IGF-IR siRNA; 
48 hours later, cell lysates were analyzed by immunoblotting 
analysis for expression of the β1 integrin subunit and IGF-IR. 
AKT was used as a loading control. b. Exogenous β1 induction 
enhances cancer cell proliferation, which is blocked by IGF-
IR knockdown. LNCaP cells transfected as in Figure 7A were 
replated in equal numbers in culture dishes and allowed to grow 
for either 3 or 6 days followed by live cell counting. Each assay 
was performed in triplicate and asterisk signs represent statistical 
significance.

Figure 6: FAK/AKT signaling is not altered upon lower 
pelvis irradiation and JNK inhibition in β1wt /trAMP 
mice. A. Immunoblot analysis of prostate tissues from β1wt /
TRAMP mice treated as described in Figure 1. Frozen tissues 
were homogenized and lysates analyzed by SDS-PAGE using 
antibodies against total FAK, FAKpY397, total AKT and AKTpS473. 
ERK1/2 was used as a loading control. b. Neuroendocrine 
differentiation in response to irradiation and JNK inhibition in 
either β1pc-/- /TRAMP or β1wt /TRAMP prostate tissues. Number 
of mice analyzed: PPCES group β1pc-/- /TRAMP, n =  5; SP600125 
group β1pc-/- /TRAMP, n = 3; PPCES group β1wt /TRAMP, n = 3 
and SP600125 group β1wt /TRAMP, n = 3. Representative images 
reflecting the expression profile of chromogranin in β1pc-/- or β1wt 

TRAMP mice. Prostate tissues from β1pc-/- or β1wt /TRAMP mice 
treated as in Figure 1A above were fixed; sections were stained 
with a chromogranin Ab and processed for immunofluorescence. 
Counterstaining was done with DAPI not shown and expression 
profiles were studied by confocal microscopy. Scale bar 100 µm. 
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and thus significantly stalls cell proliferation suggesting 
that β1 functions are intrinsically dependent on IGF-
IR expression in prostate cancer cells. Thus, it could be 
speculated that both IGF-IR and β1 receptors concertedly 
modulate JNK signaling in response to radiation. 

dIscussIon

Using a novel hypofractionated radiation schedule 
that effectively blocks prostate tumor growth in TRAMP 
mice, we show that blocking JNK signaling using a JNK1, 
2 and 3 inhibitor (SP600125), counteracts the effects of 
therapeutic radiation and leads to tumor growth and 
progression, in a β1 integrin-dependent manner. 

Here we have tested a hypofractionated radiation 
scheme where a 50 Gy total dose of radiation was 
administered in 10 Gy fractions for 5 consecutive days, 
to approximate the hypofractionated approach in patients. 
This radiation schedule effectively suppresses tumor 
growth in β1wt mice and also in β1pc-/- mice which carry 
a conditional ablation of β1 integrins in the prostatic 
epithelium. However, inhibition of JNK phosphorylation 
negates the therapeutic effect of hypofractionated radiation 
in β1pc-/- /TRAMP but not β1wt /TRAMP mice. This is 
consistent with the notion that β1 integrin-dependent 
signaling determines the functional role of JNK as it 
relates to radiation response of the prostate epithelium. 

Our study delineates a JNK-mediated signaling 
pathway, which modulates tumor growth upon irradiation 
in a differential manner dependent on β1 expression. 
It is widely accepted that ionizing radiation activates 
multiple signal transduction pathways, including the 
JNK/SAPK cascade, which transduce death signals from 
the cell membrane to the nucleus. Since β1 integrins 
suppress JNK activation induced by radiation [3], SP 
treatment, as expected, did not affect radiation-induced 
tumor suppression in β1wt mice. Our results are in contrast 
with a previous report where inhibition of β1 integrins 
in head and neck carcinoma cells was reported to be 
associated with down-regulation of JNK signaling leading 
to radiosensitization [4]. However, there is substantial 
evidence demonstrating a pro-apoptotic role of JNK in 
response to radiation [26-29], which is consistent with our 
results. Although integrin interaction with the cytoskeleton 
is likely to mediate JNK activation, the association of β1 

with the cytoskeletal protein, filamin A [30] is not likely 
to explain our results since filamin A binds stress signaling 
kinases MKK4 and MKK7 and is known to enhance JNK 
activation [31] whereas β1 integrins suppress radiation-
dependent JNK signaling. 

A unique feature of irradiated and SP-treated β1pc-/- 
tumors is the up-regulation of FAK expression and auto-
phosphorylation which is not observed in β1pc-/- tissues 
from mice with functional JNK signaling or in β1wt tissues 
where JNK is inhibited. FAK auto-phosphorylation at 

tyrosine 397 (FAKpY397) exposes a site for Src, which leads 
to Src-dependent phosphorylation of FAK at tyrosines 
576 (FAKpY576) and 577 (FAKpY577) leading to maximal 
adhesion-induced FAK activation [32]. FAK expression 
has been reported to be enhanced in all stages of prostate 
tumorigenesis, to regulate anti-tumor immunity and 
integrin-dependent radioresistance [33-36]. Recently, 
nuclear FAK was reported to regulate immunomodulatory 
functions and inhibit anti-tumor immunity in cancerous 
squamous epithelial cells by regulating chemokine/
cytokine and ligand receptor networks [36], which is 
consistent with our results. FAK activity has further been 
implicated in DNA damage induced NF-kB activation 
and production of cytokines from endothelial cells 
leading to chemoresistance [37]. Similarly, β1 integrin-
dependent FAK signaling was reported to elicit faster cell 
attachment rates and reduced adhesion strength in taxol-
resistant ovarian cancer cells [38]. The authors report that 
adhesion strength is dependent on FAK. Besides, faster 
attachment rates and reduced adhesion strength, in these 
cells, correlate with increased β1 integrin expression 
and decreased focal adhesion formation, respectively. In 
addition, drug-tolerant microenvironments are known 
to be correlated with high β1 integrin/FAK signaling 
in melanoma cells [39]. Our data indicating high FAK 
expression and phosphorylation associated with tumor 
progression upon radiation, are consistent with these 
studies and collectively highlight a central role of FAK in 
therapeutic resistance. 

Activation of AKT has been reported earlier as an 
important predictor of the probability of PSA failure and a 
marker of clinically aggressive prostate cancer [40]. There 
is a significant interest in developing effective strategies 
to target this pathway [41]. In our studies, however, AKT 
activation in irradiated prostate tissues does not change 
upon JNK inhibition ruling out a significant functional 
contribution of JNK-dependent AKT activation in 
prostate cancer development in SP-treated β1pc-/- TRAMP 
mice. Finally, although sustained FAK expression and 
activity have been reported to be essential for androgen-
independent formation of neuroendocrine carcinoma 
[23], we observe significant chromogranin expression in 
TRAMP tissues that is not altered by either JNK inhibition 
or β1 abrogation. 

 Furthermore, our earlier report showed that 
abrogation of IGF-IR in prostate cancer cells enhances the 
sensitivity to radiation in a clonogenic assay [25]. Here 
we show that β1 integrins promote cell proliferation partly 
by enhancing the expression of IGF-IR underscoring 
the importance of β1/IGF-IR functional synergy. Using 
in vitro model systems of prostate cancer we have 
demonstrated a functional crosstalk between β1 integrins 
and IGF-IR and shown that these two vital receptors 
regulate each others’ expression [25]. In the present 
report, we further demonstrate that exogenous β1 integrins 
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up-regulate IGF-IR expression leading to enhanced 
cell proliferation. This is consistent with our previous 
findings where abrogation of IGF-IR led to reduced 
β1 levels via proteasomal degradation and enhanced 
radiation sensitivity of prostate cancer cells [3, 25]. The 
identification of aberrant signaling pathways broaden the 
current concept of radiation sensitivity in exploring multi-
targeting molecular agents and aid in the development of 
novel therapeutic approaches.

In summary, we demonstrate that inhibition of 
JNK reactivates the growth of irradiated tumors, in a 
differential manner that depends on β1 integrins, and 
promotes FAK expression and activity. These findings 
have implications for the future design of combination 
therapies encompassing ionizing radiation and signal 
transduction modifiers.

MAterIAls And MetHods

reagents and antibodies

SP600125 (SP) was purchased from LC 
Laboratories. Murine monoclonal (m) antibodies 
(Abs) against the following antigens were used: human 
β1, TS2/16 (ATCC); β1, clone-18; JNK1/JNK2 (BD 
Pharmingen); c-Src (Cell Signaling). Rabbit polyclonal 
Abs against the following antigens were used: IGF-IR 
(IGF-IR-β sc713); AKT; FAK; ERK1/2 (Santa Cruz); 
chromogranin (Invitrogen); FAKpY397, SrcpY416, JNKpT183, 

pY185, AKTpS473 and AKT (Cell Signaling). Non-immune 
rabbit IgG was purchased from Pierce. Alexa Fluor 488 
goat anti-rabbit IgG was purchased from Invitrogen. 

cell lines

LNCaP prostate cancer cells were purchased from 
ATCC and authenticated by the supplier. Cells were grown 
at 37°C and 5% CO2 in RPMI-1640 supplemented with 
5% FBS and 1%, each of sodium pyruvate, HEPES and 
non-essential amino acids. 

Mice

TRAMP mice carrying conditional ablation of β1 
(β1pc-/- /TRAMP) and those expressing wild type β1 (β1wt 

/TRAMP) were generated as described earlier [3]. Care 
of animals was in compliance with standards established 
by the office of laboratory animal welfare, Department 
of Health and Human Services at NIH. Experimental 
protocols were approved by the Institutional Animal Care 
and Use Committee, Thomas Jefferson University. 

SP injection and hypofractionated irradiation

SP was suspended in PP mixture comprising of 30% 
PEG-400, 20% polypropylene glycol, 15% cremophor, 
5% ethanol and 30% saline [12]. At the age of 20 weeks, 
β1pc-/- /TRAMP and β1wt /TRAMP mice were subjected to 
IP injections of vehicle PP (150µl) or inhibitor SP (30mg/
kg), administered 3 times / week for 10 weeks. Two hours 
after the first IP injection with either PP or SP, the lower 
pelvis of the mice was irradiated with 10 Gy radiation as a 
part of hypofractionated radiation regimen that consisted 
of 10 Gy fractions (total dose 50 Gy) administered for 
5 consecutive days. Animals were anesthetized with 
Ketamine-Xylazine-Acepromazine mixture (0.125 
ml/100g of body weight),(Ketamine, 80 mg/ml; Xylazine 
5 mg/ml; Acepromazine, 1.6 mg/ml) providing 25-30 
minutes sedation, prior to being placed in malleable lead 
shielding. The shield ensures that upper body including 
upper gastrointestinal tract is protected. Lower pelvises 
of mice were irradiated using a PanTak 310keV X-ray 
machine at 0.25mm Cu plus 1mm Al added filtration, 
at 125 cGy/min. Mice were euthanized at the age of 35 
weeks for studying tumor progression. Prostate isolation 
was performed using a dissection stereomicroscope 
SZX10 (Olympus). Prostate tissues were weighed and 
fixed for histopathologic analysis. A small amount of 
tissue was frozen for immunoblotting analysis. Lungs, 
liver and lymph nodes were fixed for studying metastasis. 

Immunohistochemistry (IHc)

IHC analysis was carried out as reported earlier [3]. 
Lungs, liver and lymph nodes from mice were processed 
in the same manner and stained with H&E for studying 
metastasis. Histological analysis of prostate and metastases 
was performed by Dr. Peter McCue. Total FAK levels 
were analyzed in paraffin-embedded formalin-fixed tumor 
sections of β1pc-/- /TRAMP mice by IHC as reported earlier 
for other molecules [42], with the exception of using 
biotin-streptavidin-amplified peroxidase immunodetection 
system with DAB kit (Invitrogen). 

Immunofluorescence and confocal microscopy

Immunofluorescence was carried out as described 
earlier [43]. Staining with an Ab to chromogranin was 
performed by incubation of tissue samples with primary 
Abs (1:100) for 1 hour at RT, followed by incubation with 
Alexa Fluor 488 goat rabbit IgG (1:250) for 20 minutes 
at RT. 
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Transient transfection

Transfection of cells with siRNA oligonucleotides 
(Thermo Scientific) was performed as previously described 
[44]. To -regulate IGF-IR, the sequences of sense strands 
of duplex siRNAs used are as follows: IGF-IR-siRNA: 
5’-CGACUAUCAGCAGCUGAAGUUdTdT-3’; control 
 IGF-IR-siRNA: 5’-GAAGUCGACGACUAUCAGCU 
UdTdT-3’ [25].

Cell proliferation assay

LNCaP cells were transfected with either empty 
vector pBJ1 or recombinant β1-pBJ1 plasmid together 
with either control siRNA or IGF-IR siRNA [25]. Cells 
were trypsinized 24 hours after transfection and plated in 
triplicate sets in fresh growth medium at 1.5×104 cells/well 
in 6-well plates. Cells for growth assay were harvested 
at day 3 and day 6 after plating. Cells were trypsinized 
and pellets resuspended in 500µl of PBS followed by live-
cell counting using hemocytometer. In parallel, cells were 
plated in 10 cm dishes to evaluate expression changes by 
immunoblotting. 

Immunoblotting (Ib)

IB was performed on tumor and cell lysates as 
reported earlier [25, 43]. 

statistical analysis

Wilcoxon-Mann-Whitney test was used to compare 
the median tumor weight. Interquartile range and 
individual data points were plotted to compare the tumor 
mass between vehicle and SP-treated β1pc-/- /TRAMP and 
β1wt /TRAMP groups. Statistical analysis for proliferation 
assay was performed using two-tailed t-test. 
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ABSTRACT

CNS germinomas represent a unique germ cell tumor entity characterized by 
undifferentiated tumor cells and a high response rate to current treatment protocols. 
Limited information is available on their underlying genomic, epigenetic and biological 
alterations. We performed a genome-wide analysis of genomic copy number alterations 
in 49 CNS germinomas by molecular inversion profiling. In addition, CpG dinucleotide 
methylation was studied by immunohistochemistry for methylated cytosine residues. 
Mutational analysis was performed by resequencing of candidate genes including 
KIT and RAS family members. Ras/Erk and Akt pathway activation was analyzed by 
immunostaining with antibodies against phospho-Erk, phosho-Akt, phospho-mTOR 
and phospho-S6. All germinomas coexpressed Oct4 and Kit but showed an extensive 
global DNA demethylation compared to other tumors and normal tissues. Molecular 
inversion profiling showed predominant genomic instability in all tumors with a 
high frequency of regional gains and losses including high level gene amplifications. 
Activating mutations of KIT exons 11, 13, and 17 as well as a case with genomic 
KIT amplification and activating mutations or amplifications of RAS gene family 
members including KRAS, NRAS and RRAS2 indicated mutational activation of crucial 
signaling pathways. Co-activation of Ras/Erk and Akt pathways was present in 83% 
of germinomas. These data suggest that CNS germinoma cells display a demethylated 
nuclear DNA similar to primordial germ cells in early development. This finding has 
a striking coincidence with extensive genomic instability. In addition, mutational 
activation of Kit-, Ras/Raf/Erk- and Akt- pathways indicate the biological importance 
of these pathways and their components as potential targets for therapy.

INTRODUCTION

Intracranial germ cell tumors (iGCTs) occur mostly 
in children and young adults. They account for 3-5% of 
pediatric CNS tumors with a five- to eightfold higher 
incidence in East Asia than in Western countries and affect 
more male than female patients (3:1) [1–3]. iGCTs are 
classified into pure germinomas and nongerminomatous 
germ cell tumors (NGGCT), including teratoma, embryonal 
carcinoma, yolk sac tumor, choriocarcinoma and malignant 

mixed iGCTs compound of teratomas and one or more 
of the other histologies. Pure germinoma is the most 
common subtype followed by mixed iGCTs. An important 
prognostic factor is the tumor's histology. Pure germinomas 
are very sensitive to radio- and chemotherapy leading to a 
5-year survival rate of more than 90%. In contrast, mixed
iGCTs vary in radio- and chemotherapeutic sensitivity;
with 5-year survival rates less than 60% [4] for multi-
modal therapy. Even though survival rates for germinomas
are high long-term outcomes and late effects of radio- and
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chemotherapy including secondary neoplasms, endocrine 
deficiencies and strokes, demonstrate that further research 
with regard to targeted therapy is necessary [5].

The cellular origin of iGCTs is still unclear and 
controversial. For a long time, a popular hypothesis 
suggested that all GCTs originate from primordial germ 
cells (PGCs) migrating in the midline during development. 
Recent studies argue that iGCTs may develop from neural 
stem cells [6–8]. In addition, tumor biology underlying 
the pathogenesis of these tumors is also largely unknown 
and therefore a subject of current research. However, 
mutations and other alterations in the KIT/RAS- and AKT/
mTOR pathway, as well as gains of chromosomes 12p or 
X are common biological/genetic alterations in iGCTs 
and seem to play a crucial role in the tumorigenic process 
[9–14] although their impact on survival is still unclear.

Gain-of-function-mutations of the tyrosine kinase 
KIT lead to a permanent pathological activation of this 
transmembrane protein, independent of binding its ligand 
stem cell factor (SCF) [15]. This results in an increased 
and steady stimulation of cell proliferation. A similar 
mechanism is described for RAS mutations, in particular 
HRAS, KRAS and NRAS. These small G-proteins play 
a central part in diverse signalling pathways and are 
activated by binding GTP. Point mutations in the active 
center often lead to an inability to bind GTPase which 
induces stimulation of cell growth [16].

Due to the fact that iGCTs are more frequent in East 
Asia than in the West, previous studies included mostly 
Asian patients. Our study is the first genetic analysis of 
a larger series of germinomas from Caucasian patients. 
Moreover, we provide immunohistochemical data on 
global DNA methylation and examined activation of ERK 
pathway to elaborate further information on the cell of 
origin, pathogenetic pathway(s) as well as potential novel 
therapeutic targets.

RESULTS

Clinical features

This study enrolled 55 patients with a median 
age at diagnosis of 17 years, ranging from 8 to 40 
years (Table 1). There were 47 (85.5%) male and 8 
(14.5%) female patients. Tumors included in this cohort 
predominantly affected the region of the pineal gland 
(31 of 55 [56.4%]) and the suprasellar region (11 of 55 
[20%]). 6 germinomas (10.9%) revealed bifocal tumor 
location, 6 (10.9%) were located in other regions of the 
brain (pons, hypothalamus and lateral ventricle) and for 
1 case (1.8%) information about the exact location was 
not available. For 33 cases survival data was available, 
revealing that no patient had metastasis, 6 showed 
subsequent events and 2 patients died. These 33 patients 
were all of Caucasian ethnicity. In addition, there was no 
indication of an Asian or Afroamerican ethnic background 

from the available data of the other cases. 54 tumors 
were diagnosed as pure germinomas, only 1 case was 
considered as mixed GCT with large germinoma contents 
and a teratoma component. All 55 cases showed c-Kit and 
Oct4 expression, which are recognized diagnostic criteria 
for germinomas.

Most interestingly we discovered an association 
between female gender and age ≤ 15 years (p=0.004) as 
well as suprasellar tumor location (p=0.016). Conversely, 
male gender was associated with age >15 years (p=0.004) 
and pineal tumor location (p=0.023) (Figure 1). Survival 
data of 33 patients treated according the SIOP/HIT 
germ cell tumor protocols were available. Progression-
free survival or overall survival did not correlate to the 
genetical or biological alterations evaluated in this study.

Global hypomethylation of germinomas

Immunohistochemical staining against the 
5-Methylcytosine (5mC) epitope of DNA was performed
on 54 tumor specimens. All examined samples showed
no immunoreactivity for 5mC in tumor cell nuclei,
indicating that global DNA hypomethylation is the rule
in germinomas (Figure 2). In contrast, peritumoral and
tumor-infiltrating lymphocytes, which are characteristic
of germinomas, showed strong nuclear staining for this
epigenetic hallmark.

MIP analysis

Molecular inversion probe analysis was performed 
for 53 germinomas for which DNA was available. 4 cases 
(7.5%) showed a stable genome but histologically, they 
consisted mostly of lymphocytes with only a minimal 
amount of germinoma cells. For this reason we excluded 
them from data analysis. We detected extensive genetic 
alterations and chromosomal instability in all remaining 
49 cases (92.5%) (Figure 3). Most frequently, germinomas 
showed gains on chromosomes 12p (82%), 21q (76%), 8 
(67%), 1q (65%) and 7 (59%). Chromosomal losses were 
less frequent than gains and were most commonly related 
to chromosomes 13q (45%), 11q (41%), 5q, 9q (both 
39%), and 16p (37%).

Of note, amplification at 12p12, involving KRAS, 
was detected in 5 cases (10.2%) representing the most 
frequent amplification. In addition, amplification at 4q12 
and 11p15.2, affecting KIT and RRAS-2, were identified 
in one case (2%) each (Figure 4). Loss of CBL at 
chromosome 11q23.3 was found in 8 cases (16.3%).

GISTIC analysis was used to distinguish significant 
chromosomal aberrations from random background and 
revealed a substantial number of copy number (CN) 
alterations in germinomas. 33 CN gains and 14 CN 
losses were detected within the germinoma genome by 
setting the significance cut-off to p≤0.001 (Figure 5). 
94% of gains and 79% of losses included protein-coding 
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Table 1: Clinical data, genetic alteration status and ERK-/ Akt/mTOR activation in 55 germinoma cases 

Case 
No. Histology Age Sex Location DNA  

hypomethylation
stable 

genome
MIP 

amplification
c-Kit 

mutation
RAS 

mutation
ERK 

activation

Akt/
mTOR 

activation
Event Death

1 Germinoma 12 m suprasellar yes no no no yes yes yes no no
2 Germinoma 11 f bifocal yes no no yes no no yes yes yes
3 Germinoma 12 m pineal yes no chr. 12p12 no no yes yes yes yes
4 Germinoma 19 m pineal yes no no no no yes yes yes no
5 Germinoma 15 m pineal yes no no no yes yes yes no no
6 Germinoma 10 m other yes no no no no yes yes no no
7 Germinoma 15 f suprasellar yes no chr. 12p12 no no yes yes no no
8 Germinoma 13 f suprasellar yes no no no no no yes no no
9 Germinoma 21 m other yes no no no no yes yes n.a. n.a.
10 Germinoma 14 m pineal yes no no no no n.a. yes yes no
11 Germinoma 31 m other yes no no no yes yes yes no no
12 Germinoma 17 m bifocal yes no chr. 11p15.2 no no yes yes no no
13 Germinoma 11 m pineal yes no no no no no yes no no
14 Germinoma 13 f suprasellar yes no chr. 12p12 no no yes yes n.a. n.a.
15 Germinoma 17 m bifocal yes no chr. 12p12 no no yes no no no
16 Germinoma 18 m pineal n.a. no no no yes n.a. n.a. n.a. n.a.
18 Germinoma 13 m suprasellar yes no no no yes yes yes no no
19 Germinoma 13 m pineal yes no no no yes yes yes no no
20 Germinoma 15 f suprasellar yes no no yes no yes yes no no
21 Germinoma 11 m pineal yes no no no yes yes yes no no
22 Germinoma 21 m pineal yes no no no no yes yes n.a. n.a.
23 Germinoma 24 m pineal yes no no yes no yes yes n.a. n.a.
24 Germinoma 18 m pineal yes no chr. 4q12 no no yes yes no no
25 Germinoma 15 m pineal yes no no no yes yes yes no no
27 Germinoma 17 m pineal yes no no no no yes yes no no
28 Germinoma 11 m pineal yes no no no yes yes yes no no
29 Germinoma 14 m bifocal yes no chr. 12p12 no no yes yes no no
30 Germinoma 17 m pineal yes no no no no yes yes n.a. n.a.
31 Germinoma 16 m pineal yes no no no no yes yes no no
33 Germinoma 16 m pineal yes no no yes no yes yes no no
34 Germinoma 24 m pineal yes no no no no yes yes n.a. n.a.
36 Germinoma 22 m pineal yes no no no no yes yes n.a. n.a.
37 Germinoma 40 m suprasellar yes no no no no yes yes n.a. n.a.
38 Germinoma 18 m other yes no no no yes yes yes n.a. n.a.
39 Germinoma 20 m suprasellar yes no no yes no yes yes n.a. n.a.
40 Germinoma 11 m suprasellar yes no no no no yes yes n.a. n.a.
41 Germinoma 19 m pineal yes no no no no yes yes no no

42

mixed GCT 
(Germinoma 

with 
teratoma 

component)

11 m other yes no no no yes yes yes no no

43 Germinoma 10 m bifocal yes no no yes no no yes no no
44 Germinoma 17 m pineal yes no no no yes yes yes n.a. n.a.
45 Germinoma 19 f bifocal yes no no no no yes yes no no
46 Germinoma 8 f suprasellar yes no no no no yes yes no no
47 Germinoma 8 m pineal yes no no no no yes yes no no
48 Germinoma 13 m n.a. yes no no no no yes yes n.a. n.a.
49 Germinoma 28 m pineal yes no no no no no no n.a. n.a.
50 Germinoma 29 m pineal yes no no yes no yes yes n.a. n.a.
51 Germinoma 27 m pineal yes no no no no yes yes n.a. n.a.
52 Germinoma 25 m pineal yes no no yes no yes yes n.a. n.a.
53 Germinoma 24 m pineal yes n.a. n.a. n.a. n.a. yes yes n.a. n.a.
54 Germinoma 20 m pineal yes no no n.a. n.a. yes yes n.a. n.a.
55 Germinoma 21 f other yes n.a. n.a. n.a. n.a. yes yes no no
17 Germinoma 34 m pineal yes yes no no no no no n.a. n.a.
26 Germinoma 19 m pineal yes yes no no no yes yes n.a. n.a.
32 Germinoma 12 m pineal yes yes no no no yes yes no no
35 Germinoma 13 m suprasellar yes yes no no no n.a. yes no no

Germinoma 17, 26, 32 and 35 are listed at the end; these have been excluded from MIP and mutation analysis due to their 
minimal content of tumor cells. Bifocal location stands for tumor occurrence in both pineal and suprasellar regions.
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Figure 1: Correlation with clinico-pathological data. All p-values refer to the Fisher’s exact test. p-values < 0.05 were considered 
as statistically significant.

regions. Remarkably, CN gains affected the IL10 
(Interleukin-10) gene and genes encoding its receptors 
IL10RA, IL10RB and IL10RB-AS1 at chromosomes 
1q32.1, 11q23.3 and 21q22.11. Moreover, chromosome 
4q12, including KIT, showed also significant CN gains 
(Table 2).

Molecular analysis of c-Kit and RAS mutations in 
germinomas

We examined a total of 51 germinomas and 1 mixed 
GCT (germinoma and teratoma component) for mutations 
in KIT exons 11, 13, 17 and 18 as well as mutation 
hotspots in HRAS, KRAS, NRAS and RRAS-2. For the 4 
cases (7.7%) showing a stable genome in MIP analysis, no 
mutations could be detected in KIT or RAS. Due to their 
minute amount of tumor cells they were excluded from the 
sequence data analysis.

Sanger sequencing exposed non-silent KIT 
mutations in 8 cases (16.7%) (Figure 6). Most mutations 
affected tyrosine kinase II region (TK2) encoded by exon 
17 in terms of point mutations in codons 816 (3/52) and 
820 (2/52). In addition, one deletion of codon 560 in 
exon 11 and 2 point mutations in codon 634 of exon 13 
were detected (representative sequencing results of KIT 
mutations are given in Figure 7a). No mutation in exon 18 
of the KIT was observed.

Pyrosequencing analysis of the RAS mutation 
hotspots codon G12, G13 and Q61 in HRAS, KRAS and 
NRAS as well as their homologous parts codon G23, G24 
and Q72 in RRAS-2, revealed 12 (25%) non-silent point 
mutations. Mainly, these point mutations affected the GTP 
binding domain (Figure 8).

Only one point mutation was seen in KRAS affecting 
codon G12. NRAS G12 and Q61 were each mutated in 2 
tumors and NRAS G13 in 1. Most remarkably, no specimen 
revealed mutations in HRAS, but 6 (12.5%) germinomas 
showed point mutations in the RAS homolog RRAS-2 of 
which 4 involved codon G23 and 2 involved codon G24 
(representative sequencing results of RAS mutations are 
given in Figure 7b).

Altogether, genetic alterations were observed in 27 
cases (56.3%) in KIT or RAS genes which were mutually 
exclusive (Figure 4). Comparison of KIT/RAS mutation 
status in germinomas and patient's age, sex and tumor 
location revealed no significant correlations (Figure 1).

Immunohistochemical analysis of ERK- and Akt/
mTOR-pathway

Immunohistochemical staining against pAkt, pmTOR, 
pS6 and pERK was performed on 54 GCTs including 
53 pure germinomas and 1 mixed GCT (germinoma and 
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Figure 2: Representative staining results of pERK, pAkt, pmTOR, pS6 and 5mC. All four cases revealed ERK and Akt/
mTOR pathway activation and global demethylation.

Figure 3: Virtual karyogram of 49 germinomas included in this study. Chromosomal instability was detected by molecular 
inversion probe (MIP) arrays. Gains are indicated in blue and losses in red. Frequent gains of chromosomes 1q, 7, 8, 12p and 21q as well 
as losses of 5q, 9q, 11q, 13q, and 16p become obvious.
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Figure 4: Summary of the somatic events. Each mutation or alteration found in KIT, KRAS, NRAS and RRAS-2 is a mutually 
exclusive event in the affected germinoma.

Figure 5: Statistically significant frequent copy number variations in germinomas analyzed by GISTIC. Germinomas 
reveal a high level of genomic instability. P-values ≤ 0.001 were defined as statistically significant. Protein-coding genes in the affected 
regions are listed.

teratoma component). Nuclear and cytoplasm staining of 
these proteins was considered positive.

pERK expression was observed in 46 (88.5%) 
tumors. Expression scores ranged from 0 to 300 (median, 
102). 10 (19.2%) tumor samples showed strong staining 
for pERK. 24 (46.2%) tumor specimen revealed moderate 

staining whereas in 12 (23%) cases weak staining was 
found. No immunoreactivity for pERK was detected in 6 
cases (11.5%).

45 (84.9%) tumor specimens showed expression of 
pAKT. Expression scores ranged from 0 to 300 (median, 
101). Strong staining for pAkt was observed in 7 cases 
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Table 2: Protein-coding genes affected by significant CN gains and losses
Region Gene Name

Gains
Chr. 1p36.22 PIK3CD-AS1 PIK3CD antisense RNA 1

PIK3CD-AS2 PIK3CD antisense RNA 2

PIK3CD Phosphatidylinositol-4,5-bisphosphate 3-kinase, 
catalytic subunit delta

Chr. 1p13.3 CD53 CD53 molecule
Chr. 1q21.3 RPRD2 Regulation of nuclear pre-mRNA domain containing 2

TARS2 Threonyl-tRNA synthetase 2, mitochondrial (putative)
ECM1 Extracellular matrix protein 1

Chr. 1q32.1 IL10 Interleukin 10
Chr. 2p22.1 HNRNPLL Heterogeneous nuclear ribonucleoprotein L-like

GALM Galactose mutarotase (aldose 1-epimerase)
SRSF7 Serine/arginine-rich splicing factor 7

Chr. 2q32.3 STK17B Serine/threonine kinase 17b

HECW2 HECT, C2 and WW domain containing E3 ubiquitin 
protein ligase 2

Chr. 2q37.1 INPP5D Inositol polyphosphate-5-phosphatase D

Chr. 3p24.1 TGFBR2 Transforming growth factor, beta receptor II 
(70/80kDa)

Chr. 3q26.31 TNFSF10 Tumor necrosis factor (ligand) superfamily, member 
10

Chr. 4p14 RHOH Ras homolog family member H

Chr. 4q12 KIT v-kit Hardy-Zuckerman 4 feline sarcoma viral
oncogene homolog

Chr. 6p22.2 HIST1 Histone cluster 1
Chr. 7p15.2 NFE2L3 Nuclear factor, erythroid 2-like 3

HNRNPA2B1 Heterogeneous nuclear ribonucleoprotein A2/B1
Chr. 7q36.1 GIMAP4 GTPase, IMAP family member 4

GIMAP6 GTPase, IMAP family member 6
Chr. 8p21.2 PTK2B Protein tyrosine kinase 2 beta
Chr. 8q24.22 ST3GAL1 ST3 beta-galactoside alpha-2,3-sialyltransferase 1

Chr. 10p12.2 PIP4K2A Phosphatidylinositol-5-phosphate 4-kinase, type II,
alpha

Chr. 11q23.3 IL10RA Interleukin 10 receptor, alpha
Chr. 12p11.21 AMN1 Antagonist of mitotic exit network 1 homolog

H3F3C H3 histone, family 3C
Chr. 12q13 METTL21B Methyltransferase like 21B
Chr. 13q14.13 LCP1 Lymphocyte cytosolic protein 1 (L-plastin)
Chr. 15q26.1 AEN Apoptosis enhancing nuclease

Chr. 16p13.11 ABCC1 ATP-binding cassette, sub-family C (CFTR/MRP),
member 1

Chr. 16q13 SLC12AB Solute carrier family 12 (sodium/chloride transporter),
member 3

HERPUD1 Homocysteine-inducible, endoplasmic reticulum
stress-inducible, ubiquitin-like domain member 1

CETP Cholesteryl ester transfer protein, plasma
Chr. 17q11 NF1 Neurofibromin 1

EVI2A Exotropic viral integration site 2A
EVI2B Exotropic viral integration site 2B

Chr. 19p13 INSR Insulin receptor
Chr. 19q13 ZNF428 Zinc finger protein 428
Chr. 20p12.3 GPCPD1 Glycerophosphocholine phosphodiesterase 1

Chr. 20q13.2 NFATC Nuclear factor of activated T-cells, cytoplasmic,
calcineurin-dependent 2

Chr. 21q22.11 IFNAR2 Interferon (alpha, beta and omega) receptor 2
IL10RB Interleukin 10 receptor, beta
IL10RB-AS1 IL10RB antisense RNA 1 (head to head)

Chr. 22q12.3 MYH9 Myosin, heavy chain 9, non-muscle
(Continued )
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Region Gene Name
Losses

Chr. 1p36.32 ACTRT2 Actin-related protein T2
PRDM16 PR domain containing 16

Chr. 4p16.1 SORCS2 Sortilin-related VPS10 domain containing receptor 2

Chr. 5p15.33 SDHA Succinate dehydrogenase complex, subunit A, 
flavorprotein (Fp)

PDCD6 Programmed cell death 6
AHRR Aryl-hydrocarbon receptor repressor
EXOC3 Exocyst complex component 3
CEP72 Centrosomal protein 72kDa

SLC9A3 Solute carrier family 9, subfamily A (NHE3, cation 
proton antiporter 3), member 3

TPPP Tubulin polymerization promotin protein
ZDHHC11 Zinc finger, DHHC-type containing 11
TRIP13 Thyroid hormone receptor interactor 13
BRD9 Bromodomain containing 9
NKD2 Naked cuticle homolog 2 (Drosophila)

SLC6A18 Solute carrier family 6 (neutral amino acid 
transporter), member 18

SLC6A19 Solute carrier family 6 (neutral amino acid 
transporter), member 19

SLC1247 Solute carrier family 12 (potassium/chloride 
trasporter), member 7

TERT Telomerase reverse transcriptase

PLEKHG4B Pleckstrin homology domain containing, family G 
(with RhoGef domain) member 4B

Chr. 8p11.22 ADAM3A ADAM metallopeptidase domain 3A (pseudogene)
ADAM5 ADAM metallopeptidase domain 5 (pseudogene)

Chr. 9q34 COL5A1 Collagen, type V, alpha 1
WDR5 WD repeat domain 5
RXRA Retinoid X receptor, alpha
FCN1 Ficolin (collagen/fibrinogen domain containing) 1
FCN2 Ficolin (collagen/fibrinogen domain containing lectin) 2
OLFM1 Olfactomedin 1
PAEP Progestogen-associated endometrial protein
OBP2A Odorant binding protein 2A
PPP1R26 Protein phosphatase 1, regulatory subunit 26
LCN1 Lipocalin 1

Chr. 10q26.3 CFAP46 Cilia and flagella associated protein 46
Chr. 11p15.3 GALNT18 Polypeptide N-acetylgalactosaminyltransferase 18
Chr. 11q23.3 DSCAML1 Down syndrome cell adhesion molecule like 1
Chr. 13q34 ATP11A ATPase, class VI, type 11A

MCF2L-AS1 MCF2L antisense RNA 1
MCF2L MCF.2 cell line derived transforming sequence-like

Chr. 16p13.2 GRIN2A Glutamate receptor, ionotropic, N-methyl D-aspartate 
2A

Chr. 16q24 CA5A Carbonic anhydrase VA, mitochondrial

SLC7A5 Solute carrier family 7 (amino acid transporter light 
chain, L system), member 5

BANP BTG3 associated nuclear protein
JPH3 Junctophilin 3
MAP1LC3B Microtubule-associated protein 1 light chain 3 beta

FENDRR FOXF1 adjacent non-coding developmental regulatory 
RNA

FOXF1 Forkhead box F1
FOXC2-AS1 FOXC2 antisense RNA 1
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(13.2%). We detected moderate staining in 30 (56.6%) and 
weak staining in 8 (15.1%) samples. Negative staining was 
seen in 8 (15.1%) tumors.

pmTOR expression was detected in 45 (90%) 
tumor specimens. Expression scores ranged from 0 
to 270 (median, 87). 3 (6%) cases were considered as 
strongly positive. 40 (80%) samples were rated moderate 
whereas 2 (4%) tumors disclosed weak staining. 5 (10%) 
germinomas revealed no immunoreactivity for the used 
pmTOR antibody.

In contrast to the other stainings, staining for pS6 
was generally negative [31 tumors (57.4%)]. Only 23 
(42.6%) samples revealed immunoreactivity for pS6. 
Expression scores ranged from 0 to 200 (median, 33). 
Strong staining was seen in only one (1.9%) case. 14 
(25.9%) tumors showed moderate and 8 (14.8%) exhibited 
weak staining (Figure 9).

In seven cases, immunostaining could not be 
assessed because the samples contained only scant tumor 
cells in the presence of many lymphocytes (1 case for 
pAkt, 2 cases for pERK and 4 cases for pmTOR).

In summary, 88.5% of germinomas revealed an 
upregulation of the ERK pathway. Activation of AKT/
mTOR pathway was seen in 94.4% of germinomas 

(illustration of IHC scores in Figure 10). Most remarkably, 
activation of both pathways was detected in 83.3% 
(representative staining results of cases with activations in 
both signal pathways are given in Figure 2).

DISCUSSION

Our knowledge about the cellular origin of iGCTs 
is based on a limited number of studies. Analysis on 
mouse embryos showed that PGCs physiologically 
migrate in midline body structures during development, 
finally residing in the genital ridges [17]. Germ cells 
that remain in other areas usually die through reduction 
of stem cell factor signaling which leads to apoptosis 
of these PGCs [18]. In addition, Hoei-Hansen et al. [6] 
showed expression of genes associated with embryonic 
stem cell pluripotency like PLAP, HCG, OCT-3/4, KIT, 
AP-2y and NANOG in iGCTs. One hypothesis on the 
cellular origin of iGCTs is that they are derived from 
mismigrated PGCs. Alternatively, Tan and Scotting [7] 
suggested that transformation of endogenous neural stem 
cells by demethylation of the OCT-4 promotor results 
in an upregulation of this gene which might trigger the 
formation of GCTs. Moreover, they assume that gene-

Figure 6: Somatic KIT mutations found in this germinoma cohort in comparison to reported KIT mutations in 
gastrointestinal stromal tumors (GISTs) and seminomas. Black circles represent the number of cases harboring a given mutation. 
The functional domains concerned by mutations are juxtamembrane domain (JM) and tyrosine kinase II (TK2). Previously described 
tyrosine-kinase inhibitors (TKIs) [imatinib (IM), sunitinib (SU), sorafenib (SO), nilotinib (NI), midostaurin (MI) and dasatanib (DA)] and 
there activity against each mutation are shown on the right.
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specific methylation and additional genetic events, 
like KIT mutations in germinomas, might play a role in 
specification of these tumors. However, this hypothesis 
raises the question on the triggering mechanism involved 
in the demethylation of neural stem cells. In addition, this 
model does not explain why expression of c-Kit is not 
restricted to pure germinomas but also found as component 
in mixed GCTs [9].

Considering human germ cell development, 
global hypomethylation is an epigenetic hallmark in 
primordial germ cells (PGCs) accompanied by high 
c-Kit expression [19, 20]. We examined a large cohort
of germinomas and showed that 100% of these revealed
global hypomethylation and c-Kit expression in
immunohistochemical staining, independently of c-Kit
mutational status. In contrast to germinomas, studies
revealed global methylation for yolk sac tumors [21] and
non-seminomas [22], indicating a fundamental difference
with germinomas in terms of lineage differentiation or cell
of origin. Other brain tumor entities including different
glioma entities, medulloblastomas and rhabdoid tumors
of the CNS have been extensively characterised in the
last years by genome-wide methylation profiling and did
not show a similar demethylation phenotype [23–25].

Comparing the KIT mutational frequencies of exons 
11, 13, 17 and 18 encoding different functional domains 
between germinomas, seminomas and gastrointestinal germ 
cell tumors (GISTs) showed strong similarities between 
seminomas and germinomas but a different distribution 
for GISTs [26, 27]. These results reinforce the genetic 
similitudes for seminomas and germinomas. Broader 
information on methylation status and c-Kit expression 
in larger collectives of NGGCTs could further help 
understanding differences of the pathogenesis in subtypes 
of iGCTs. Global DNA demethylation demonstrated by 
immunohistochemistry for 5mC may be a useful tool for 
the differential diagnosis of iGCTs. In addition, differences 
in therapeutic response between pure germinomas and 
NGGCTs could also be related to the tumors' methylation 
status.

In our study we showed that global hypomethylation 
of tumor DNA strikingly coincides with chromosomal 
instability in germinomas. Previously, Fukushima et al. 
[9] reported frequent gains of chromosomes 21q (66.7%),
1q (56.7%) and X (53.5%) and loss of chromosome
13q (53.3%) in a larger cohort of germinomas. These
findings were confirmed by Wang et al. [14], describing
chromosomes X (72.7%) and 21q (63.6%) as frequently

Figure 7: a. Representative KIT mutations detected by Sanger sequencing.
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Figure 7 (Continued ): b. Representative cases of RAS mutations detected by pyrosequencing analysis. Pyrograms are compared to wild 
type and/or positive control data. Significant peak increases and concomitant reductions in germinoma 42 [NRAS Q61R (CAA → CGA)], 
19 [RRAS-2 G23S (GGC → AGC)], 44 [RRAS-2 G23A (GGC → GCC)], 28 [RRAS-2 G24C (GGC → TGC)] and 38 [RRAS-2 G24D (GGC 
→ GAC)] expose mutations in these cases.
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Figure 8: Schematic representation of mutations in KRAS, NRAS and RRAS-2, illustrating involvement of functional 
gene domains. Black circles indicate the number of mutations identified.

Figure 9: Protein expression of pERK, pAkt, pmTOR and pS6 in 54 germinomas. Graphic presentation of distribution of 
negative, weak, moderate and strong staining against pERK, pAkt, pmTOR and pS6. pERK, pAkt and pmTOR were frequently expressed 
whereas pS6 showed more negative results.
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amplified and 11q (45.5%), 13q and 17p (both 36.4%) 
frequently deleted in germinomas. Our findings reinforce 
these discoveries, showing frequent gains on chromosomes 
12p (82%), 21q (76%), 8 (67%), 1q (65%) and 7 (59%) 
and losses on chromosomes 13q (45%), 11q (41%), 5q, 9q 
(both 39%), and 16p (37%) in pure germinomas. Of note, 
chromosome 12p is frequently affected by chromosomal 
gains in our study. In addition, amplification of 12p12, 
involving the KRAS gene, was detected in 10% of cases. 
This leads us to assume that amplification of 12p seems 
to play an important role in germinomas. In the last 
years, several reports already highlighted the importance 
of chromosome 12p in testicular GCTs, especially of 
amplification at 12p11.2-p12.1 [28] and describing it as 
a genetic hallmark of germ cell tumors [29]. Our results 
strongly confirm these findings for germinomas. On the 
other hand, previous studies reported the frequency of 
12p gain in germinomas as only 36.7% [9] and 36.4% 
[14], which is a smaller percentage than in our cohort. 
We propose three explanations for this finding. First, 
we examined a larger number of germinomas than 
in the previous studies and maybe therefore obtained 
more representative data. Second, we examined only 
tumors of Caucasian patients whereas the previous 
studies mostly investigated Asian patients. Geographical 
genetic differences might explain the results. Third, 
Fukushima et al. [9] described 10% of germinomas as 
chromosomally stable. In our initial screening, we also 

identified 4 germinomas of 53 (7.5%) which showed a 
stable genome in MIP analysis. However, these tumors 
had a minute amount of tumor cells (< 5%) and mainly 
consisted of lymphocyte infiltrates contrary to the other 
samples. For this reason, we suspect that allele frequencies 
of these tumors are too low to be detected as genetic 
alterations by MIP analysis. This is also corroborated by 
the fact that these 4 tumors did not reveal any alterations 
in the mutation analysis (see below). GISTIC analysis 
revealed significant CN gains in the IL10 gene and its 
receptor genes. Sredni et al. [30] showed that autocrine/
paracrine IL10 secretion of stomach adenocarcinoma and 
glioblastoma multiforme cell lines is essential for tumor 
cell proliferation and inhibition of IL10 leads to decreased 
cell proliferation. Future studies might show if germinoma 
proliferation also depends on IL10.

MIP analysis also detected amplifications at 4q12 
and 11p15.2, affecting the KIT and RRAS-2 loci in one case 
each. As described before, physiological primordial germ 
cell growth is dependent on KIT expression and iGCTs 
show pathological activation of c-KIT and downstream 
signaling components. For this reason, we statistically 
examined the KIT and RAS family member mutational 
status in our cohort. We found genetic alterations in 
17.3% of germinomas for KIT and 34.6% for RAS whereas 
Fukushima et al. [9] detected c-Kit mutations in 40% and 
RAS mutations in 20%, Wang et al. [14] 25% for KIT and 
19% for RAS and recently Ichimura et al. [31] found c-Kit 

Figure 10: Semiquantitive analysis of pERK, pAkt, pmTOR and pS6 expression by IHC in 54 germinomas. Staining was 
scored by multiplying intensity by percentage of stained cells. The result was a score between 0 and 300.
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mutated in 40% and RAS mutated in 19% of germinomas. 
In summary, our overall fraction of alterations in KIT 
and RAS is similar to the previous studies. However we 
found a higher percentage of alterations in RAS compared 
to KIT. This difference in the distribution between our 
cohort and the three collectives above might be due to 
the ethnicity of the patients leading to geographically 
different frequencies of genetic alterations in germinomas. 
Remarkably, all alterations in KIT and RAS were mutually 
exclusive genetic events in our cohort. Fukushima et al. 
[9], Wang et al. [14] and Ichimura et al. [31], who found 
97% of germinomas having mutually exclusive mutations 
in KIT or RAS, confirmed this finding, which strongly 
suggests that an alteration in one signal component is 
sufficient to trigger tumorigenesis. Moreover, in our 
series we identified RRAS-2 as a new player in germinoma 
pathogenesis, which we found alterated in 14.6% of cases.

Furthermore, we discovered activation of the 
Akt/mTOR pathway by immunohistochemistry in 
94.4% and upregulation of ERK pathway in 88.5% of 
germinomas. Activation of both pathways was detected 
in 83.3%. Interestingly, pS6 was found to be negative 
in 57.4 % of cases indiacting that this component is not 
the preferentially phosphorylated target of mTOR in 
germinomas. Indeed, in other cell types such as cerebellar 
granule neuron precursors it was shown that mTOR is able 
to induce eIF4E, which is essential for proliferation, and 
simultaneously suppresses S6 activity, which is needed for 
cell cycle exit [32]. Therefore, S6 is not necessary for cell 
proliferation in cerebellar granule neuron precursors. The 
main mTOR targets in germinomas and their functional 
roles have to be identified in future studies.

These findings indicate that activation of Akt/mTOR 
and ERK pathways are general phenomena in germinomas. 
Therefore, we suspect that the 43.7% of germinomas with 
no genetic alterations in our study might have alteration 
in other components of these pathways besides KIT and 
RAS. This is supported by Ichimura et al. [31] who found 
7% of germinomas mutated for MTOR and further tumors 
mutated in genes of these two pathways.

Current therapy for intracranial germinomas 
achieves excellent long term survival, albeit at the cost 
of some morbidity. Targeted inhibition of the ERK and 
Akt/mTOR pathways might be an option for patients 
with recurrent tumors of whose tumors fail to respond to 
first line therapy. Recently, small molecule inhibitors of 
Akt were tested at different levels of clinical trials [33]. 
Phase 1 clinical trials showed positive results for the oral 
Akt inhibitor afuresertib [34]. In addition, in vitro studies 
with the ERK inhibitor SCH772984 in RAS mutant 
cells exhibited promising results [35]. Ichimura et al. 
[31] showed that mTor mutant cells which were treated
with the mTor inhibitor pp242 showed dose-dependent
downregulation of the Akt/mTor pathway. Combining
ERK and Akt/mTOR inhibitors might be a therapeutic
option for patients with recurrences that could be related

to over compensatory hyperactivation of the parallel signal 
pathway, when only one pathway was inhibited before. 
However, the dependence of tumor cells on these pathways 
has to be proven when tumor models become available 
and further investigations are required to examine targeted 
therapy options for germinomas.

MATERIALS AND METHODS

Tumor specimen

The study includes 54 histologically verified pure 
germinomas and 1 mixed intracranial germ cell tumor 
which contained large germinoma parts and some 
teratoma components. Tumor specimens were retrieved 
from the archives of the Institute of Neuropathology, 
University of Bonn Medical Center (Bonn, Germany), of 
the DGNN German Brain Tumor Reference Center (Bonn, 
Germany) and the German Paediatric Tumor Registry 
(Kiel, Germany). All tumors were diagnosed according to 
the WHO classification of tumors of the central nervous 
system [36] using histological and immunohistochemical 
methods.

DNA extraction

Hematotoxylin-eosin (H&E) –stained sections of 
each case were examined carefully before DNA extraction. 
DNA from 53 formalin-fixed paraffin-embedded (FFPE) 
tumors was extracted using the QIAamp DNA Mini Tissue 
Kit (Qiagen GmbH; Düsseldorf, Germany) according to 
the manufacturer’s protocol. All tissue samples were 
used in an anonymous manner, as approved by the ethics 
committee at the University of Bonn Medical Center 
(Bonn, Germany).

Molecular inversion profiling

To identify copy number gains and losses, we 
used an MIP array using OncoScan FFPE Express 330K 
Platform Version 2 (Affymetrix, Santa Clara, CA, USA). 
The molecular inversion probe assay of 53 germinoma 
samples was performed as already described [37]. By 
using Nexus Copy Number 7.0 Discovery Edition software 
(BioDiscovery, El Segundo, CA, USA) the raw MIP 
data file was analyzed. To make copy number and loss 
of heterozygosity calls, BioDiscovery’s SNP-FASST2-
Segmentation algorithm was used. Genomic Identification 
of Significant Targets in Cancer (GISTIC) analysis was used 
to distinguish significant chromosomal aberrations from 
random background [38].

KIT mutation analysis

52 tumors were screened for mutations in KIT 
exons 11, 13, 17 and 18 by direct sequencing. Therefore, 
polymerase-chain-reaction-products were purified using 
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a PCR purification kit (Qiagen) and sent to a commercial 
sequencing service (Eurofins MWG Operon, Ebersberg, 
Germany), where direct sequencing of DNA was performed 
in duplicate (forward and reverse) using 30 ng of PCR 
products.

Pyrosequencing analysis for mutation hot spots 
of NRAS, KRAS, HRAS and RRAS-2

52 specimens were analyzed for hot spot mutations 
in the RAS genes NRAS, KRAS, HRAS and RRAS-2. 
PCR amplification primers flank the homologous hotspot 
regions of these genes. For the pyrosequencing reaction, 
single-stranded DNA templates were immobilized on 
streptavidin-coated Sepharose high-performance beads 
(GE Healthcare, Uppsala, Sweden) using the PSQ Vacuum 
Prep Tool and Vacuum Prep Worktable (Biotage, Uppsala, 
Sweden), according to the manufacturer’s instructions. 
Then DNA was incubated at 80°C for two minutes and 
allowed to anneal to 0.4 mmol/L sequencing primer at 
room temperature. Pyrosequencing was performed using 
PyroGold Reagents according to the manufacturer’s 
protocol. Positive and negative controls were used to 
compare results. Pyrograms were analyzed by PyroMark 
Q24 software (Biotage), using the allele quantification 
(AQ) software to determine the percentage of mutant 
versus wild type alleles according to percentage relative 
peak height. A sequential nucleotide dispensation protocol 
was used, reflecting the expected order of nucleotide 
incorporation and the potential base change within the 
first, second or third position of the hot spot codons G12, 
G13 and Q61 of HRAS, NRAS and KRAS. In the same 
manner codons G23, G24 and Q72 of RRAS-2 were 
examined. Peak heights are proportional to the number of 
nucleotides that are incorporated with each dispensation.

Immunohistochemistry

Paraffin-embedded tissue samples were divided into 
serial sections of 4 μm. Positively charged slides were cut, 
air dried overnight at 37°C, deparaffinized in xylene and 
rehydrated in a degraded alcohol sequence. Slides were 
then microwaved in 10 mmol/L citrate buffer (pH 6.0) for 
antigen retrieval, followed by incubation in 3% hydrogen 
peroxide for 5 minutes at room temperature to block the 
activity of endogenous peroxidase and in blocking solution 
(CSA II Kit; Dako, Glostrup, Denmark). Tumors were 
incubated overnight with primary antibodies [pAkt Ser473, 
1:200, rabbit monoclonal antibody (736E11, Cell Signaling 
Technology, Leiden, Netherlands); pERK Thr202/Tyr204, 
1:200, rabbit monoclonal antibody (20G11, Cell Signaling 
Technology); pS6 Ser235/236, 1:200, rabbit monoclonal 
antibody (91B2, Cell Signaling Technology); pmTOR 
Ser2448, 1:50, rabbit monoclonal antibody (49F9, Cell 
Signaling Technology); 5-Methylcytosine, 1:8000, mouse 
monoclonal antibody (BI-MECY, IgG1, Eurogentec, 

Seraing, Belgium)]. Sections were washed in Tris-buffered 
saline with Tween 20. Visualization of bound antibodies was 
achieved by the CSA system embodies technology (CSA II, 
Biotin-Free catalyzed Amplification System; Dako). Slides 
were counterstained with hematoxylin and dehydrated in 
a graded alcohol sequence and mounted in Richard-Allan 
Scientific Cytoseal XYL (Thermo Scientific, Waltham, MA).

Two authors blinded for clinical and genomic data 
evaluated the percentage of stained cells and scored the 
samples for staining intensity (0 = negative, 1 = weak 
intensity, 2 = moderate intensity, 3 = strong intensity). The 
results were used to calculate a score between 0 and 300 
by multiplying the percentage of stained cells by intensity, 
and tumor samples were classified into negative staining 
(score 0-9), weak staining (score 10-49), moderate staining 
(score 50-199) and strong staining (score 200-300).

Statistical analysis

Significantly overrepresented factor values in a 
particular factor group were identified using the one-tailed 
Fisher’s Exact test at a p-value of 0.05. The log-rank test 
statistic [39] was used to identify regions yielding a high 
degree of survival prediction. p-values were calculated 
based on a Chi-Squared test and p-value ≤ 0.05 were 
considered significant. To compare survival times, Kaplan-
Meier curves were generated. The p-values were computed 
using the log-rank test [39].
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AbstrAct
Age-related macular degeneration (AMD) is the leading cause of blindness in 

aging populations of industrialized countries. The drawbacks of inhibitors of vascular 
endothelial growth factor (VEGFs) currently used for the treatment of AMD, which 
include resistance and potential serious side-effects, require the identification of new 
therapeutic targets to modulate angiogenesis. BMP9 signaling through the endothelial 
Alk1 serine-threonine kinase receptor modulates the response of endothelial cells 
to VEGF and promotes vessel quiescence and maturation during development. Here, 
we show that BMP9/Alk1 signaling inhibits neovessel formation in mouse models 
of pathological ocular angiogenesis relevant to AMD. Activating Alk1 signaling in 
laser-induced choroidal neovascularization (CNV) and oxygen-induced retinopathy 
(OIR) inhibited neovascularization and reduced the volume of vascular lesions. Alk1 
signaling was also found to interfere with VEGF signaling in endothelial cells whereas 
BMP9 potentiated the inhibitory effects of VEGFR2 signaling blockade, both in OIR 
and laser-induced CNV. Together, our data show that targeting BMP9/Alk1 efficiently 
prevents the growth of neovessels in AMD models and introduce a new approach to 
improve conventional anti-VEGF therapies.

IntroductIon

AMD is the leading cause of blindness in the aging 
populations of western industrialized countries [1]. The 
dry form of AMD is characterized by the development and 
accumulation of drusen associated with environmental, 
physiological and genetic factors including smoking, 
age, gender, inflammation and family history [2], [3]. 

Dry AMD can progress to neovascular/wet AMD, a 
more advanced form of the disease. Wet AMD accounts 
for about 10-20% of AMD cases, but is responsible for 
80-90% of the severe loss of central vision associated
with AMD. This advanced form is characterized by
pathological choroidal neovascularization (CNV) below
the retinal pigmented epithelium (RPE) or in the subretinal
space [3], [4], [5]. Ultimately, plasma or blood leakage
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from pathological neovessels into surrounding tissues 
lead to the formation of fibrovascular scars in the retina, 
photoreceptor dysfunction or death and AMD-associated 
visual loss [4]. 

Paracrine VEGF induces the progression of AMD 
towards its neovascular form. It represents a contributory 
factor in the initiation of angiogenesis as it directs 
the migration of the tip cell, a specialized endothelial 
cells(EC) that guides vessel outgrowth towards hypoxic 
or inflamed tissue and leads EC stalk cells forming the 
capillary lumen [6]. The tip/stalk phenotype is controlled 
by the expression of the Notch ligand Dll4 in tip cells 
exposed to a VEGF gradient, triggering Notch activation 
in adjacent cells [7], [8]. These differential signaling 
events further ensure the selection of the initial Notch-
inactive cell as a single tip cell leading the neovesssels 
as opposed to the Notch-active stalk cells forming the 
base of the sprout [9]. Ultimately, the inhibition of VEGF-
mediated sprouting by Notch promotes the maturation and 
quiescence of the capillary network [10].

VEGF signaling inhibitors are conventionally used 
for the treatment of wet AMD [11]. Since 2004, approved 
antagonists of VEGF signaling have successively included 
antibodies and small molecule inhibitors targeting VEGF 
and its receptors [12]-[15]. Intravitreal administration of 
these agents has shown therapeutic benefits. However, the 
adverse effects and the inefficacy of VEGF inhibitors in 
7-15% of ocular NV patients are two major drawbacks
of these treatments [16]. Secondary effects of VEGF
inhibitors, both systemic and localized, include increased
intra ocular pressure, cataract, retinal detachment,
endophthalmitis, photoreceptor cell death and thinning
of the inner neuronal layer of the retina [17], [18]. Thus,
the unmet needs of anti-VEGF therapy require the
identification of new targets to efficiently treat wet AMD.

Multiple pathways, including those triggered 
by Bone Morphogenetic Proteins (BMPs) and 
Notch, have been shown to modulate VEGF-induced 
neovascularization, and may also regulate the maturation 
or quiescence of immature and leaky AMD vessels [10], 
[19], [20]. BMPs, members of the TGF-β superfamily, 
have been shown to crosstalk with the VEGF and Notch 
pathways during developmental angiogenesis [19], 
[20]. For instance, BMP9, a high affinity ligand for the 
endothelial-specific receptor activin receptor-like kinase 
1 (Alk1) [21], [22], has been shown to prevent VEGF 
and bFGF-induced sprouting angiogenesis in vitro 
[23], and developmental retinal neovascularization in 
vivo via activation of downstream Smad 1,5 pathways 
[19]. Mutations in Alk1, its co-receptor endoglin or the 
common effector Smad4 are involved in the pathogenesis 
of hereditary hemorrhagic telangiectasia (HHT) [24]-
[27], a vascular condition characterized by arteriovenous 
malformations (AVM). BMP9 has been shown to 
modulate the expression of markers sustaining the tip 
cell phenotype and to promote the maturation phase of 

developmental angiogenesis [19]. Alk1 has been shown 
to collaborate with Notch to counter VEGF-induced 
signaling and regulate the formation and stabilization of 
retinal blood vessels [19]. Alk1 and Alk5 signaling are 
suppressed in tip cells through the guidance receptor 
Neuropilin-1, but signal in stalk cells in cooperation with 
Notch to promote stalk cell behavior [28], [29], [30]. As 
such, the Alk1 signaling pathway could have important 
clinical implications for anti-angiogenic treatments for 
AMD patients. The present work investigates the role 
of the BMP9/Alk1 axis in the formation of pathological 
neovessels in models of ocular angiogenesis.

results

bMP9 receptor expression in pathological retinal 
and choroidal neovascularization

To evaluate the involvement of BMP9 signaling in 
pathological angiogenesis in the retina, we first examined 
the expression of genes involved in BMP9 signaling in 
retinal ECs from mice subjected to oxygen-induced 
retinopathy (OIR). P7 mouse pups were subjected to OIR 
and mRNA was harvested from retinas at P17, correlating 
with timing of maximal pathological neovascularization. 
P17 littermates not subjected to OIR were used as controls. 
Transcripts corresponding to BMP receptors (Alk1, Alk2, 
Alk3, BMPR2 and Endoglin) were detected in both groups, 
but levels of Alk1 were significantly increased in OIR 
retinas compared to controls, suggesting differential use 
during pathological retinal angiogenesis (Figure 1A). 
The expression of Alk1 in the retinal endothelium was 
confirmed by immunohistochemistry in retinas from mice 
subjected to OIR, showing expression in pathological 
vessels and in vascular tufts in particular (Figure 1B). By 
contrast to receptor expression, the levels of circulating 
BMP9 remained unchanged in the plasma of mice 
subjected to OIR. This was observed both after the vaso-
obliteration (P12) and neovascularization phases (P17), 
suggesting that changes in receptor expression, and not of 
the circulating ligand, were associated with OIR-induced 
angiogenesis (Figure 1C). 

The expression of BMP9 receptors in the choroid-
sclera complex of mice undergoing CNV was also 
evaluated. Eight-week old mice were subjected to laser 
photocoagulation by applying 10 to 15 laser spots per 
eye, and choroids were harvested after 2 weeks. Gene 
expression analysis showed a significant increase in Alk1 
and Endoglin levels in animals with CNV compared to 
control animals (Figure 1D). Together, these observations 
show that the BMP9 receptor Alk1 is significantly enriched 
in pathological vessels of the retina and the choroid.



Oncotarget    450www.impactjournals.com/oncotarget

Figure 1: expression of components of Alk1 signaling during pathological ocular neovascularization. A. qRT-PCR analysis 
of P17 retinas from pups subjected to OIR revealed the expression of transcripts corresponding to components of the canonical BMP9 
signaling (n = 4 control mice and 4 OIR mice). b. Alk1 immunofluorescence staining of OIR retinas at P17 shows specific expression of 
Alk1 in blood vessels. Arrowheads show vascular tufts. Scale Bar: 20 μm. c. BMP9 ELISA of plasma from mice subjected to OIR collected 
at P12 (after vaso-obliteration) (n = 3 control and n = 3 OIR) and P17 (neovascularization phase) (n = 3 control and n = 4 OIR). d. qRT-PCR 
of choroid-sclera complexes subjected to laser-CNV of genes involved in BMP9 signaling (n = 4 mice per group). All histograms represent 
mean ± standard error of the mean. *P < 0.05.
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Figure 2: Perturbations of Alk1 signaling influence neovascularization but not vaso-obliteration during OIR. A. Effect 
of BMP9 and Alk1Fc on the vaso-obliterative phase of OIR. P12 retinas of mice injected with control, BMP9 or Alk1Fc subjected to 75% 
oxygen from P7 to P12. Scale bar: 500 μm. b. Effect of BMP9 and Alk1Fc on the neovascularization phase of OIR. C57/Bl6 mice were 
subjected to OIR followed by I.P. injections of adenoviral constructs at the onset of neovascularization (P12) and morphometric analyses at 
P17 following IsoB4 staining. Neovascularization areas which were quantified for the entire retinal flat mount are displayed as red overlays. 
Scale bar: 500 μm. c. Quantification of vaso-obliterated areas in P12 retinas using ImageJ/Swift (n = 4 controls, n = 4 BMP9 and n = 3 
Alk1Fc). d. Quantification of neovascular and vaso-obliterated areas in P17 retinas subjected to OIR using ImageJ/Swift (n = 6 control, n = 
8 BMP9 and n = 5 Alk1Fc). e. Wholemount IsoB4 and Smooth muscle actin staining of wild-type P17 OIR retinal vessels after treatment 
with control, Alk1Fc or BMP9 adenovirus Scale bar: 100 μm. All histograms represent mean ± standard error of the mean. *P < 0.05, ***P 
< 0.005.
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Alk1 signaling during normal and pathological 
retinal angiogenesis

As BMP9/Alk1 signaling is a potent inhibitor of 
developmental retinal angiogenesis [19], we investigated 
whether modulation of Alk1 signaling could affect 
neovascularization in a pathological model of retinal 
angiogenesis. To manipulate Alk1 signaling in vivo, 
we used an adenoviral delivery approach to modulate 
the circulating levels of BMP9, using either adenoviral 
particles encoding BMP9 or the ligand trap Alk1Fc 
as previously described [19]. This strategy resulted in 

either elevated (BMP9 Ad) or reduced (Alk1Fc Ad) 
levels of circulating BMP9 (Supp. Figure 1A). Changes 
in circulating BMP9 levels in mice were associated 
with either increased (BMP9) or decreased (Alk1Fc) 
levels of Smad1,5,8 phosphorylation (Supp. Figure 1B), 
demonstrating that Alk1 downstream signaling could be 
modulated in vivo through this approach.

We first evaluated whether changes in circulating 
BMP9 levels could affect the vaso-obliteration phase 
of OIR, which occurs from P7 to P12 when pups are 
subjected to hyperoxia. P7 pups were injected with BMP9 
or control adenoviral particles and subjected to 75% 

Figure 3: Genetic deletion of Alk1 in the endothelium worsens OIR-induced neovascularization. A. IsoB4 staining 
of P17 retinas from Alk1-flox and Cdh5Cre-Alk1 flox mice subjected to OIR. Injections of tamoxifen were performed at P12, at the 
onset of neovascularization. Scale bar: 500 μm. b. High magnification of the retinal vasculature shown enlarged vessels accompanied by 
neovascularization following deletion of Alk1. Scale bar: 50 μm. c. Quantification of neovascular and vaso-obliterated areas in P16 retinas 
subjected to OIR using ImageJ/Swift (n = 4 Alk1 fl/fl, n = 4 Cdh5CreERT2-Alk1f/f).
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oxygen for 5 days to provoke vessel regression. Retinas 
from pups sacrificed at P12 revealed no differences in 
the vaso-obliterated retinal area under high or low BMP9 
levels (Figure 2A, 2C).

The effects of BMP9/Alk1 signaling on pathological 
neovascularization was then evaluated by injecting 
adenoviral particles in P12 pups which had been subjected 
to 75% oxygen from P7 to P12. Analysis of P17 retinas 
using ImageJ/Swift_NV quantification of neovascular 
tufts [31] showed that elevated BMP9 levels significantly 
decreased pathological retinal angiogenesis (Figure 
2B, 2D), consistent with what was observed during 
developmental angiogenesis [9]. Even though we did 
not observe significant changes in retinal avascular area, 
elevated BMP9 levels were associated with decreased 
occurrence and size of neovascular tufts, a key feature 
of pathological retinal vessels (Figure 2E). Conversely, 
inhibition of Alk1 signaling during the neovascularization 
phase of OIR through delivery of the Alk1Fc trap or 
through genetic ablation of Alk1 in the endothelium using 
Cdh5Cre-ERT2-Alk1 floxed mice resulted in increased 
pathological blood vessel and tuft formation in OIR 
mice (Figure 2B, 2D, 2E, Figure 3A, 3B). The retinal 
pathological phenotype was more severe in Cdh5Cre-
ERT2-Alk1 floxed mice than in Alk1Fc-treated mice, 

which may be a consequence of incomplete blockade of 
Alk1 ligands by Alk1Fc, as opposed to the near-complete 
deletion of Alk1 in the retinal endothelium of Cdh5Cre-
ERT2-Alk1 floxed mice (Supp. Figure 2). Together, 
these data show that in a pathological model of retinal 
angiogenesis, activation of Alk1 signaling using BMP9 
will prevent retinal neovascularization, but will not affect 
the regression of pre-existing vessels. 

Alk1 signaling and cnV

The main hallmark of neovascular AMD is the 
formation of choroidal neovessels invading the subretinal 
space. The effects of BMP9/Alk1 signaling on retinal 
neovascularization led us to investigate whether it could 
also prevent choroidal angiogenesis. To test this, we 
examined the effects of Alk1 signaling modulation on 
the progression of laser-induced CNV in C57BL/6 mice. 
Eight-week old mice subjected to laser impact were 
injected i.p. with adenoviral BMP9 and Alk1Fc adenoviral 
particles, and CNV was detected 14 days later by staining 
choroid-sclera whole-mounts with IsoB4 (blood vessels) 
and phalloidin (RPE). We observed a significant decrease 
in the area of CNV in mice treated with BMP9 compared 

Figure 4: Alk1 signaling regulates neovascularization in mice subjected to laser-CNV. Phalloidin (red) and IsoB4 staining 
of choroid-sclera complexes two weeks after laser burn and treatment with adenoviral particles. Graph shows quantification of neovascular 
area following laser-burn. (n = 8 control, n = 8 BMP9 and n = 6 Alk1Fc). All histograms represent mean ± standard error of the mean. ***P 
< 0.005. Scale bar: 75 μm.
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with controls (Figure 4). However, even though there 
was a small increase in CNV in Alk1Fc-treated mice, 
these changes were not significant, which suggest that 
choroidal vessels may be less sensitive to Alk1 inhibition 
than retinal vessels. Together, these observations show 
that activation of Alk1 signaling negatively regulates 
pathologic choroidal angiogenesis, but that the attenuation 
of Alk1 signaling does not exacerbate CNV lesions.

Additive effects of Alk1 signaling modulation and 
VeGFr2 inhibition in oIr and cnV

Current treatments for neovascular AMD focus on 
the inhibition of angiogenesis through blockade of VEGF. 
Previously published data suggest that Alk1 signaling 

modulates the response of endothelial cells to VEGF 
[19]. Indeed, stimulation of endothelial cells with BMP9 
alters the expression of VEGF receptors, and endothelial 
tip cell markers downstream of VEGF (Supp Figure 3A). 
In response to BMP9, levels of VEGFR1 were increased 
(8.9 fold increase) in HUVECs while VEGFR2 expression 
fell by 47%. This was also observed in the retinas of mice 
which received intraocular injections of BMP9 (500 ng), 
which showed an overall decrease in tip cell markers such 
as ANG2 and Apelin, while expression of VEGFR1 and 
the stalk cell marker Jagged1 were increased (Supp Figure 
3B). We also observed down-regulation of VEGFR2 
expression in BMP9-injected retinas, although this 
decrease was not significant, which is likely a reflection 
of the fact that in addition to ECs, VEGFR2 is expressed 

Figure 5: effects of Alk1Fc or bMP9 on VeGFr2 inhibition in oIr. A. Representative images of P17 OIR retinas subjected 
to VEGFR2 inhibition and/or treatment with BMP9 or Alk1Fc adenoviruses. Neovascular areas are highlighted in red. b. Quantification of 
neovascular and vaso-obliterated areas in P17 retinas subjected to OIR using ImageJ/Swift (n = 5 control adenovirus, n = 3 control IgG, n = 
6 BMP9, n = 7 DC101, n = 5 BMP9+DC101, n = 4 Alk1Fc, n = 4 Alk1Fc+DC101). All histograms represent mean ± standard error of the 
mean. *P < 0.05, **P < 0.01, ***P < 0.005. Scale bar: 500 μm.



Oncotarget    455www.impactjournals.com/oncotarget

by multiple cell types in the retina (photoreceptors, 
neurons), which may make it difficult to observe a 
reduction of VEGFR2 mRNA from whole retinal extracts. 
Together, these data suggest that BMP9 could alter the 
responses of endothelial cells to VEGF signaling in part 
by modulating the levels of VEGF receptors, leading to 
an overall decrease in VEGF-induced angiogenesis. Based 
on its effects on VEGF signaling, we investigated whether 
BMP9 could potentiate the effects of VEGFR2 inhibition 
on endothelial sprouting. Using a fibrin co-culture assay 
previously described [19], we observed that combination 
of BMP9 signaling potentiated the effects of VEGFR2 
inhibition on endothelial sprouting, resulting in a 74% 
decrease in endothelial tube formation (Supp. Figure 3C, 
3D). These data led us to evaluate whether modulation of 
Alk1 signaling could potentiate the effects of VEGFR2 
inhibition in models of pathological ocular angiogenesis.

With the neutralizing DC101 antibody, we 
investigated the effects of blocking VEGFR2 signaling 
alone or together with BMP9 or Alk1Fc on OIR-induced 
neovascularization. Compared to controls, both BMP9 
and DC101 by themselves suppressed neovascularization 
in OIR mice, as was previously reported for DC101 [32]. 
The inhibitory efficacy was slightly, but not significantly 
higher for BMP9 than DC101. However, a combination 
of BMP9 and DC101 showed a greater inhibitory efficacy 
than BMP9 or DC101 alone on neovascularization (51.5% 
inhibitory efficacy by combination treatment) (Figure 5). 
While BMP9 or DC101 treatments alone did not affect the 
avascular area of OIR retinas, combination of both factors 
produced a significantly increased avascular area (Figure 
5B). Interestingly, while Alk1Fc treatment by itself 
increased neovascular tuft formation in OIR, combination 
of Alk1Fc with DC101 completely suppressed 
neovascularization, suggesting that hypervascularization 
associated with Alk1 inhibition is dependent on VEGFR2 
signaling. 

The combinatory effects of BMP9 and DC101 
were also assessed on CNV formation. Mice subjected 
to laser burns received either BMP9 adenoviral particles 
or DC101, alone or in combination. Again, both BMP9 
and DC101 significantly reduced CNV (Figure 6). A 
combination of both factors significantly increased the 
inhibitory effects over individual treatments. Together, 
these data suggest that BMP9/Alk1 signaling could 
potentiate the effects of VEGF inhibitors used to modulate 
pathological neovascularization in wet AMD.

dIscussIon

Current therapies to treat ophthalmic diseases are 
mostly centered on the inhibition of a single factor, VEGF. 
The outcomes of anti-VEGF treatments are to counteract 
pathological neovascularization and disease progression, 
to arrest visual impairment and, in the best case, to gain 
the recovery of vision. Some molecules targeting VEGF 

are currently used in ophthalmology, and many more are 
under investigation in clinical trials for either AMD, ROP, 
or other eye diseases characterized by neovascularization. 
While VEGF blocking agents have provided good 
clinical benefits, a number of patients show poor 
responses to these drugs and some concerns have been 
raised regarding the long term use of VEGF inhibitors 
[33]. It has been proposed that pan-VEGF blockade is 
associated with increased risks of geographic atrophy, 
a gradual complication characterized, among others, by 
choriocapillaries and RPE atrophy, photoreceptors death, 
and leading to a progressive visual loss [35], [34]. It is 
therefore of great clinical interest to identify novel targets 
that could complement or replace current treatments. 
Numerous signaling pathways have been shown to 
modulate VEGF activity, and therefore could be targeted to 
improve the therapeutic benefits of current anti-angiogenic 
therapies. Among those, signaling components of the 
Notch, Wnt and Ephrin/Eph families have been found 
to be differentially regulated in pathological vessels and 
could represent new targets to prevent neovascularization 
in ocular diseases [36], [37], [38], [39]. 

In this study, we have examined the involvement of 
the BMP receptor Alk1 in pathological models of ocular 
neovascularization, in the backdrop of its established role 
in physiological angiogenesis in the developing retina [19]. 
We found that Alk1 was up-regulated in the endothelium 
of mice undergoing pathological angiogenesis, which 
may act in feedback fashion as a ‘‘brake’’ or negative 
regulator to restrain VEGF-induced angiogenesis. As 
such, inhibition of Alk1 signaling through the use of 
Alk1Fc or genetic deletion of Alk1 significantly increased 
neovascularization and vascular tuft formation. However, 
the activation of Alk1 in pathological vessels is likely 
suboptimal, as we show that exogenous BMP9 can reduce 
pathological angiogenesis in OIR and CNV lesions. 

The mechanisms that drive pathological 
neovascularization, which is characterized by the 
formation of vascular tufts growing towards the vitreous, 
are distinct from those driving healthy revascularization of 
the avascular region of OIR retinas [40]. The tuft formation 
is often referred to as ‘pathological angiogenesis’, while 
the closure of the avascular area as revascularization. 
While efficient revascularisation reduces hypoxia and is 
desired to prevent tissue damage, neovascular tufts are 
characterized by newly forming vascular sprouts that 
fail to regenerate the capillary network and instead grow 
towards the vitreous. It is intriguing that the two processes 
are usually inversely correlated; when healthy vascular 
regeneration is increased, neovascular tufts are reduced 
[40]. However, the mechanisms underlying this effect are 
not entirely clear. Our data show that modulation of Alk1 
signaling does not appear to affect the avascular area of 
OIR retinas (revascularization), but is highly efficient at 
reducing the appearance of vascular tufts (pathological 
neovascularization), suggesting that Alk1 agonists 
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would prevent pathological neovascularization without 
adversely affecting normal revascularization. The effect 
of BMP9 on vascular tuft formation may reflect its ability 
to modulate VEGF signaling, which is the main driver of 
tuft formation.

During retinal angiogenesis, Alk1 signaling 
maintains homeostasis by offering a counterbalance 
to proangiogenic pathways, such as the one mediated 
by VEGF, by contributing to the specification of ECs 
into stalk and tip cells and the proper remodeling of the 
vasculature [19], [41]. Consistent with this notion, BMP9 

decreased VEGFR2 expression and increased VEGFR1 
expression in ECs, likely altering the sensitivity of VEGF-
VEGFR2 signaling. These changes, combined with the 
effects of Alk1 signaling on the expression of endothelial 
tip and stalk cell markers, likely contribute to the reduction 
of pathological angiogenesis caused by BMP9.

Recently, numerous classes of Alk1 inhibitors have 
been developed for the prevention of tumor angiogenesis 
[42], [43]. These inhibitors have been shown to prevent 
tumor angiogenesis, and can increase the anti-angiogenic 
effects of VEGF inhibitors. These results may at first 

Figure 6: effects of bMP9 and VeGFr2 blockade on cnV. A. Phalloidin (red) and IsoB4 staining of choroid-sclera complexes 
two weeks after laser burn and treatment with adenoviral particles. b. Quantification of neovascular area following laser-burn (n = 4 
animals/group). All histograms represent mean ± standard error of the mean. **P < 0.01, ***P < 0.005. Scale bar: 75 μm.
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seem to contradict ours, which didn’t show inhibition of 
retinal and choroidal angiogenesis with Alk1Fc. Some 
discrepancies in Alk1 signaling in tumor angiogenesis 
may be explained in part by cell context, dose, and timing, 
as well as Alk1 cross-talk with other signaling pathways, 
the micro-tumor environment, and the stage of cancer at 
the time of treatment. In line with this supposition, tumor 
vessels are known to behave aberrantly and are notably 
more tortuous and leaky than vessels from tissues such as 
the retina. 

We did however observe that combination of 
Alk1Fc with DC101 abrogated pathological neovessel 
formation in OIR induced by Alk1 inhibition. These 
data provide evidence that Alk1 modulates angiogenesis 
at least in part through modulation of VEGF signaling. 
This is line with a study showing that treatment with 
bevacizumab, an antibody that binds and neutralises 
human VEGF, decreases the number of dysplastic vessels 
in the brain of mice deficient for Alk1 [44]. In addition, we 
also show that BMP9/Alk1 signaling results in changes in 
VEGFR1 expression in ECs. This suggest that in blood 
vessels stimulated with BMP9, higher VEGFR1 levels 
may contribute to decreased VEGF signaling through 
the negative regulation of VEGF bioavailability [45]. 
These data, along with studies showing that BMP/Smad 
signaling modulates Notch activity in ECs [19] [30], 
demonstrate that Alk1 is an important regulator of the 
response of ECs to angiogenic signals, and that modulators 
of Alk1 signaling may affect the response of blood vessels 
to VEGF. Modulation of Alk1 activity may lead to the 
development of novel therapeutic strategies to possibly 
overcome resistance to VEGF antagonists in diseases such 
as AMD.

The data we present here suggest that Alk1-based 
agonists could also be of interest for the treatment of a 
variety of ischemic retinopathies including ROP and 
diabetic retinopathy. Arguably, BMP9/Alk1 signaling 
targets may be implicated as positive effectors of the 
desired quiescence of EC and eventual mediators of lateral 
side-effects on non-vascular retina cells. Thus, future 
studies on targets of Alk1 signaling might be needed to 
limit this possibility. Finally, a study showing that BMP9 
promotes stabilization of endothelial junctions suggests 
that Alk1 agonists could prevent the loss of retinal blood 
barrier function and permeability [46] associated with 
ROP and diabetic retinopathies, and thus could help 
prevent serious complications of vascular leakage such as 
macular edema.

Overall, results from the current study reveal 
BMP9 as an effective and potent inhibitor of pathological 
neovascularization associated with wet AMD. Moreover, 
BMP9 agonists represent promising complements that 
would lower the conventional dose of anti-VEGF agents 
required to achieve an equivalent therapeutic index. Thus, 
BMP9 and anti-VEGF combined therapies would limit the 
aforementioned adverse effects commonly associated with 

VEGF inhibitors. 

MAterIAls And Methods

Mice and adenoviruses

Adenoviruses were cloned and produced as 
previously reported [19]. C57BL/6J WT mice were 
purchased from The Jackson Laboratory. Cdh5-CreERT2 
mice were provided by Ralf Adams (Max Planck Institute 
for Molecular Biomedicine). Alk1flox mice were kindly 
provided by Paul S Oh (University of Florida). All animals 
were manipulated according to the institutional guidelines 
as defined by the Canadian Council on Animal Care 
(CCAC). 

Oxygen-induced retinopathy

C57BL/6J mouse pups at postnatal day (P)7 
and their fostering mothers (CD1, Charles River) 
were submitted to 75% oxygen in oxycycler chamber 
for 5 days. Pups were then returned to normoxia and 
administered 50 μl (1x108 CFU) of either control, BMP9/
ALK1Fc-expressing viruses and/or 50 μg/ g of body 
weight of DC101 (InVivoMAb, BioXcell Fermentation) 
or IgG isotype (intraperitonal [I.P.] injections). Eyes were 
enucleated at P17 and processed for immunostaining. 

Laser-induced choroid neovascularization

Eight weeks old C57BL/6J mice were anesthetized 
with a ketamine/xylazine mix prior to applying a 
photocoagulating laser (400mW intensity, 0.05s exposure 
time). Four spots were burned around the optical nerve. 
Mice received 2x108 CFU I.P. injections of either control, 
BMP9/ALK1Fc-expressing viruses and/or 50 μg DC101/ 
g of body weight. Eyes were enucleated after 14 days and 
processed for immunostaining.

Immunohistochemistry

Ocular globes were initially fixed for 15 min in 
4% paraformaldehyde (PFA). Retinas or choroids were 
collected after eyes dissection in phosphate buffered saline 
(PBS) and blocked for 1h in PBS 3% BSA 0.1% Triton 
X-100. Fixation was prolonged in 1% PFA overnight for
choroid extraction or ocular globe sectioning. Prior to
sectioning, eyes were maintained in sucrose gradients
(10-30%), cryo-preserved in a matrix gel and sliced in 14
μm sections on a cryostat (Leica CM3050S). Staining with
either FITC-labeled isolectin GS IB4 (Life technologies
corporation), rhodamine phalloidin (Cedarlane
Laboratories) or goat anti-mouse Alk1 primary (R&D
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systems) and anti-goat secondary (Life technologies) 
antibodies were performed on whole and/or sectioned 
retinas/choroids. Retinas and choroids were then mounted 
in fluoromount aqueous medium (Sigma-Aldrich). 

Quantification of retinal vaso-obliteration and 
neovascularization

Neovascularization was quantified using the 
SWIFT_NV macro set and ImageJ software developed 
by A Stahl and L Smith as described previously [31]. 
Briefly, the composite flatmount image was divided into 
four quadrants and assigned a manual threshold value 
based on fluorescence intensity such that only the areas 
of greatest intensity are shown as a neovascularization 
map. The individual maps for each quadrant are then 
combined to give a neovascularization overlay for the 
entire retinal flat mount. The area of the overlay is then 
compared to the overall area of the retina, without any 
avascular areas subject to vaso-obliteration, to obtain 
percent neovascularization for each individual retina. The 
vaso-obliterated area was quantified by measuring the 
central retinal area devoid of blood vessels and comparing 
it to the whole retinal surface area. For each flatmount, 
quantification was performed by two independent 
graders in a masked fashion, and the average of their 
measurements was used for subsequent analysis.

elIsA

The BMP9 levels in mouse serum were determined 
by ELISA using BMP-9 Duoset kit (R&D systems) 
according to the instructions of the manufacturer. Optical 
density was measured and corrected at 450nm and 570nm 
respectively using a plate reader (Tecan).

Real-time PCR

Eyes from OIR or control mice were dissected and 
lysed in 1% β-mercapto-ethanol RLT buffer. Total RNA 
extraction and cDNA synthesis were performed using 
the RNeasy extraction (Qiagen) and iscript (BioRad) 
kits respectively. Real-time amplifications of various 
target genes (Alk1, Alk2, Bmpr2, Eng and Alk3) were 
performed on 7500 Fast Real-Time PCR System (Applied 
Biosystems) using corresponding primers. Primers were 
obtained from QIAGEN (Quantitect Primer Assays).

sprouting assays

Sprouting assays were performed as previously 
described [19]. Briefly, after siRNA transfection with 
control or VEGFR2 siRNA (25 pmol of RNAimax, Life 
Technologies), HUVECs (250,000 cells/well in 6-well 

plates) were resuspended in 300 μl fibrinogen solution 
(2.5 mg/ml fibrinogen, Sigma-Aldrich) in EBM-2 (Lonza) 
supplemented with 2% FBS and 50 μg/ml aprotinin 
(Sigma-Aldrich), and plated on top of a pre-coated fibrin 
layer (400 μl fibrinogen solution clotted with 1 U thrombin 
(Sigma-Aldrich) for 20 min at 37°C). The second layer of 
fibrin was clotted for 1 hr at 37°C. NHDF cells (250,000 
cells/well), in EBM-2 supplemented with 2% FBS and 25 
ng/ml VEGF, were then plated on top of the fibrin layers. 
Cultures were incubated at 37°C, 5% CO2.

statistical analyses

All data are shown as mean ± standard error of 
the mean (SEM). Statistical analyses were performed 
for all quantitative data using Prism 6.0 (Graph Pad). 
Statistical significance for paired samples and for multiple 
comparisons was determined by Student’s t test and 
ANOVA, respectively. Data were considered statistically 
significant if the p value was less than 0.05.
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ABSTRACT
MYC oncoproteins deliver a potent oncogenic stimulus in several human cancers, 

making them major targets for drug development, but efforts to deliver clinically 
practical therapeutics have not yet been realized. In childhood cancer, aberrant 
expression of MYC and MYCN genes delineates a group of aggressive tumours 
responsible for a major proportion of pediatric cancer deaths. We designed a 
chemical-genetic screen that identifies compounds capable of enhancing proteasomal 
elimination of MYCN oncoprotein. We isolated several classes of compound that 
selectively kill MYCN expressing cells and we focus on inhibitors of PI3K/mTOR 
pathway in this study. We show that PI3K/mTOR inhibitors selectively killed MYCN-
expressing neuroblastoma tumor cells, and induced significant apoptosis of transgenic 
MYCN-driven neuroblastoma tumors concomitant with elimination of MYCN protein 
in vivo. Mechanistically, the ability of these compounds to degrade MYCN requires 
complete blockade of mTOR but not PI3 kinase activity and we highlight NVP-BEZ235 
as a PI3K/mTOR inhibitor with an ideal activity profile. These data establish that 
MYCN expression is a marker indicative of likely clinical sensitivity to mTOR inhibition, 
and provide a rationale for the selection of clinical candidate MYCN-destabilizers likely 
to be useful for the treatment of MYCN-driven cancers.

INTRODUCTION

Aberrant expression of the transcription factors 

MYC and MYCN (a MYC homologue with expression 
limited to undifferentiated neurons) delivers a potent 
oncogenic stimulus in cancer, making MYC oncoproteins 
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attractive targets for pharmacologic inhibition [1-7]. In 
pediatric cancer, expression of MYCN is selectively 
confined to tumor tissue in medulloblastoma [8], 
neuroblastoma [1, 2], rhabdomyosarcoma [7], and a subset 
of retinoblastoma [9], four common solid tumors that 
together account for a substantial proportion of relapsed 
cancer deaths in children. Pharmacologic inhibition 
of MYCN oncoprotein is therefore of great interest in 
pediatric cancer; however, direct targeting of MYCN, or 
MYC oncoproteins in general, has not yet delivered viable 
therapeutics to the clinic. 

A substantial body of work suggests two approaches 
by which MYC proteins could be therapeutically targeted. 
First, synthetic lethal interactions are generated by 
persistent overexpression of MYC in cancer cells and 
impart therapeutic sensitivity [10-16]. Genetic screens 
utilizing RNA-interference have identified relationships 
between expression of MYC and a defined set of 
additional genes, suppression of which induces lethality 
restricted to cells with MYC or MYCN expression (CDK1, 
CDK2, AURKA, AURKB, CHK1) [10-12, 17-23]. Second, 
MYC-family oncoproteins are oncogenically stabilized by 
altered phosphorylation within an N-terminal conserved 
phosphodegron domain (CPD) [14, 24-26]. Binding to 
the CPD is a function of the ubiquitin ligases (FBW7, 
HUWE1) and is required for initiation of proteasomal 
degradation [4, 24, 27]. Phosphorylation of conserved T58 
and S62 residues within the CPD is regulated by CDK1 
(a MAPK target), and by the PI3K/AKT-regulated targets 
GSK3β and mTOR, respectively [28-30]. Cancers defined 
by mutations in FBW7 (which disrupt the association of 
FBW7 with the CPD-client protein) are characterized 
by elevated levels of the CPD-client oncoproteins MYC 
[31], c-Jun [32], cyclin E [33] and NOTCH [34]. Aberrant 
stimulation of MAPK or PI3K pathways also contributes 
to oncogenic stabilization of MYCN in certain cancers. In 
neuroblastoma, enhanced PI3K signaling correlates with 
poor prognosis and aggressive tumor biology [35, 36]. 
Previous work established that in cancer cell lines, excess 
PI3K pathway signaling modulates the AKT-regulated 
targets GSK3β and mTOR, extending the half-life of 
MYC and outlining a potential pharmacologic approach 
for targeting MYC stability [28-30, 34, 37]. 

To our knowledge, a chemical-genetic screen that 
addresses these two mechanisms, corroborating previous 
synthetic lethality studies of MYC oncogene expression or 
providing the targets for MYC oncoprotein destabilization, 
has not been reported. With this in mind, we designed a 
cell-based screen utilizing an isogenically derived set of 
neuroblastoma cells with either high-level expression of 
wild-type MYCN or with genetically modified, stabilized 
MYCN (lacking the CPD target phosphorylation residues, 
T58 and S62). Potent compounds that have mechanistic 
activity in cells expressing wild-type, but not CPD 
mutated, MYCN protein should antagonize oncogenic 
stabilization of MYCN protein and target synthetic lethal 

relationships associated with MYCN expression. We 
outline a strategy to identify compounds that specifically 
target wild-type MYCN protein and present a chemical 
screen that identifies small-molecules with the ability 
to indirectly pharmacologically target MYCN (and 
potentially MYC) protein. Compounds inhibiting several 
genetic pathways were identified in the screen and in this 
study we characterize small-molecule inhibitors of the 
PI3K/mTOR pathway. We show that inhibitors of PI3K/
mTOR, or mTOR kinase activity alone, exhibit selective 
activity against cells that express high-levels of MYCN 
protein. NVP-BEZ235, a potent inhibitor of both PI3K 
and mTOR-kinases, which is already in clinical trials for 
PI3K pathway-mutated adult cancers, eliminated intra-
tumoral MYCN and induced regression of MYCN-driven 
transgenic neuroblastoma tumors in vivo. 

Overall our observations raise the exciting 
possibility that a group of poor-outcome pediatric cancers 
could be effectively targeted through their expression of a 
tumor-specific oncoprotein, using available and clinically 
tested therapeutics.

RESULTS

Screen for small-molecules that target MYCN 
oncoprotein stability

We designed a focused chemical-genetic screen 
that would identify small-molecules with a mechanistic 
ability to target cells expressing high-levels of wild-
type MYCN. Expression constructs encoding FLAG-
tagged wild type or stabilized (CPD-mutated) MYCN 
proteins were transfected into human neuroblastoma 
cells lacking endogenous MYCN expression. Equivalent 
levels of MYCN expression were achieved in SHEP cells 
expressing wild-type MYCN (SHEP WT) in comparison 
to a range of established, tumor-derived neuroblastoma 
cell lines known to express high-levels of MYCN (Figure 
S1A). However, elevated levels of MYCN expression 
were observed in SHEP cells expressing mutated MYCN 
(SHEP T58, SHEP S62 and SHEP T58/S62) in comparison 
with both SHEP WT and established neuroblastoma cell 
lines - consistent with the stabilization of CPD-mutated 
MYCN (Figure S1A, B). SHEP cells expressing both wild 
type and mutant MYCN proteins all exhibited significantly 
increased cellular proliferation in comparison to parental 
SHEP cells but not to each other (Figure S1C). 

To establish the MYCN dependency of both the 
native neuroblastoma cell line Kelly and the SHEP WT 
and SHEP T58/S62 mutant MYCN lines, we abrogated 
MYCN expression via siRNA-mediated knockdown. 
Inhibition of MYCN in the Kelly cell line induced cell 
death as measured by trypan blue exclusion (Figure 
S1D) and similarly, although to a lesser extent, MYCN 
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cell viability was diminished with siRNA treatment in 
both SHEP WT and SHEP T58/S62 neuroblastoma cell 
lines (Figure S1E, F), confirming that exogenous MYCN 
expression is responsible for the increased proliferation 
observed in SHEP WT and SHEP T58/S62 cells. 

Using cellular proliferation as an endpoint, we 
selected for compounds with enhanced activity against 
SHEP WT cells compared to SHEP T58/S62 cells 
expressing stabilized MYCN. We reasoned that this 
selection would enrich for compounds with mechanistic 
activity against MYCN but exclude compounds with 
generic activity related to inhibition of cell proliferation 
rather than MYCN stability. The screen was performed 
using an in-house kinase inhibitor library of 228 
compounds at low, intermediate and high concentrations 
(40nM, 200nM and 1μM) to identify compounds that 
exhibit on-target effects whilst excluding the possibility of 
off-target effects exerted by kinase inhibitors at excessive 
concentrations (>1μM). The top 25 ranked inhibitors that 
showed selective inhibition of SHEP WT cells included 
inhibitors of JAK/STAT pathway, receptor tyrosine kinases 
(PDGFR), PI3K pathway (PI3K, AKT and mTOR), and 
cell cycle checkpoints (AURKA, AURKB, CDK, PLK, 
WEE1 and CHK1) (Figure 1A). 

The specificity of 17 of the inhibitors in this list 
has been profiled against a panel of 300 protein kinases 
[38]. Several demonstrate off-target activity, with 6 (JAK 
Inhibitor I, SU6656, SU11652, JAK3 Inhibitor VI, PKR 
Inhibitor and Aurora Kinase/Cdk Inhibitor) inhibiting >25 
kinases by >75%, and a further 3 (PDGF RTK Inhibitor, 
PDGF Receptor Tyrosine Kinase Inhibitor IV and Cdk2 
Inhibitor IV-NU6140) inhibiting >5 kinases. Of these, 5 
had activity against both Aurora A and B (Jak inhibitor 
I, SU6656, PDGF RTK inhibitor, PKR inhibitor, Aurora 
kinase/CDK inhibitor), Aurora A (Cdk2 Inhibitor IV-
NU6140) or Aurora B (Jak3 VI inhibitor). The JAK 
inhibitor I also inhibited CHK1 and PLK1, CHK1 was 
also inhibited by SU11652 and the JAK3 VI inhibitor, 
and CDK1 was inhibited by the JAK3 VI inhibitor, PKR 
inhibitor and the Aurora Kinase/Cdk Inhibitor. The off-
target and on-target activity of several of these inhibitors 
included AURA [12], AURB [39], CDK1 [10] and CHK1 
[17] that have been reported to regulate MYCN stability
or exhibit a synthetic lethal interaction with MYCN
dependence. Our focused screen therefore appears to have
strong predictive ability to identify compounds that are
selective inhibitors of cells expressing MYCN protein.
This chemically driven screen appears to validate previous
RNAi driven loss-of-function studies, which highlighted
the potential for pharmacologic targeting of synthetic
lethal interactions in MYCN expressing cancers.

PI3K pathway inhibitors selectively target cells 
with MYCN expression

Potent and selective inhibitors of PI3K and/or 
mTOR pathways have entered clinical trials in both adult 
and pediatric cancers, and could be valuable agents for 
treatment of childhood cancers [40, 41]. The fact that PI-
103, a potent and highly specific small-molecule inhibitor 
of class I PI3K and mTOR [42-44] preferentially targeted 
MYCN-expressing cells in our screen was of particular 
interest to us. Preliminary studies demonstrated that 
LY294002, a first-generation, weak inhibitor of PI3K 
pathway that has off-target liabilities [45], destabilized 
MYCN and could partially inhibit the growth of MYCN-
driven neuroblastoma tumors [46] but its use was limited 
by the off-target toxicity profile of LY294002, which 
restricted in vivo dosing. Given the activity of PI-103 (a 
more potent and selective inhibitor of PI3K signaling than 
LY294002) in our focused screen, and the availability of 
additional potent and selective PI3K inhibitors for clinical 
use, we focused on the role of PI3K/mTOR signaling in 
MYCN stability (Table S1).

We first re-confirmed our initial observation that 
the proliferation of SHEP WT cells was preferentially 
inhibited by PI-103 treatment using a trypan blue exclusion 
assay (Figure 1B). SHEP WT cells exhibited a 4.8-fold 
and 2.9-fold increased sensitivity to PI-103 compared to 
the parent SHEP cells or SHEP T58/S62 respectively. This 
differential sensitivity pattern was reproduced with NVP-
BEZ235 [47], an imidazo-[4,5-c]-quinoline derivative 
PI3K and mTOR inhibitor (7.1 and 4.7-fold respectively), 
and also with Torin1 [48], an ATP-competitive mTOR-
kinase (mTORC1 and mTORC2) inhibitor lacking PI3K 
inhibition, and to a lesser degree with ZSTK474 [49], a 
pan class I PI3K inhibitor that has poor activity against 
mTOR (3.8 and 3.2-fold respectively). In addition, the 
native neuroblastoma Kelly cells also exhibited a similar 
sensitivity profile as the SHEP WT cells (Figure 1B). 
These results show a clear trend in drug sensitivity where 
inhibition of cell proliferation aligns with the degree of 
MYCN amplification and protein expression. Our findings 
were reinforced both in an independent sulforhodamine B 
(SRB) assay of cell proliferation, and also in a larger cell 
panel that included four primary neuroblastoma cell lines 
with MYCN gene amplification, three cell lines with diploid 
MYCN and four engineered SHEP cell lines expressing 
mutated or wild-type exogenous MYCN protein (Table 
S2). Furthermore, TGX221, an isoform-selective p110β-
selective PI3K inhibitor and rapamycin, a non-ATP site 
and incomplete inhibitor of mTOR (mTORC1-specific), 
showed relatively non-specific activity against this panel. 
The activity of NVP-BEZ235 and Torin1 against Kelly 
and three additional MYCN-amplified neuroblastoma cell 
lines correlated with induction of apoptosis in the Kelly 
cell line by two independent assays (Figure 1D, 1E). 
This data suggests that within the spectrum of available 
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Figure 1: Identification of PI3K/mTOR inhibitors that selectively target MYCN-expressing tumor cells. A. SHEP WT 
and SHEP T58/S62 cells were treated at a concentration of 40, 200 and 1000nM for 96 h with a panel of 228 kinase inhibitors exhibiting 
a range of kinome inhibitory properties. Cell viability was determined using CellTiter-blue reagent. The Z factor for all assay plates was 
>0.5. The data are displayed as a ratio of SHEP T58/S62:SHEP WT, increased red indicates increased activity in SHEP WT compared
to SHEP T58/S62 cells. B. Cell viability as determined by trypan blue exclusion method in Kelly, SHEP, SHEP WT and SHEP T58/S62
neuroblastoma cells. Cells were treated for 72 h with PI-103, NVP-BEZ235, Torin1 or ZSTK474. Mean GI50 and standard error from three
independent assays are shown. C. Representative log curves of Kelly cells treated for 72 h with, NVP-BEZ235, Torin1 or ZSTK474. Values 
represent the averages of three independent assays. Error bars; standard deviation. D. Induction of apoptosis 24 h post treatment with
DMSO, NVP-BEZ235, ZSTK474, Torin1 or Staurosporine (as a positive control) in Kelly neuroblastoma cells as measured by Caspase-
Glo 3/7 cleavage assay. Values are fold activation of caspase activity normalised to DMSO control and are averages of three assays.
Error bars; standard deviation. E. Induction of apoptosis and necrosis by NVP-BEZ235. Kelly cells were treated with NVP-BEZ235 or
Staurosporine (STAR) as a positive inducer of apoptosis and cell apoptosis and necrosis assessed via Cell Death ELISA (Roche™) 24 h
post treatment. (Apoptosis; red bars and necrosis; black bars). Values are fold induction of histone-associated DNA fragments normalized to 
DMSO control and are averages of three assays. Error bars; standard deviation. F. Growth inhibitory (GI50s) values carried out at 72 h using 
the SRB assay of a panel of adult cancer cell lines carrying PIK3CA/PTEN mutations compared with pediatric cancer cell lines containing
a spectrum of MYCC/N gene copy number or mutated MYCN. See also Figure 1B and Table S2.
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PI3K/mTOR pathway-active compounds, selective 
mTOR kinase inhibitors or dual inhibitors of PI3K and 
mTOR kinases are most likely to exhibit potent activity in 
neuroblastoma cells that express MYCN. 

Expression of MYCN selectively sensitizes cells to 
PI3K/mTOR inhibition

The enhanced sensitivity of MYCN overexpressing 

Figure 2: Inhibition of PI3K/mTOR signaling destabilizes MYCN. A.-D. Mesoscale Discovery (MSD) analysis of PI3K/mTOR 
signaling components AKTSER473,GSK3βSER9, pP70S6KTHR389 and RPS6SER240/244 SHEP WT and SHEP T58/S62 cell lysates were collected 3 
h after treatment with NVP-BEZ235 and analysed for inhibitory effects on the phosphorylation of AKTSER473, GSK3βSER9, RPS6SER240/244 and 
pP70S6KTHR389. Analysis was performed in triplicate using the MesoScale Discovery assay. Data are expressed as percent of control and 
values are shown as mean + SEM. E.-G. Immunoblotting analyses of time and concentration dependent effects of NVP-BEZ235, ZSTK474 
and Torin1 treatment on MYCN stability and PI3K/mTOR biomarker AKTSER473, GSK3βSER9, 4EPB1THR37/46 modulation. Kelly cells were 
seeded and 24 h later treated with DMSO only (V), DMSO and IGF1 (V+I) or with NVP-BEZ235, Torin1 or ZSTK474 for the indicated time 
and concentrations. All inhibitor treated cells were stimulated with IGF1 (50ng/ml) 30 minutes prior to harvesting. AKTSER473, GSK3βSER9, 
4EPB1THR37/46 MYCNTHR58 and total AKT, GSK3β, 4EPB1 and MYCN were assessed via western blotting and GAPDH used as a loading 
control. H. Immunoblotting analyses of concentration dependent effects of NVP-BEZ235, ZSTK474 and Torin1 treatment on MYCN 
stability and PI3K/mTOR biomarker AKTSER473, GSK3βSER9 and 4EPB1THR37/46 modulation. IMR5 (Left panel) and SKN-Be2C (Right panel) 
neuroblastoma cells were seeded and 24 h later treated with DMSO only (V), DMSO and IGF1 (V+I) or with NVP-BEZ235, Torin1 or 
ZSTK474 at the indicated doses. All inhibitor treated cells were stimulated with IGF1 (50ng/ml) 30 minutes prior to harvesting. AKTSER473, 
GSK3βSER9, 4EPB1THR37/46 MYCNTHR58 and total AKT, GSK3β, 4EPB1 and MYCN were assessed via western blotting and GAPDH used as 
a loading control.
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neuroblastoma cell lines to PI3K/mTOR inhibition is 
somewhat surprising, since these cells lack intrinsic 
mutations in the PI3K pathway members PTEN or 
PIK3CA. These mutations prime cells for response to 
PI3K pathway inhibitors and therefore provided the 
rationale for the initial use of these agents in clinical 
trials [50-52]. To examine whether MYCN expressing 
neuroblastoma cells exhibit similar sensitivity to cells 
harboring intrinsic PI3K pathway mutations we used 
NVP-BEZ235 to treat a range of adult cancer cell lines 
(PTEN or PIK3CA mutant, with varying expression levels 
of MYC [53-58]), together with pediatric cell lines (wild-
type for PTEN and PIK3CA) but with varying expression 
levels of either MYC or MYCN (Figure 1F). We found 
that cell lines harboring no/intermediate expression of 
MYCN or with stabilized MYCN were significantly 
less sensitive to NVP-BEZ235 compared to both MYC 
and MYCN-amplified cell lines (P < 0.0001). Therefore, 
expression of MYCN is a marker of sensitivity to NVP-
BEZ235 treatment in pediatric cell lines and confers 
sensitivity equivalent to that of adult cell lines mutated in 
PTEN or PIK3CA. Taken together, the implication is that 
expression of MYCN is a marker of sensitivity to PI3K/
mTOR pathway inhibition in neuroblastoma cells.

Having identified selective sensitivity of MYCN-
dependent cells to treatment with PI3K/mTOR inhibitors, 
we examined whether this could be explained by an 
intrinsic difference in PI3K pathway activation in these 
cells. We used an electro-chemiluminescent assay 
that quantitates PI3K/mTOR signaling intermediates 
(AKTSER473, GSK3βSER9, p70S6KTHR389 and RPS6SER240/244) 
to compare PI3K/mTOR pathway inhibition in SHEP 
cells with exogenous expression of either MYCN WT or 
MYCN T58/S62 protein mutated within the CPD domain. 
NVP-BEZ235 caused potent blockade of PI3K and mTOR 
pathways in both SHEP WT and SHEP T58/S62 cell 
lines (Figure 2A-2D). Therefore the variance in viability 
between SHEP WT and SHEP T58/S62 cells following 
treatment with NVP-BEZ235 is unlikely to be due to 
differential inhibition of PI3K/mTOR pathway activity.

Degradation of MYCN protein correlates with 
blockade of mTOR, not PI3K activity

We next sought to establish whether MYCN-
selective inhibition observed in cellular assays correlates 
with elimination of MYCN protein, and if so, which 
component of PI3K pathway blockade is required for 
efficacy. To establish a time- and concentration-dependent 
biomarker response in a native neuroblastoma cell line we 
treated Kelly (MYCN-amplified, high MYCN protein) cells 
with NVP-BEZ235 for 1, 3, 6 and 12 h. Treatment led to 
a rapid (3 h) and sustained (12 h) elimination of MYCN 
protein by NVP-BEZ235 and Torin1 accompanied by a 
decrease in phosphorylation of 4EBP1THR37/46 (regulated by 

mTORC1) and AKTSER473 (regulated by mTORC2) (Figure 
2E, 2F). Compared to NVP-BE235 and Torin1, there was 
no significant degradation of MYCN with ZSTK474 
treatment, despite evidence of PI3K pathway inhibition 
indicated by a decrease in AKTSER473 and GSK3βSER9 
phosphorylation (Figure 2G). We confirmed these 
observations in two other MYCN-amplified neuroblastoma 
cell lines, IMR5 and SKN-Be2C, which showed similar 
patterns in sensitivity and biomarker modulation with all 
three drug treatments (Figure 2H). Furthermore, we treated 
the Kelly cell line at 2, 5 and 10μM with ZSTK474, 
which at higher concentrations can be a weak inhibitor of 
mTOR [59], and observed destabilization of MYCN, but 
only where mTOR activity was modulated (as measured 
through inhibition of both 4EBP1THR37/46 and RPS6SER240/244 
(Figure 3A). Additionally, following cycloheximide 
treatment, the half-life of MYCN was shortened by NVP-
BEZ235 and Torin1 but not by ZSTK474 (Figure 3B). 
Taken together, these data imply that the ability of PI3K/
mTOR pathway inhibitors to eliminate MYCN protein 
correlates with effective targeting of both mTORC1 and 
mTORC2 activity. 

Blockade of mTOR stimulates proteasomal 
degradation of MYCN protein

We next assessed whether the ability of mTOR-
kinase inhibitors to eliminate MYCN exhibited 
evidence of dependence on the ubiquitin-ligase, 
proteasome degradation pathway. Treatment with the 
proteasome inhibitor MG132 resulted in accumulation of 
phosphorylated MYCN and reversed the ability of NVP-
BEZ235 to degrade MYCN protein (Figure 3C). NVP-
BEZ235 efficiently and rapidly eliminated exogenously 
expressed MYCN-WT protein in SHEP WT cells (Figure 
3D), an effect that was completely blocked by mutation 
of the CPD-domain T58 and S62 phosphorylation sites, 
despite evidence of excellent mTOR/PI3K pathway 
inhibition (Figure 3E). This suggests that the ability of 
PI3K/mTOR pathway inhibitors to eliminate MYCN is 
mediated by phosphorylation of the N-terminal FBW7 
target CPD domain, since mutation of phosphorylation 
sites within the CPD completely reverses the ability of 
these drugs to degrade MYCN (compare Figure 3D, 3E). 
We therefore concluded that the elimination of MYCN 
protein caused by mTOR/PI3K pathway blockade is at 
least in part mediated through phosphorylation of MYCN 
T58/S62 phospho-residues.

PI3K activity is not required for maintenance of 
cellular MYCN levels

Our results indicate that PI3K inhibitors with weak 
activity against mTOR fail to target MYCN protein, 
implying that activity of the PI3K complex may not 
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Figure 3: Inhibition of PI3K/mTOR signaling destabilizes MYCN. A. Depletion of MYCN following treatment with high 
concentrations of ZSTK474, as measured by western blot analysis of AKTSER473, GSK3βSER9, 4EPB1THR37/46, RPS6SER240/244 and MYCN. Kelly 
cells were treated with DMSO (V), DMSO and IGF1 (V+I) or with ZSTK474, at the indicated concentration. All treated cells were stimulated 
with IGF1 (50ng/ml) 30 minutes prior to harvesting. Total AKT, RPS6 and 4EPB1 were used as controls for each corresponding phospho-
specific antibody and GAPDH used as a loading control. B. Treatment of Kelly neuroblastoma cells with 1XGI50 concentration of NVP-
BEZ235, Torin1 or ZSTK474 shortens the half-life of MYCN. Kelly neuroblastoma cells were treated with DMSO, NVP-BEZ235, Torin1 
or ZSTK474 for 2 h before the addition of cycloheximide (5µM) for 1 h to block translation of MYCN. Total MYCN protein expression was 
assessed by western blotting, and GAPDH used as a loading control. C. Hyper-phosphorylation of T58/S62 phosphoresidues of MYCN is 
driven by PI3K/mTOR inhibition. Kelly neuroblastoma cells were treated with DMSO (V), DMSO and the proteasomal inhibitor MG-132, 
or with NVP-BEZ235 in the presence of MG132 for 3 h. Total, S62 and T58 pools of MYCN protein were assessed via western blot and 
GAPDH used as a loading control. D. Concentration dependent effects of NVP-BEZ235, Torin1 and ZSTK474 treatment on PI3K/mTOR 
pathway biomarkers AKTSER473, GSK3βSER9, 4EPB1THR37/46and MYCN stability in SHEP WT and (E) SHEP T58/S62 neuroblastoma cells. 
SHEP WT and SHEP T58/S62 cells were treated with DMSO (V), DMSO and IGF1 (V+I) or with NVP-BEZ235, Torin1 and ZSTK474 
for 3 h. All treated cells were stimulated with IGF1 (50ng/ml) 30 minutes prior to harvesting. Total AKT, GSK3β, and 4EPB1 were used as 
controls for each corresponding phospho-specific antibody and GAPDH was used as a loading control. 
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play a major role in stabilization of MYCN protein in 
neuroblastoma cells. To mechanistically address this 
possibility, we silenced p110α-PI3K expression in 
short- and long-term assays using siRNA and shRNA, 
respectively. Elimination of p110α activity blocked 
phosphorylation of AKT but failed to reduce cellular 
MYCN protein levels (Figure 4A, 4B) or alter cell 
proliferation (Figure 4C). In addition, the ability of 
NVP-BEZ235 to stimulate MYCN degradation in these 
cells (immunoblot Figure 4D, 4E) or their sensitivity to 
treatment with NVP-BEZ235 (GI50, as measured by 72 
h SRB cytotoxicity assay, Figure 4F) was not altered by 
p110α knockdown, whereas sensitivity to treatment with 

ZSTK474 was significantly (6-fold) reduced (Figure 4G). 
This implies that the ability of combined PI3K/mTOR 
inhibitors to degrade MYCN protein is not dependent on 
intact p110β function, and furthermore that maintenance 
of MYCN protein levels in these cells largely proceeds 
through mTOR-dependent mechanisms. 

Elimination of MYCN protein requires 
concurrent inhibition of mTORC1 and mTORC2

Although NVP-BEZ235 and Torin1, both ATP-
competitive and potent inhibitors of PI3K/mTOR and 

Figure 4: Role of the p110α-PI3K complex in MYCN stabilization. Knockdown of p110 alpha PI3K with siRNA does not 
modulate MYCN levels in Kelly MYCN-amplified cells. A. Kelly neuroblastoma cells were transiently transfected with 100nM non-
targeting (-Ve control) siRNA, or with 100nM of 2 single siRNA targeting P110α- PI3K. Cells were harvested 96 h post siRNA treatment 
and P110α- PI3K, AKTSER473 and MYCN protein levels were assessed via western blotting. B. Kelly neuroblastoma cells were stably 
transduced with control shRNA viral particles (Consh, left panel) or viral particles containing P110α- PI3K coding shRNA (Right panel) 
and PI3K-P110α, AKTSER473 and MYCN protein levels assessed via western blotting. C. Kelly neuroblastoma cells were stably transduced 
with control shRNA viral particles or viral particles containing P110α- PI3K coding shRNA and cell viability determined by SRB Kelly 
and Kelly CONSH shRNA neuroblastoma cell lines were used as controls. Values represent the averages of three independent assays. Error 
bars; standard deviation. D. Knockdown of p110α-PI3K does not affect MYCN destabilization induced by NVP-BEZ235 and Torin1. Kelly 
neuroblastoma cells were transiently transfected with P110 alpha PI3K targeting siRNA and at 3 h pre-harvest treated with NVP-BEZ235 
(500nM), Torin1(500nM) or ZSTK474 (2μM). Cells were harvested 96 h post siRNA treatment and P110α- PI3K, AKTSER473 and MYCN 
protein levels were assessed via western blotting. E. Western blot analysis of Kelly Consh and Kelly PI3K-P110α shRNA cell lines treated 
with NVP-BEZ235 for 3 h. F., G. GI50s as determined by trypan blue exclusion method in Kelly Consh and Kelly PI3K-P110α shRNA cell 
lines treated for 72 h with NVP-BEZ235 or ZSTK474. Mean GI50 and standard error from three independent assays are shown.
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mTORC1/mTORC2 respectively, most effectively targeted 
MYCN in our studies, incomplete (rapalogue) inhibitors 
of mTOR have been more commonly used in the clinical 
setting. To establish if incomplete inhibition of mTORC1 
alone could be effective in destabilizing MYCN we 
used rapamycin at a low concentration, known to block 
mTORC1 but not mTORC2 [60]. We were only able to 
observe MYCN degradation using rapamycin at 10-20µM, 
a concentration at which total blockade of both mTORC1 
(as measured by p4EBP1THR37/46) and mTORC2 (as 
measured by AKTSER473) occurs (Figure 5A). Similarly, the 
PI3K inhibitor ZSTK474 was only active against MYCN 
at high concentrations coinciding with inhibition of both 
mTORC1 (as measured by p4EBP1THR37/46 inhibition) and 
mTORC2 (as measured by AKTSER473 inhibition, Figure 
3A). Furthermore, transient suppression of mTOR using 
siRNAs to target mTORC1 (RAPTOR) or mTORC2 
(RICTOR) in Kelly cells partially reduced MYCN levels 
and targeting of mTOR kinase completely eliminated 
MYCN (Figure 5B, S2A-C), leading to rapid cell-

killing (Figure 5C). Taken together these data imply that 
mTOR kinase plays a prominent role in the maintenance 
of MYCN stability and that complete blockade of both 
mTORC1 and mTORC2 is required to efficiently stimulate 
degradation of MYCN.

The mTOR complex modulates GSK3β activity 
and regulates MYCN protein degradation

The beta isoform of glycogen synthase kinase 
(GSK3β) is a PI3K/mTOR pathway component and 
direct target of AKT that alters phosphorylation of 
MYC oncoproteins at the CPD. Phosphorylation of the 
CPD mediates complex formation between E3 ligases 
and MYC proteins, driving their degradation within the 
proteasome [61]. Activity of the mTORC2 (RICTOR/
mTOR) complex specifically stimulates AKTSER473 

phosphorylation [62]. High levels of mTORC2 activity 
lead to inactivation of GSK3β (preventing phosphorylation 
of MYCN and proteasomal degradation). In our hands, 

Figure 5: Role of mTOR and GSK3β in MYCN stabilization. Impact of mTOR, RAPTOR and RICTOR knockdown on Kelly 
neuroblastoma cell growth and MYCN degradation. A. Western blot analysis of AKTSER473, GSK3βSER9, 4EPB1THR37/46, RPS6SER240/244 and 
MYCN levels after rapamycin treatment. SHEP WT and SHEP T58/S62 neuroblastoma cells were treated for 3 h with DMSO (V), with 
DMSO and IGF1 (V+I) or with rapamycin. Total AKT, GSK3β, S6 and 4EPB1 antibodies were used as controls for each corresponding 
phospho-specific antibody and GAPDH was used as a loading control. B. Kelly neuroblastoma cells were transiently transfected with 75nM 
and 100nM of mTOR, RAPTOR, RICTOR or non-targeting (Ve) siRNA and mTOR, RAPTOR, RICTOR and MYCN levels examined 
by western blot. C. Cell viability was determined by SRB assay. D. GSK3β inhibition stabilizes MYCN. Kelly neuroblastoma cells were 
transiently transfected with either a non-targeting (-Ve) or GSK3β targeting siRNA and at 3 h pre-harvest treated with NVP-BEZ235 
(500nM) or Torin1 (500nM). Cells were harvested 96 h post siRNA treatment and GSK3β and MYCN protein levels assessed by western 
blot. E. Chemical inhibition of GSK3β in Kelly cells. Kelly cells were untreated (U), treated with DMSO (V), with DMSO and IGF1 
(V+I), with GSK3β inhibitor SB216763 (SB) or with the indicated concentration of NVP-BEZ235 or Torin1 in the presence of SB216763. 
GSK3βSER9, total GSK3β and MYCN protein levels were assessed by western blot. GAPDH was used as a loading control. See also Figure 
S2.
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the ability of PI3K/mTOR pathway inhibitors (including 
NVP-BEZ235 and Torin1) to efficiently target MYCN 
required intact GSK3β activity (Figures 2 and 3). To test 
this observation, we knocked-out GSK3β with siRNA. 
Suppression of GSK3β increased stable intracellular 
levels of MYCN (Figure S2D, E) and both genetic (Figure 
5D) and pharmacologic (Figure 5E) inhibition of GSK3β 
abrogated the ability of NVP-BEZ235, Torin1 (and other 
PI3K or mTOR inhibitors, data not shown) to degrade 
MYCN. These data establish that the mTOR complex, and 
mTORC2 in particular, plays a critical role in maintenance 
of cellular MYCN levels, requiring intact function of 
GSK3β, the activity of which appears to be rate-limiting 
for the ability of PI3K/mTOR inhibitors to stimulate 

MYCN degradation. 

In vivo inhibition of mTOR-kinase targets 
MYCN-driven tumors in animal models

A stringent test of whether MYCN destabilization is 
a viable therapeutic strategy for MYCN-driven cancers is 
to establish whether murine tumors genetically-engineered 
to overexpress MYCN, together with primary human 
neuroblastoma tissue amplified for MYCN, are targeted in 
vivo. We assessed whether ZSTK474 and NVP-BEZ235 
could inhibit tumor progression using a transgenic model 
of neuroblastoma (TH-MYCN), in which tumor formation 

Figure 6: PI3K/mTOR pathway inhibition restricts the growth of MYCN-driven transgenic tumors. Tumor-bearing 
animals transgenic for TH-MYCN were treated daily using oral gavage with 45mg/kg NVP-BEZ235 (n = 8), NVP-BEZ235 vehicle (n = 11), 
400mg/kg ZSTK474 (n = 11) or ZSTK474 vehicle (n = 8). A. Average weight (g) of resected tumors relative to vehicle for NVP-BEZ235 
(top panel) and ZSTK474 (lower panel). B. Kaplan-Meier 21 day survival curves for NVP-BEZ235 (top panel) or ZSTK474 (bottom 
panel). C. Representative T2-weighted MRI images and gross pathology of vehicle NVP-BEZ235 or ZSTK474 treated tumors at indicated 
times (arrow = tumor, K, kidney). D. Western blot analysis of tumors treated with NVP-BEZ235, ZSTK474 or respective vehicles. M1-
M6 indicates tumor samples from cohorts of 6 individual animals, treated with either NVP-BEZ235, ZSTK474 or their respective vehicle 
controls. E. Tumor pathology (Hematoxylin & Eosin) and immunochemical staining (cl. Casp. 3) for vehicle (left panels) and NVP-
BEZ235 treated (right panels) tumors. (White arrows = vascularization). See also Figure S3.
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is driven by tissue-specific overexpression of MYCN 
within murine neural crest [63]. Animals were treated for 
21 days with 45mg/kg/day NVP-BEZ235 or 400mg/kg 
ZSTK474 [59, 64]. Both treatments were well tolerated 
(Figure S3A-C). Intra-tumoral levels of NVP-BEZ235 
and ZSTK474 were verified by mass spectroscopy and the 
drugs were present in tumor tissue above concentrations 
required for inhibition of their respective targets (Figure 
S3D). Tumor mass response following necropsy (Figure 
6A) and extension of survival (Figure 6B) were assessed 
as trial endpoints, and tumor regression was monitored 
in vivo using serial magnetic resonance imaging (MRI) 
(Figure 6C). Importantly, NVP-BEZ235 induced complete 

responses (by RECIST criteria) in the majority of treated 
tumors, with volume and mass reduction >75% (Figure 
6A) translating to extension of survival (Figure 6B). 
Conversely, ZSTK474 lacked any anti-tumor activity 
(compare Figure 6A, 6B upper and lower panels) despite 
achieving intra-tumoral concentrations sufficient for 
inhibition of AKT phosphorylation (Figure 6D). In 
responding tumors, NVP-BEZ235 blocked both PI3K 
(AKTSER473/308) and mTOR signaling (RPS6SER240/244), 
resulting in almost complete elimination of MYCN protein 
(Figure 6D), and induction of apoptosis (cleavage of 
caspase 3) on immunoblot and by immunohistochemistry 
(Figure 6D, 6E). Interestingly, two mice in the NVP-

Figure 7: Schematic model of regulatory pathways involved in MYCN turnover. In neuronal precursor cells, MYCN is initially 
phosphorylated at serine 62 (S62) by cyclin-dependent kinase 1/CyclinB. This acts as a priming phosphorylation that permits binding of 
GSK3β, PIN1 and PP2A. Subsequently, active GSK3β phosphorylates MYCN at threonine 58 (T58), yielding doubly phosphorylated 
MYCN. In a MYCN driven cancer cell model, RTKs activate PI3K, and the downstream target AKT, localising it to the membrane 
and allowing phosphorylation and activation of AKT at threonine 308 (T308) by PDK1. Active AKT phosphorylates and inactivates 
GSK3β, blocking phosphorylation of MYCN therefore preventing proteasomal degradation. The mTORC1 complex (mTOR-raptor) also 
directly phosphorylates and inhibits PP2A, enabling the accumulation of S62 phosphorylated and active MYCN. In addition, the mTORC2 
complex (mTOR-RICTOR) phosphorylates and further activates AKT at serine 473 (S473). NVP-BEZ235 destabilizes MYCN by blocking 
activation of AKT (via inhibition of TORC1 and TORC2 complexes) and reactivating GSK3β, permitting phosphorylation of MYCN (T58) 
and initiating proteasomal degradation.
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BEZ235 treatment cohort experienced incomplete 
responses with partial tumor regression and progression, 
respectively (T2 and T4, Figure S3A, B), and in each 
case inhibition of PI3K (AKTSER473/308) and mTOR 
(RPS6SER240/244) was incomplete, with only partial reduction 
in MYCN levels (M2 and M4, Figure 6D). Consistent with 
the idea that complete blockade of mTOR is a requirement 
for therapeutic efficacy of PI3K/mTOR pathway inhibitors 
in the setting of MYCN-dependency, ZSTK474 exhibited 
little activity against mTOR signaling (RPS6SER240/244) and 
demonstrated no therapeutic benefit in this MYCN-driven 
model (Figure 6D). 

To further confirm the efficacy of NVP-BEZ235 
as a therapeutic for MYCN-amplified neuroblastoma in 
patients, we performed an in vivo preclinical trial using 
a primary xenograft model in which tumor tissue from 
a patient (SFNB-08) with high-grade, MYCN-amplified 
neuroblastoma was implanted orthotopically into the 
kidney capsule. Animals were treated with NVP-BEZ235 
or vehicle for 14 days at 45mg/kg. Measurement of both 
tumor volume and weight again showed a significant 
decrease in tumor burden in NVP-BEZ235-treated animals 
in comparison to vehicle (Figure S4A, B). Immunoblotting 
of tumor tissue confirmed that NVP-BEZ235 blocked 
PI3K (AKTSER473/308, GSK3βSER9) and mTOR signaling 
(RPS6SER240/244, 4EBP1THR37/46) coincident with down-
regulation of intra-tumoral MYCN protein (Figure S4C). 
In addition, Ki67 staining showed a significant reduction in 
cellular proliferation (Figure S4D). Taken together, these 
data illustrate the potency of the PI3K/mTOR inhibitor 
NVP-BEZ235 against two different MYCN-driven tumor 
models, establish that the mechanism of action relates to 
elimination of MYCN protein, and highlight the potential 
for treatment of MYCN-driven malignancies in children 
using clinically available inhibitors of mTOR. 

DISCUSSION

Oncogenic expression of MYC proteins is common 
in adult cancers and also occurs in neuroblastoma [1, 
2], medulloblastoma [8], rhabdomyosarcoma [7] and 
retinoblastoma [9], four common pediatric solid tumors 
that together account for a major fraction of death from 
relapsed cancer in children. In these conditions, aberrant 
expression of MYCN is associated with high-risk disease, 
poor clinical prognosis and death due to metastatic relapse 
(reviewed in [4]). The prominent role of MYC proteins 
in oncogenesis, and the fact that MYCN expression is 
restricted to tumor tissue in several pediatric malignancies 
with poor outcome, implies that MYCN is likely to be 
an important therapeutic target, presenting a unique 
opportunity for targeted molecular therapeutic intervention 
in pediatric cancer [4]. 

That particular cancers can be addicted to oncogenic 
signaling changes induced by aberrant MYC expression 
is well-established through the use of oncogene-regulated 

mouse models [63, 65-75]. In this setting, repetitive 
genetic inactivation of MYC causes regression of several 
malignancies without evidence of acquired genetic 
resistance, and with reversible toxicity to normal organs 
[5, 76-79]. Collectively, these data underpin the rationale 
for direct pharmacologic inhibition of MYC, however in 
practice this has been difficult. Given the prominent role 
of MYCN in the genesis of aggressive pediatric tumors, 
we sought to identify existing therapeutics that could be 
useful to target MYCN indirectly, using neuroblastoma as 
a paradigm of a pediatric tumor that exhibits both clinical 
and experimental evidence of dependence and addiction to 
MYCN overexpression. 

MYC-family proteins are oncogenically stabilized 
by altered phosphorylation within an n-terminal conserved 
phosphodegron domain (CPD). Binding to the CPD is a 
function of the ubiquitin ligases (FBW7, HUWE1) and 
is required for initiation of proteasomal degradation. 
Phosphorylation of conserved T58 and S62 residues 
within the CPD is regulated by CDK1 (a MAPK target), 
and by the PI3K/AKT-regulated targets GSK3β and 
mTOR, respectively (Figure 7). Based on knowledge of 
this mechanism, individual compounds which modulate 
GSK3β and target MYCN have been reported [13, 37, 80]. 
However, a comprehensive understanding of how PI3K/
mTOR inhibitors target MYC proteins and a rationale for 
the selection of compounds likely to be clinically active 
against MYC-driven cancers is lacking. Given that pan-
PI3K, dual PI3K/mTOR and TORC1/2 kinase inhibitors 
are progressing through early pediatric clinical evaluation, 
it is important to clearly define the patient population 
most likely to benefit from treatment and to prioritize 
inhibitors for clinical trials [52, 81]. To date, none of these 
compounds have been ranked for their potential to inhibit 
MYC/MYCN in pediatric cancers, although several drugs 
(rapamycin and the later generation rapalogue inhibitors 
temsirolimus and ridaforolimus) have been evaluated in 
the setting of relapsed solid tumors without a hypothesis 
relating to MYC or MYCN expression. 

A practical cell-based approach to rank compounds 
with the ability to destabilize MYC protein would provide 
a valuable roadmap to prioritize drugs for early phase 
trials. We therefore designed a chemical-genetic screen 
using isogenic (SHEP neuroblastoma) cells varying in 
expression of wild-type or CPD-mutated, stabilized 
MYCN, and we assessed selective sensitivity to treatment 
with a library of 228 drugs or chemical probes [82, 83]. 
No statistically significant difference in proliferation 
rate was observed between SHEP cells expressing wild-
type or stabilized MYCN in this screen, excluding the 
possibility that selective sensitivity related to changes in 
basal proliferation rate. However, we cannot discount the 
possibility that additional mechanisms associated with 
MYCN overexpression, and unrelated to stabilization 
of MYCN protein, could account for drug sensitivity in 
this screen. For example, MYC protein overexpression 
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has been linked to defects in apoptosis [84], altered DNA 
damage repair responses [85], changes in chromosomal 
stability [86] and cell metabolism [87]. Many of these 
factors are the likely basis for previously described 
synthetic lethal relationships associated with MYCN 
expression. Nevertheless, we were able to identify several 
classes of small molecule inhibitor that selectively target 
cells expressing MYCN protein, and as proof-of-principle 
we characterized one class of compound that demonstrated 
considerable efficacy in two independent pre-clinical 
models of MYCN-driven neuroblastoma. We illustrate the 
feasibility of this mechanistic and translational approach 
in identifying regulators of MYCN stability, focusing 
on PI3K/mTOR and mTOR inhibitors as an effective 
class and mitigating the risk of off-target effects by 
using multiple inhibitors across the pathway, as well as 
siRNA silencing of pathway components. We focus on 
NVP-BEZ235 as an example of a selective PI3K/mTOR 
inhibitor that is able to suppress MYCN protein and induce 
growth-inhibitory effects in MYCN expressing cells, 
although several candidate inhibitors are now in clinical 
evaluation. From our data, the most effective inhibitors 
induce total blockade of both mTORC1 and mTORC2, 
which appear to regulate downstream processes that are 
key in controlling MYCN protein levels and cellular 
dependency on MYCN expression. 

The basis for the relationship between MYCN 
expression and sensitivity to mTOR inhibition is unclear, 
but several possibilities are likely. In order to tolerate 
oncogenic overexpression of MYC, cancer cells must 
undergo a major remodeling of metabolic and translational 
pathways˗ both of which are regulated by mTOR [87]. 
Indeed, MYC has previously been shown to be involved 
in a feed-forward loop involving the translation machinery 
component eIF4F that links transcription and translation, 
regulating cell growth and protein synthesis [88, 89]. 
Uncoupling of this feed-forward loop via perturbations 
in expression of key proteins including those under the 
control of mTOR (such as 4EBP1) is a likely mechanism 
that fuels cancer cell growth and cellular addiction to 
MYC expression [16, 89-91]. Finally, neuroblastomas 
with high levels of MYCN expression exhibit defined 
metabolic deficiencies in glucose metabolism (Warburg 
physiology) and are polyamine-dependent under hypoxic 
conditions [92, 93]. MYC directly interacts with HIF-1 
linking altered cellular metabolism to tumorigenesis by 
regulating genes involved in the biogenesis of ribosomes, 
mitochondria, and regulation of glucose and glutamine 
metabolism [94, 95]. 

Advances in medicinal chemistry have delivered 
potent small-molecules to clinical use that have the ability 
to achieve effective in vivo blockade of major oncogenic 
signaling pathways through either direct targeting of 
oncoproteins or through synthetic lethal relationships 
exposed by oncogene expression [83]. The availability 
of multiple clinical inhibitors that target pathways of 

high relevance to cancer treatment mandates thorough 
mechanistic prioritization. Here we show that within the 
class of available inhibitors of PI3K/mTOR pathway, 
compounds that selectively block mTORC1/mTORC2, 
such as the combined PI3K/mTOR inhibitor NVP-
BEZ235, efficiently target MYCN protein stability and 
cause in vivo regression of neuroblastoma, a MYCN-
driven pediatric tumor. Selective inhibitors of PI3K do 
not exhibit this activity. This has important implications 
for planned trials of these compounds in pediatric cancer, 
since multiple PI3K, mTOR and dually targeted PI3K/
mTOR drugs are already in active clinical evaluation. 
The success of pediatric trials utilizing these agents will 
depend as much on careful selection of the appropriate 
agent as on the target patient population likely to benefit 
from treatment. 

MATERIALS AND METHODS

Cell lines and reagents

Kelly, SH-SY5Y, SHEP, SK-N-SH, IMR32, SKN-
Be2C, IMR5 and SK-N-AS human neuroblastoma cell 
lines were obtained from the University of California 
at San Francisco Cell Culture Facility (San Francisco, 
CA) and from the American Type Culture Collection 
(Manassas, VA). Cells were grown in DMEM or RPMI 
containing 10% fetal bovine serum (PAA “Gold”). In 
specified experiments, cells were serum starved in 0.2% 
FCS for 6 h before analysis and treated with recombinant 
human insulin-like growth factor-1 (IGF-1; Sigma) at 
50ng/mL for 30 min before harvesting. NVP-BEZ235 
(Novartis), Torin1 (Nathaniel Gray), staurosporine (Alexis 
Biochemicals), ZSTK474 (Alexis Biochemicals), GSK3β 
inhibitor (Calbiochem), TGX221 (Selleck chemicals), 
PIK90 (Selleck chemicals) and Rapamycin (Selleck 
chemicals) were all prepared as a 10mM stock solution in 
100% DMSO. Working solutions were prepared freshly by 
dilution in 100% DMSO prior addition to the cell media 
at a final concentration of 0.1% DMSO. SHEP cells were 
stably transfected with constructs wild-type or mutant 
for MYCN and appropriate clones were screened and 
selected essentially as described previously [37]. Cells 
were regularly screened for Mycoplasma using a PCR-
based assay (VenorGem, Minerva Biolabs).

In vitro proliferation and inhibitor treatment

Cells were seeded in triplicate wells of 96-well flat 
bottom culture plates (3-6 × 103 per well) and allowed 
to attach for 24 h to ensure exponential growth at the 
time of treatment. Cells were then incubated for 72 h in 
the presence of increasing concentrations of indicated 
inhibitors. Cell viability and median-effect concentration 
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affecting growth (GI50) was determined using the SRB 
(Sulforhodamine B colorimetric assay) and GI50 values 
were derived as described previously [96]. Apoptosis was 
assessed by caspase cleavage. The activities of caspase-3 
and -7 were measured by luminescence detection using 
the Caspase-Glo® 3/7 assay kit (Promega, Inc.). The assay 
provides a luminogenic caspase-3/7 substrate in a reagent 
that when added to cells results in cell lysis, followed 
by caspase cleavage of the substrate and generation of a 
luminescent signal produced by luciferase. The assay was 
performed according to the manufacturer’s instructions. 
The mean difference was calculated using Student’s 
t-test. Values were standardized to the maximal effect of
Staurosporine (2μM).

Kinase inhibitor screen

 SHEP WT and SHEP T58/S62 were seeded in 384-
well plates for 48 hours before treatment with 40, 200 and 
1000nM of 228 kinase inhibitors and chemical probes for 
96 hours [82, 97-99]. Cell viability was determined using 
CellTiter-blue reagent (Promega, Inc.). The Z-factor was 
>0.5 for all plates analyzed. The data was plotted as a ratio
of SHEP T58/S62:SHEP WT.

Immunoblotting

 Inhibitor-treated cells were lysed and suspended in 
non-denaturing lysis buffer (Cell Signaling Technology, 
Danvers, MA) containing 1x concentrate protease and 
phosphatase inhibitor cocktail tablets (Roche, Lewes, UK). 
Samples were transferred to polyvinylidene difluoride 
membranes, which were incubated in a blocking buffer 
(5% dried milk in TBS or 3% ECL advance blocking 
reagent) and probed with primary antibody in blocking 
buffer overnight at 4°C. Proteins were detected with HRP 
conjugated secondary antibody (DAKO) and visualized 
with enhanced chemiluminescence reagents (GE 
Healthcare). Antibodies used were as follows: Rabbit anti 
MYCN polyclonal antibody (Santa Cruz Biotechnology, 
Santa Cruz, CA), mouse anti MYCN monoclonal antibody 
(Calbiochem, Merck KGaA, Darmstadt, Germany), rabbit 
anti-phospho MYCN (S54) polyclonal antibody (Bethyl 
Labs, Montgomery, TX), rabbit anti-phospho c-Myc (T58/
S62) polyclonal antibody (Cell Signaling Technologies, 
Danvers, MA), Rabbit and mouse antibodies specific 
for total and phosphorylated forms from CST: AKT 
(#2965, #9267, #4058, #9272, #9271, #4056), ribosomal 
protein S6 (#2317, #2211), P70S6K (#9204, #2708), 
4EBP1 (#9644, #9459), GSK3β (#9323, #9315), cleaved 
caspase-3 (#9664), Raptor (#2280), Rictor (#2114), 
mTOR (#2983) and GAPDH (#2118). Phosphorylation 
of AKTSER473, GSKSER9, RPS6SER240/244 and P70S6KSER421/424 
was also determined using an electrochemiluminescent 
immunoassay (MesoScale Discovery) as described 

previously [44].

Transfection of Kelly neuroblastoma cells with 
siRNA

 MYCN, GSK3β, mTOR, RAPTOR or RICTOR 
single or SMARTpool siRNA (Dharmacon) and PI3K-
P110α single siRNA (Ambion) was introduced into the 
cells by complex formation with Lipofectamine 2000 lipid 
transfection reagent (Invitrogen) according to transfection 
recommendations of the manufacturer. Lentiviral 
packaging vectors pMD2.G (3µg), pMDLg/pRRE (5µg), 
pRSV-REV (2.5µg) (Addgene) and the MYCN shRNA 
vector (10µg, TRCN0000020696, Sigma-Aldrich, UK) or 
control shRNA vector (10µg, SHC002 Sigma-Aldrich), 
also in complex with lipofectamine, were transfected into 
the HEK293T packaging cell line seeded in T75cm2 tissue 
culture flasks. Twenty-four hours after transfection, the 
culture media were replaced by fresh media corresponding 
to the cell line being transduced. After another 24 h of 
incubation, the lentiviral particle containing media were 
clarified by centrifugation and passed through a Millex 
HV 0.45 μm PVDF filter (Millipore, Bedford, MA, USA). 
The viral titre was calculated using the HIV p24 ELISA 
(Cambridge Biosciences) and viral aliquots stored at 
-80oC. KELLY, SHEP WT and SHEP T58/S62 cells were
transduced with lentivirus at a calculated multiplicity
of infection (MOI) of 10 (assuming 50% packaging
efficiency) in the presence of polybrene (4µg/ml). The
following day the virus-containing media were replaced
with normal growth media and 24 h later, knock down
cells were selected using puromycin (5µg/ml continuous
treatment for at least 1 week).

In vivo transgenic experiments

Transgenic TH-MYCN animals with palpable tumors 
(40-80 days old) were randomized and treated with 45mg/
kg NVP-BEZ235, 400mg/kg ZSTK474, or vehicle. NVP-
BEZ235 and ZSTK474 were administered via oral gavage. 
To assess the pharmacokinetic and pharmacodynamic 
profiles of NVP-BEZ235, plasma and tumor samples 
were harvested at 1 hour and 6 hours following dosing. 
Mice were bled by cardiac puncture, and plasma samples 
were collected and frozen at −20°C until analysis. Tumors 
were dissected, divided into 3 approximately equal 
pieces, and snap frozen in liquid nitrogen until analysis. 
For pharmacodynamic studies, tumors were homogenized 
using T-PER buffer™ (Thermo Scientific), 1x concentrates 
protease and phosphatase inhibitor cocktail tablets (Roche, 
Lewes, UK). Protein content was measured using Bradford 
reagent and samples were analyzed using immunoblotting 
as described previously. MRI was performed on a 7T 
Bruker horizontal bore microimaging system (Bruker 
Instruments, Ettlingen, Germany) using a 3cm birdcage 
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coil. Anatomical T2-weighted coronal images were 
acquired from twenty contiguous 1mm thick slices 
through the mouse abdomen, from which tumor volumes 
were determined using segmentation from regions of 
interest drawn on each tumor-containing slice At necropsy, 
tumors were excised, measured, weighed, and snap frozen. 
Significance analysis was performed using the Student’s 
t test. Mice were monitored daily and tumor size was 
palpated and animal weight measured daily. Animals 
were treated in accordance with local and national animal 
welfare guidelines [100].  

In vivo orthotopic experiments

A human MYCN-amplified primary tumor 
designated SFNB-08 was obtained from a patient with 
high-grade neuroblastoma, previously treated with 
cyclophosphamide, topotecan, cisplatin, etoposide, 
doxorubicin, and vincristine. Tumor pieces (4mm3) were 
implanted into the kidney capsule of nude mice. After 
7 days, mice were treated with either vehicle PEG300 
control or NVP-BEZ235 (45mg/kg in PEG300) daily 
for 14 days. Tumors were collected on the last day of 
treatment, weight and volume (as measured by digital 
caliper) were recorded and tissues taken for histopathology 
and western blotting

Drug measurements

Concentrations of NVP-BEZ235 in biological 
samples were determined using liquid chromatography/ 
mass spectrometry (LC-MS). Drug was extracted using 
3-4 vol methanol containing 500ng/ml Olomoucin used
as internal standard. Chromatography carried out on
a Kinetics C18 column (5.0 cm × 2.1 mm ID, 2.6-μm
particle size; Phenomenex) using a 1290 LC system with a
gradient mobile phase of 0.1% formic acid/methanol at 0.6
mL/min over 10 minutes. Detection was by LC-MS using
a Agilent 6410triple quadropole in which the analyte was
ionized by electrospray interface in positive mode (gas
temperature 300 flow 12 l/min, nebulizer 40psi, capillary
voltage 4000V.The following transition were monitored
[M + H]+472.2 to 454.2 at 50V collision energy for NVP-
BEZ235and [M + H]+ 299.1 to 177.1 at 30V collision
energy for Olomoucin. The assay was linear in the range
of 10-5000 nM.

Statistical analyses

We analyzed quantitative results either by one-
way analysis of variance (multiple groups) or t test (two 
groups). We carried out survival analysis using Kaplan-
Meier log-rank test. We considered a difference with P < 
0.05 (two-sided) statistically significant.
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AbstrAct
The Notch/CSL pathway plays an important role in skin homeostasis and 

carcinogenesis. CSL, the key effector of canonical Notch signaling endowed with an 
intrinsic transcription repressive function, suppresses stromal fibroblast senescence 
and Cancer Associated Fibroblast (CAF) activation through direct down-modulation 
of key effector genes. Interacting proteins that participate with CSL in this context 
are as yet to be identified. We report here that Programmed Cell Death 4 (PDCD4), a 
nuclear/cytoplasmic shuttling protein with multiple functions, associates with CSL and 
plays a similar role in suppressing dermal fibroblast senescence and CAF activation. 
Like CSL, PDCD4 is down-regulated in stromal fibroblasts of premalignant skin actinic 
keratosis (AKs) lesions and squamous cell carcinoma (SCC). While devoid of intrinsic 
DNA binding capability, PDCD4 is present at CSL binding sites of CAF marker genes as 
well as canonical Notch/CSL targets and suppresses expression of these genes in a 
fibroblast-specific manner. Thus, we propose that PDCD4 is part of the CSL repressive 
complex involved in negative control of stromal fibroblasts conversion into CAFs.

INtrODUctION

Notch/CSL signaling is an important form of cell-
cell communication with an established pro-differentiation 
and tumor suppressing function in the epidermal 
compartment of the skin [1]. This pathway plays also an 
important role in the dermal compartment. In particular, 
deletion or silencing of the CSL gene in dermal fibroblasts, 
of both mouse and human origin, results in activation 
of a CAF phenotype, with expression of mitogenic and 
pro-inflammatory cytokines and in vivo induction of 
keratinocyte tumor formation [2]. More recent work has 
shown that loss of CSL signaling in dermal fibroblasts 
results also in impaired proliferation and senescence, 
providing a molecular underpinning to previous findings 
that senescence of stromal cells and activation of a CAF 
phenotype are closely associated events [3]. 

CSL is the key mediator of canonical Notch 
activation at the level of transcription [4]. Under basal 
conditions, CSL functions as a repressor of transcription 
in association with co-repressors like nCor1/nCor2, 
SMART, histone deacetylase (HDACs) and Skip. Nuclear 

translocation and physical binding of the activated 
Notch intracellular domain (NICD) converts CSL from a 
transcription repressor to an activator, replacing associated 
co-repressors with co-activators like Mastermind-like 
(MAML) proteins and histone acetylases (HATs) [5]. 
Components of these classical CSL co-repressor and 
co-activator complexes have been extensively studied at 
both functional and ultra-structural/molecular levels [6]. 
Another CSL-interacting protein called RBPj-interacting 
and tubulin associated (RITA) has also been identified 
that act as a negative modulator of Notch/CSL signaling 
through a different mechanism, i.e. promoting CSL export 
from the nucleus [7]. Additional CSL-interacting proteins 
are likely to exist, which may play an important role in 
both canonical and non-canonical Notch signaling and 
other cell type-specific CSL functions. 

PDCD4 is known as a pro-apoptotic and tumor-
suppressing gene [8, 9]. Over-expression of PDCD4 
inhibits tumor growth and metastasis [10], whereas 
PDCD4 knockout mice develop spontaneous tumors 
(lymphomas) [11]. Biochemically, PDCD4 can function 
as an inhibitor of mRNA translation of specific target 

Priority Research Paper

doi: 10.18632/oncotarget.11227

http://www.impactjournals.com/oncotarget/index.php?journal=oncotarget&page=article&op=view&path%5B%5D=11227&path%5B%5D=35539


Oncotarget    482www.impactjournals.com/oncotarget

genes by interacting with the eukaryotic initiation 
factor 4A (eIF4A) and suppressing its function [12]. In 
this context, mucin 1 (MUC1), an oncoprotein that is 
aberrantly expressed in human cancers, is a translational 
target of PDCD4 [13], suggesting that PDCD4 acts as a 
tumor suppressor by inhibiting oncoprotein translation. 
However, PDCD4 can also affect gene transcription. For 
instance, it has been reported to modulate c-Jun activity 
by interacting and blocking its phosphorylation, thus 
inhibiting AP-1 dependent transcription [14]. PDCD4 can 
also interact directly with the transcription factor Twist1, 
a key regulator of CAFs [15], interfering with its DNA 
binding [16]. PDCD4 mRNA is down-regulated by miR-
21, and miR-21-mediated PDCD4 suppression is required 
for the survival of Notch-driven T-cell leukemia [17]. Of 
relevance for the present study, PDCD4 down-regulation 
by TGF-β-induced miR-21 induction was also implicated 
in up-regulation of the CAF marker αSMA through as yet 
unidentified mechanisms in differentiating myofibroblasts 
[18]. 

We report here that PDCD4 is a novel CSL 
interactor of functional relevance in human dermal 
fibroblasts (HDFs). Silencing of PDCD4 in these cells 
reproduces the effects of loss of CSL, leading to induction 

of cellular senescence and conversion into CAFs with 
tumor enhancing properties. While devoid of intrinsic 
DNA binding activity, PDCD4 is found at the promoter 
regions of Notch/CSL target genes and controls expression 
of these genes in a fibroblast-specific manner. Overall, 
the findings indicate that PDCD4 is part of the CSL 
repressive complex involved in negative control of stromal 
fibroblasts to CAF conversion.

rEsULts

Endogenous interaction of PDcD4 with csL

Screening of a yeast two-hybrid cDNA library with 
a CSL bait pointed to PDCD4 as a potential interactor. No 
direct binding was detected after over-expression of the 
two proteins in an exogenous system. However, a weak 
but consistent association between endogenous PDCD4 
and CSL was found by co-immunoprecipitation assays 
with nuclear extracts derived from HDFs (Figure 1A). 
For independent confirmation, we performed proximity 
ligation assays (PLA) for detection and localization of 
protein-protein interactions. Positive punctate signals 

Figure 1: Endogenous PDcD4/csL association and co-localization. A. Nuclear extracts from early passage HDFs were analyzed 
by immune-precipitation (IP) with anti-PDCD4 antibodies or non-immune IgGs followed by immunoblotting with antibodies against CSL 
or PDCD4 as indicated. Shown are the results of two different experiments with HDF strains of independent origin. b. Proximity ligation 
assay (PLA) were used for in situ detection of CSL-PDCD4 association in HDFs. Red fluorescence foci (PLA signals) represent the 
interaction between CSL and PDCD4, and were analyzed by confocal microscopy with DAPI staining of nuclei (blue). The specificity of 
CSL-PDCD4 PLA signals was confirmed by the significant reduction of PLA signal in HDFs with siRNA-mediated CSL gene silencing. 
Shown are representative PLA images and the average number of dots per nucleus in HDFs plus/minus siRNA-mediated CSL gene 
silencing. PLA dots were counted from at least 30 cells in four fields. *p < 0.001, two-tailed t-test. c. Double immunofluorescence analysis 
of HDFs with anti-CSL (green) and anti-PDCD4 (red) antibodies and DAPI for nuclear DNA staining (blue). Images are representative of 
three independent experiments with two different strains of HDFs. Bar, 10μm.



Oncotarget    483www.impactjournals.com/oncotarget

resulting from the close juxtaposition of the antibodies 
were found in HDFs, with > 6 folds reduction in HDFs 
with CSL gene silencing as control of specificity (Figure 
1B). Nuclear co-localization of the two proteins was also 
observed by double immunofluorescence analysis of 
HDFs (Figure 1C). 

PDcD4 gene silencing reproduces the effects of 
csL loss in induction of cAF markers and Notch 
target genes

CSL gene silencing in HDFs leads to premature 
senescence together with acquisition of a CAF phenotype 
[3]. Similarly, PDCD4 gene silencing triggered cellular 
senescence, as assessed by reduced clonogenecity (Figure 
2A) and increased Senescence Associate β-galactosidase 
(SA β-gal) (Figure 2B), and resulted in the concomitant 
induction of senescence- and CAF-determinant genes 
(Figure 2C and 2D).

In parallel with the increase of senescence- and 
CAF-determinant gene expression, down-modulation of 
PDCD4 expression in HDFs resulted in induction of the 
“canonical” Notch/CSL targets HES1 and HEY1 (Figure 
2E), indicating that PDCD4 functions also as a negative 
co-regulator of these genes. Interestingly, up-regulation 
of these genes by both CSL and PDCD4 gene silencing 
was observed in HDFs and osteosarcoma (fibroblast-like) 
cell line Saos-2 cells, but not human primary keratinocytes 
(HKCs) or HeLa cells (Figure 2F). Only genes to which 
CSL is constitutively bound are induced when CSL levels 
decrease and differential binding of CSL to target genes 
can depend, among other things, on its expression levels, 
which can vary among cell types. Consistent with this 
possibility, immunoblot analysis showed consistently 
higher levels of CSL expression in multiple HDF strains 
and Saos-2 cells than in HKCs and HeLa cells, with an 
opposite pattern of PDCD4 expression (Figure 2G and 
2H).

Figure 2: PDCD4 as negative regulator of dermal fibroblast senescence and CAF activation. A. Clonogenecity assays. 
HDFs were infected with two shRNA PDCD4-silencing lentiviruses in parallel with empty vector control, followed by selection with 
puromycin for 48hrs, then plated under low density conditions on triplicated dishes (1000 cells per 60mm dish). Colony formation was 
measured by crystal violet staining after 14 days. b. Senescence Associated β-galactosidase activity (SA β-gal)  assay. HDFs infected with 
the PDCD4-silencing and control lentiviruses as in the previous panel were stained with SA β-gal at 7 days after infection. Representative 
images (left panel) and quantification of positive SA β-gal staining in ~100 cells (right panel) are shown. c. Parallel cultures of cells as in 
the previous panel were analyzed for expression of PDCD4 gene silencing and expression of the senescence-determinant CDKN1A gene by 
RT-PCR. D., E. HDFs were transfected with two different PDCD4-silencing siRNAs in parallel with scrambled siRNA control, followed, 
72hrs after transfection, by analysis of expression of the indicated genes by real time RT-PCR. Insert: Immunoblot analysis of HDFs plus/
minus siRNA-mediated silencing of PDCD4. F. HDFs, Saos-2 cells, human primary keratinocytes (HKCs) and HeLa cells were transfected 
with siRNAs for silencing of the CSL or PDCD4 genes in parallel with scrambled siRNA controls, followed by determination of  HES1 
expression by real time RT-PCR. G., H. Immunoblot analysis of CSL and PDCD4 expression in several HDF and HKC strains and Saos-2 
and HeLa cells as indicated, with tubulin as equal loading control.
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PDcD4 is a part of the csL repressive complex in 
controlling gene transcription

CSL has an intrinsic transcription repressive function 
and the expression of target genes to which it binds with 
high affinity is induced when levels of CSL decrease [19, 
20]. PDCD4 is devoid of intrinsic DNA binding activity. 
However, an attractive possibility is that PDCD4 may 
associate with CSL at specific target genes and affect their 
expression. Chromatin immunoprecipitation (ChIP) assay 
showed the binding of PDCD4 to the promoter regions of 
CAF genes, such as PTGS2 and IL6, at the same sites as 
CSL binds and also to the promoter region of canonical 
Notch target HES1 (Figure 3A). PDCD4 association to 
CSL binding region of HES1 was also found in Saos-2 
cells (Figure 3B). Importantly, we found that PDCD4 
binding to these genes was lost in CSL-silenced HDFs, 
indicating that it is CSL-dependent (Figure 3C). 

To further probe into the function of PDCD4, we 
assessed the consequences of its down-modulation on 
binding of CSL to its target genes. PDCD4 silencing did 
not change the binding of CSL to the promoter regions of 
IL6 and HES1 (Figure 3D), but resulted in increased levels 

of H3K27ac, a mark of activated chromatin (Figure 3E), 
consistent with PDCD4 being part of the CSL transcription 
repressive complex. 

In vivo role of PDcD4 in cAF activation

To assess whether the above findings are of in vivo 
significance, we started by assessing the level of PDCD4 
expression in stromal fibroblasts in premalignant or 
malignant lesions. Laser capture microdissection (LCM) 
analysis showed that PDCD4 was down-regulated in 
stromal fibroblasts underlying premalignant skin actinic 
keratosis (AKs) lesions relative to fibroblasts of adjacent 
unaffected skin (Figure 4A), and in stromal cells of in situ 
SCC relative to those of normal individuals (Figure 4B). 

A key feature of CAFs is their ability to enhance 
proliferation of neighboring cancer cells. Accordingly, 
HDFs plus/minus PDCD4 gene silencing were tested by 
intradermal tumorigenicity assays with a keratinocyte-
derived SCC cell line (SCC13). Tumor growth was 
enhanced when SCC13 cells were injected into mouse 
back skin with HDFs with PDCD4 gene silencing 
(Figure 5A). Tumors formed in the presence of HDFs 

Figure 3: Convergent binding of PDCD4 and CSL to common target genes. A. HDFs were assayed by ChIP with anti-CSL 
and PDCD4 antibodies in parallel with non-immune IgGs followed by real-time PCR of the indicated promoter regions of the PTGS2, 
IL6, and HES1 gene to which CSL was previously shown to bind [3]. Similar results were obtained in a second independent experiment 
(Supplementary Figure 1). b. Similar ChIP assays were performed with Saos-2 cells followed by PCR amplification of the indicated regions 
of the HES1 promoter. c. HDFs plus/minus shRNA-mediated CSL gene silencing were analyzed by ChIP with anti-PDCD4 antibodies in 
parallel with non-immune IgGs, followed by PCR of the indicated promoter regions of the HES1 and IL6 genes. D., E. HDFs plus/minus 
siRNA-mediated PDCD4 gene silencing were analyzed, 72hrs after siRNA transfection, by ChIP with anti-CSL (D) or anti-H3K27Ac (E) 
antibodies in parallel with non-immune IgGs followed by PCR of the indicated promoter regions of the HES1 and IL6 genes.
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with PDCD4 knockdown had higher cellularity and 
Ki67 proliferative index than with controls (Figure 5B). 
The same combination of cells was tested by alternative 
tumorigenicity assay based on injection into mouse ears. 
Histological analysis revealed that SCC13 cells forms 
tumors with higher cellularity when admixed with HDFs 
with PDCD4 knockdown, whereas tumors formed with 
control HDFs showed large empty or necrotic areas 
associated with the terminal differentiation cornification 
process (Figure 5C). In addition, greater positivity of the 
Ki67 proliferative index as well as the p63 proliferative 
marker was found in lesions formed with HDFs with 
PDCD4 silencing, while expression of the involucrin 
and loricrin differentiation marker was less (Figure 6A, 
6B and Supplementary Figure 2A), showing tumors 
formed with HDFs with PDCD4 silencing contain more 
undifferentiated tumor cells. Furthermore, expression of 
key CAF markers, such as αSMA, periostin, and tenascin 
C, was increased in tumors with HDFs with PDCD4 
silencing (Figure 6C and Supplementary Figure 2B). 

Thus, PDCD4 exerts a significant in vivo function 
in suppression of CAF activation, which parallels that of 
CSL.

DIscUssION

The CSL protein functions as a transcription 
regulator in concert with various co-repressors or co-
activators [5]. Besides the CSL associated proteins 
involved in canonical Notch-dependent control of 
transcription, there are others with distinct or separate 
functions. For instance, the CSL-interacting protein 
DDX5 plays a more peripheral role enhancing formation 
of the CSL co-activator complex [21, 22], while the 
pancreas-specific transcription factor 1 (Ptf1) interacts 
and functions together with CSL independently of 
Notch signaling [23]. The present findings indicate that 
PDCD4 is also connected with CSL function, in a cell 
type specific manner impinging on negative control of 
stromal fibroblasts to CAF activation. Interestingly, no 
direct binding was detected after over-expression of the 
two proteins in a heterologous system, which suggests 
that their interaction requires other intermediate proteins. 
However, the molecular mechanism by which PDCD4 
controls CSL repressive complex formation needs further 
investigation. SIRT1 and LSD1 proteins were recently 
found as a co-repressor component of CSL/Notch target 
genes with histone modifying activity [24] and it will be 
very interesting to assess whether PDCD4 is part of this 
new complex.

Figure 4: PDCD4 expression is down-regulated in stromal fibroblasts of premalignant and malignant keratinocitic 
lesions. A. Laser Capture Microdissection (LCM) and RT-qPCR analysis of PDCD4 expression in stromal cells underlying actinic keratosis 
(AK) and surrounding normal skin (NS) from the same patients, using β-actin normalization. The same samples were previously analyzed 
for CSL expression, ruling out leukocyte and endothelial cell contamination by RT-qPCR of corresponding markers [3]. n = 3, Two-tailed 
paired t-test. b. LCM and RT-PCR analysis of PDCD4 expression in stromal fibroblasts, identified by PDGFRα  immunofluorescence, of 
in situ SCC lesions versus normal skin from other individuals; mean +/-s.e.m. two-tailed unpaired t-test.
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Figure 5: PDCD4 depleted fibroblasts enhance tumorigenic behavior of keratinocyte-derived SCC cells. A. Weakly 
tumorigenic SCC13 cells were admixed with dermal fibroblasts freshly infected with a PDCD4 gene silencing lentivirus versus empty 
vector control (as in Figure 1) followed by intradermal injections into NOD/SCID mice. Mice were sacrificed at 3 weeks after injection and 
tumor volume was calculated using the formula V = (X2 x Y)/2. (X is the width and Y is the length of the tumor.) b. Tumors from the previous 
experiment were processed for histological examination and H&E staining (top panel) and immunofluorescence with antibody against the 
Ki67 proliferation marker with DAPI for nuclear staining (lower panel). Shown are representative images as well as a quantification of 
Ki67 positive nuclei using Image J. * p< 0.05, two-tailed t-test ,100μm. c. SCC13 cells were admixed with HDFs plus/minus PDCD4 gene 
silencing, as in the previous experiment, followed by parallel injections into mouse ears. At 3 weeks after injection, mice were sacrificed 
and ear lesions were processed for H&E staining. Bar, 400μm.
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Cancer-associated fibroblasts (CAFs) are well 
known to support tumor growth by secreting growth 
factors/cytokines [25, 26] and also by providing energy-
rich metabolites [27]. Many signaling pathways and 
transcription factors have been implicated in control 
of CAF gene expression [28], However, surprisingly 
little is known of the transcriptional changes involved 
in the early transition of normal fibroblasts into CAFs. 
Stromal alterations associated with cellular senescence 
and tissue aging can play an important role in the early 
stages of epithelial cancer development, with subsequent 
changes leading to cancer/stromal cell expansion [29]. 
Compromised Notch/CSL function is key at these 
early stages, leading to the concomitant induction of 
stromal fibroblast senescence and production of the 

“senescence messanging secretome” (SMS), a battery 
of tumor promoting cytokines, growth factors and 
matrix remodeling proteins that are a trademark of fully 
established CAFs [3]. Concurring with these findings, 
CSL is less expressed in stromal cells adjacent to skin 
premalignant lesions like actinic keratosis (AK) and in situ 
SCC relative to those of unaffected skin [3]. In parallel 
with CSL, we have shown here that PDCD4 expression is 
also decreased in stromal fibroblasts of these early lesions. 
Like with CSL, we have found that silencing of PDCD4 
was sufficient to induced fibroblast senescence and SMS 
production and, importantly, enhance squamous cell tumor 
formation. While PDCD4 has been extensively studied in 
cancer cells and tissues [9], there are very limited studies 
on PDCD4 functions in stromal cells, specifically one 

Figure 6: Dermal fibroblasts with PDCD4 gene silencing promote formation of SCC with higher proliferative index 
and suppressed differentiation. A. Immunofluorescence of ear lesions formed by SCC13 cells with HDFs plus/minus shRNA-
mediated silencing of PDCD4 with antibodies against Ki67 and Vimentin (upper panels) or Involucrin and p63 (lower panels). Shown are 
representative images as well as a quantification of Ki67, p63, and involucrin staining. Percentages of Ki67 positive nuclei in Vimentin 
negative SCC cells were quantified by Adobe Photoshop software using Lasso tool in three different fields from 3 ear pairs. p63 positive 
nuclei over total nuclei were quantified using Image J. * < 0.05, ** < 0.005, two-tailed t-test. Bar, 100μm. b. Immunofluorescence analysis 
of ear lesions formed by SCC13 cells with HDFs plus/minus shRNA-mediated silencing of PDCD4 with antibodies against Loricrin with 
DAPI for nuclear staining. Positive areas relative to entire lesion size (expressed as %) were quantified using Image J software. * < 0.05, two-
tailed t-test, Bar, 100μm. c. Immunofluorescence analysis of ear lesions formed by SCC13 cells with HDFs plus/minus shRNA-mediated 
silencing of PDCD4 with antibodies against Periostin (POSTN), Tenascin C (TNC), and α-Smooth muscle actin (ACTA2)with DAPI for 
nuclear staining. Shown are representative images as well as quantification of positive areas relative to entire lesion size (expressed as %) 
in 3 different fields from 3 ear pairs using Image J software. * < 0.05, two-tailed t-test, Bar, 100μm.



Oncotarget    488www.impactjournals.com/oncotarget

implicating it in negative regulation of αSMA through 
unspecified mechanisms [18]. Besides associating 
with CSL, we have shown here that PDCD4 controls 
transcription of CAF effector genes as well as canonical 
Notch target genes in a fibroblast-specific manner with 
potentially important implications also for other systems 
in which stromal alterations are involved in control of 
epithelial cancer.

MAtErIALs AND MEtHODs

cells and viruses

HDFs and HKCs were obtained and cultured 
as previously described [2, 30]. Human skin samples 
for primary cell preparation were obtained from 
abdominoplasty procedures at Massachusetts General 
Hospital (MGH 2008-P-001742/2, Boston, Massachusetts, 
USA). Saos-2 and HeLa cell lines were purchased from 
the American Type Culture Collection (ATCC) and 
cultured in DMEM with 10% FBS. Human skin SCC13 
cells were originally reported in [31] and cultured in 
serum-free keratinocyte SFM medium. 

The lentiviral vectors encoding shRNA against 
PDCD4 (TRCN0000059081 and TRCN0000059078) 
were purchased from Openbiosystem. Lentiviruses 
were produced by cotransfection of HEK293 cells 
(Lipofectamine 2000, Invitrogen) with pLKO.1-shPDCD4 
and lentiviral package plasmids.

Co-immunoprecipitations and western blotting

Nuclear extracts were prepared using NE-PER 
nuclear and cytoplasmic extraction kit (Thermo Scientific) 
according to manufacturer’s instruction. 200 μg of nuclear 
fraction were incubated overnight at 4°C with PDCD4 
antibodies (Cell Signaling Technology) or control non-
immune IgGs. Dynabeads Protein G were incubated with 
the antigen-antibody complex for 4 hours at 4°C. Beads 
were washed three times with NP-40 buffer (20 mM Tris-
HCl buffer, pH 8 containing 150 mM NaCl, 1 % NP-40, 
1 % glycerol, and 2mM EDTA) and eluted in 50 ul of 2x 
SDS sample buffer at 95°C for 5 minutes and analysed by 
gel electrophoresis and immunoblotting.

For western blotting, cells were lysed using 
RIPA buffer (50mM Tris-HCl (pH 7.5), 150mM NaCl, 
1% NP-40, 0.5% sodium deoxycholate, 1mM EDTA) 
with protease inhibitor cocktail (Roche). Proteins were 
separated on NuPAGE 4-12 % Bis-Tris gels (Invitrogen) 
and transferred to a nitrocellulose membrane (Invitrogen). 
Antibodies specific to PDCD4 (Cell Signaling 
Technology), CSL (Cell Signaling Technology), and 
γ-tubulin (Sigma) were commercially obtained.

Immunofluorescence and proximity ligation assay

 Cells were fixed with 4% formaldehyde and 
permeabilized in 0.1% Triton X-100. After blocking with 
5% donkey serum in PBS, cells were incubated with 
primary antibody solution containing mouse monoclonal 
PDCD4 antibody (Santa Cruz Biotechnology) and rabbit 
monoclonal CSL antibody (Cell Signaling Technology). 
After washing, cells were incubated with goat anti-rabbit 
Alexa Fluor 488 and donkey anti-mouse Alexa Fluor 598 
antibodies (Invitrogen), then mounted with Vectashield 
mounting medium with DAPI (Vector Laboratories).

Proximity ligation assay was performed using 
Duolink PLA kit (Sigma) according to manufacturer’s 
protocol. Briefly, cells were fixed with 4% formaldehyde 
and permeabilized in 0.1% Triton X-100. After blocking 
with PLA blocking solution, cells were incubated with 
primary antibody solution containing PDCD4 and CSL 
antibodies. After washing with PLA wash buffer, cells 
were incubated with PLA probes, anti-rabbit PLUS, anti-
mouse MINUS, then washed, ligated, amplified by rolling 
circle amplification. Images were obtained with a Nikon 
Eclipse Ti confocal microscope. 

Senescence assay and clonogenicity

For clonogenicity assay, 1000 cells were plated in 
60mm dishes in triplicate and cultured for 14 days. The 
colonies were fixed with 70% ethanol and stained with 
1% crystal violet.

Senescence β-galactosidase (SA-β-Gal) activity 
assays was performed using senescence-galactosidase 
staining kit (Cell Signaling Technology) according to 
manufacturer’s protocol. For each strain, a minimum of 
100 cells was counted. 

siRNA transfection and realtime RT-PCR analysis

HDFs (4 × 105 cells) were plated in 60mm dishes 
24 hours prior to transfection and transfected with siRNA 
using Hiperfect (Qiagen). After 72 hours of transfection, 
cells were removed and total RNAs were isolated using 
RNeasy mini kit (Qiagen) according to the manufacturer’s 
protocol. RNAs were reverse-transcribed into cDNA 
using the iScriptTM cDNA synthesis kit (Bio-Rad), then 
analysed in triplicate with gene-specific primers and 
36β4 normalizaion. The primers used for realtime PCR 
analysis are listed in Supplementary Table 1. siRNAs for 
PDCD4 (Stealth RNAi HSS120545 and HSS120546) and 
CSL (Silencer Select siRNA s7252) were purchased from 
Invitrogen and Ambion. 
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Intradermal tumorigenicity assay

SCC13 cells (1 × 106 cells) were admixed with HDFs 
(5 × 105 cells) with shRNA-mediated silencing of PDCD4 
or control in 150 μl of growth factor-reduced matrigel (BD 
Bioscience) and intra-dermally injected into the back skin 
of 6-week-old NOD/SCID mice (Taconic Farms Inc.) as 
previously described [30]. For the ear injection, SCC13 
cells (1 × 105 cells) were admixed with equal numbers 
of HDFs with shRNA-mediated silencing of PDCD4 or 
control. Cells were resuspended in 3 μl of Hanks’ balanced 
salt solution and then injected intradermally into the left 
and right tip of the ear dermis of 10-week-old NOD/SCID 
mice using a Hamilton microsyringe fitted with 33 gauge 
needle as performed in [3]. Mice were sacrificed 3 weeks 
after injection and tumors were removed for analysis. 

Tissue immunofluorescence was performed as 
before [2, 3]. Anti- ki67 antibody, anti-Vimentin antibody 
(Abcam), anti-p63 antibody (Santa Cruz Biotechnology), 
anti-Involucrin antibody (Sigma), anti-Periostin antibody 
(Abcam), anti-Tenascin C antibody (Santa Cruz 
Biotechnology), and anti-αSMA antibody (Santa Cruz 
Biotechnology) were used. Quantification of all images of 
tissue immunofluorescence staining was performed using 
ImageJ and Adobe Photoshop software.

All animal studies were performed following 
the approved Institutional animal protocol procedure 
(IACUC-MGH).

Laser capture microdissection (LcM)

LCM was performed as described previously [3]. 
Briefly, laser-captured cells from paraffin sections were 
collected using an Arcturus XT microdissection system 
(Applied Biosystems) and RNAs were purified by RNeasy 
FFEP kit (Qiagen). For immunofluorescence-guided 
LCM, frozen blocks of normal skin and in situ SCCs were 
freshly cut, immediately fixed and blocked. Sections were 
incubated with a mixture of fluorescein isothiocyanate 
(FITC)-conjugated antibodies against PDGFRα (Santa 
Cruz Biotechnology) and propidium iodide. The air-dried 
sections were then used for fluorescence-guided LCM 
using an Arcturus XT microdissection system as before. 
RNA samples were analysed in triplicate with gene-
specific primers.

chromatin immunoprecipitation (chIP)

ChIP assays were performed as previously described 
[3]. Briefly, cells were cross-linked with 1% formaldehyde 
and chromatin fragmentation was done by sonication 
using a Bioruptor (Cosmo-Bio Diagenode). Fragmented 
chromatins were diluted 10-fold with ChIP dilution buffer 

(0.01% SDS, 1.1% Triton X-100, 2mM EDTA, 55mM 
Tris-HCl, pH 7.9, 167mM NaCl) and immunoprecipitated 
with PDCD4 antibody, CSL antibody or H3K27Ac 
antibody (Cell Signaling Technology). The primers used 
for realtime PCR analysis are listed in Supplementary 
Table 1. 

statistics

Data are presented as mean ± standard deviation 
(s.d.), mean ± standard error of the mean (s.e.m.). All 
realtime RT-PCR samples were tested in triplicate, and 
statistical significance of the results was assessed by two-
tailed unpaired or paired t-test. P-value of < 0.05 was 
considered statistically significant.

AcKNOWLEDGMENts

We wish to thank Sandro Goruppi for discussions 
throughout this study and Shanell Moijta for technical 
support with histology. 

cONFLIcts OF INtErEst

The authors have no conflicts of interest to declare.

GrANt sUPPOrt

The work was supported by Grants from 
the National Institutes of Health (R01AR039190; 
R01AR064786; the content not necessarily representing 
the official views of NIH), Swiss National Science 
Foundation (310030_156191/1), European Research 
Council (26075083) and OncoSuisse (OCS-2922-02-2012 
and KFS-3301-08-2013) to GPD. AC is supported by an 
AIRC-EU FP7 Marie Curie Fellowship granted by the 
Italian Association for Cancer Research and the European 
Union FP7 Marie Curie Program.

rEFErENcEs

1. Dotto GP. Notch tumor suppressor function. Oncogene.
2008; 27:5115-5123.

2. Hu B, Castillo E, Harewood L, Ostano P, Reymond A,
Dummer R, Raffoul W, Hoetzenecker W, Hofbauer GF
and Dotto GP. Multifocal epithelial tumors and field
cancerization from loss of mesenchymal CSL signaling.
Cell. 2012; 149:1207-1220.

3. Procopio MG, Laszlo C, Al Labban D, Kim DE, Bordignon
P, Jo SH, Goruppi S, Menietti E, Ostano P, Ala U, Provero
P, Hoetzenecker W, Neel V, Kilarski WW, Swartz MA,
Brisken C, et al. Combined CSL and p53 downregulation
promotes cancer-associated fibroblast activation. Nature



Oncotarget    490www.impactjournals.com/oncotarget

cell biology. 2015; 17:1193-1204.
4. Kopan R and Ilagan MX. The canonical Notch signaling

pathway: unfolding the activation mechanism. Cell. 2009;
137:216-233.

5. Kovall RA and Blacklow SC. Mechanistic insights into
Notch receptor signaling from structural and biochemical
studies. Current topics in developmental biology. 2010;
92:31-71.

6. Kovall RA. More complicated than it looks: assembly of
Notch pathway transcription complexes. Oncogene. 2008;
27:5099-5109.

7. Wacker SA, Alvarado C, von Wichert G, Knippschild U,
Wiedenmann J, Clauss K, Nienhaus GU, Hameister H,
Baumann B, Borggrefe T, Knochel W and Oswald F. RITA,
a novel modulator of Notch signalling, acts via nuclear
export of RBP-J. EMBO J. 2011; 30:43-56.

8. Shibahara K, Asano M, Ishida Y, Aoki T, Koike T and
Honjo T. Isolation of a novel mouse gene MA-3 that is
induced upon programmed cell death. Gene. 1995; 166:297-
301.

9. Lankat-Buttgereit B and Goke R. The tumour suppressor
Pdcd4: recent advances in the elucidation of function and
regulation. Biology of the cell / under the auspices of the
European Cell Biology Organization. 2009; 101:309-317.

10. Jansen AP, Camalier CE and Colburn NH. Epidermal
expression of the translation inhibitor programmed cell
death 4 suppresses tumorigenesis. Cancer research. 2005;
65:6034-6041.

11. Hilliard A, Hilliard B, Zheng SJ, Sun H, Miwa T, Song
W, Goke R and Chen YH. Translational regulation of
autoimmune inflammation and lymphoma genesis by
programmed cell death 4. Journal of immunology. 2006;
177:8095-8102.

12. Waters LC, Strong SL, Ferlemann E, Oka O, Muskett FW,
Veverka V, Banerjee S, Schmedt T, Henry AJ, Klempnauer
KH and Carr MD. Structure of the tandem MA-3 region
of Pdcd4 protein and characterization of its interactions
with eIF4A and eIF4G: molecular mechanisms of a tumor
suppressor. The Journal of biological chemistry. 2011;
286:17270-17280.

13. Jin C, Rajabi H, Rodrigo CM, Porco JA, Jr. and Kufe D.
Targeting the eIF4A RNA helicase blocks translation of the
MUC1-C oncoprotein. Oncogene. 2013; 32:2179-2188.

14. Bitomsky N, Bohm M and Klempnauer KH. Transformation
suppressor protein Pdcd4 interferes with JNK-mediated
phosphorylation of c-Jun and recruitment of the coactivator
p300 by c-Jun. Oncogene. 2004; 23:7484-7493.

15. Lee KW, Yeo SY, Sung CO and Kim SH. Twist1 is a key
regulator of cancer-associated fibroblasts. Cancer research.
2015; 75:73-85.

16. Shiota M, Izumi H, Tanimoto A, Takahashi M, Miyamoto
N, Kashiwagi E, Kidani A, Hirano G, Masubuchi D,
Fukunaka Y, Yasuniwa Y, Naito S, Nishizawa S, Sasaguri
Y and Kohno K. Programmed cell death protein 4 down-

regulates Y-box binding protein-1 expression via a direct 
interaction with Twist1 to suppress cancer cell growth. 
Cancer research. 2009; 69:3148-3156.

17. Junker F, Chabloz A, Koch U and Radtke F. Dicer1 imparts
essential survival cues in Notch-driven T-ALL via miR-21-
mediated tumor suppressor Pdcd4 repression. Blood. 2015;
126:993-1004.

18. Yao Q, Cao S, Li C, Mengesha A, Kong B and Wei M.
Micro-RNA-21 regulates TGF-beta-induced myofibroblast
differentiation by targeting PDCD4 in tumor-stroma
interaction. International journal of cancer. 2011; 128:1783-
1792.

19. Castel D, Mourikis P, Bartels SJ, Brinkman AB, Tajbakhsh
S and Stunnenberg HG. Dynamic binding of RBPJ is
determined by Notch signaling status. Genes Dev. 2013;
27:1059-1071.

20. Johnson JE and Macdonald RJ. Notch-independent
functions of CSL. Curr Top Dev Biol. 2011; 97:55-74.

21. Lin S, Tian L, Shen H, Gu Y, Li JL, Chen Z, Sun X, You
MJ and Wu L. DDX5 is a positive regulator of oncogenic
NOTCH1 signaling in T cell acute lymphoblastic leukemia.
Oncogene. 2013; 32:4845-4853.

22. Jung C, Mittler G, Oswald F and Borggrefe T. RNA helicase 
Ddx5 and the noncoding RNA SRA act as coactivators in
the Notch signaling pathway. Biochimica et biophysica
acta. 2013; 1833:1180-1189.

23. Beres TM, Masui T, Swift GH, Shi L, Henke RM and
MacDonald RJ. PTF1 is an organ-specific and Notch-
independent basic helix-loop-helix complex containing
the mammalian Suppressor of Hairless (RBP-J) or its
paralogue, RBP-L. Molecular and cellular biology. 2006;
26:117-130.

24. Mulligan P, Yang F, Di Stefano L, Ji JY, Ouyang J,
Nishikawa JL, Toiber D, Kulkarni M, Wang Q, Najafi-
Shoushtari SH, Mostoslavsky R, Gygi SP, Gill G, Dyson
NJ and Naar AM. A SIRT1-LSD1 corepressor complex
regulates Notch target gene expression and development.
Molecular cell. 2011; 42:689-699.

25. Bhowmick NA, Chytil A, Plieth D, Gorska AE, Dumont N,
Shappell S, Washington MK, Neilson EG and Moses HL.
TGF-beta signaling in fibroblasts modulates the oncogenic
potential of adjacent epithelia. Science. 2004; 303:848-851.

26. Tlsty TD and Coussens LM. Tumor stroma and regulation
of cancer development. Annu Rev Pathol. 2006; 1:119-150.

27. Pavlides S, Whitaker-Menezes D, Castello-Cros R,
Flomenberg N, Witkiewicz AK, Frank PG, Casimiro
MC, Wang C, Fortina P, Addya S, Pestell RG, Martinez-
Outschoorn UE, Sotgia F and Lisanti MP. The reverse
Warburg effect: aerobic glycolysis in cancer associated
fibroblasts and the tumor stroma. Cell cycle. 2009; 8:3984-
4001.

28. Dotto GP. Multifocal epithelial tumors and field
cancerization: stroma as a primary determinant. J Clin
Invest. 2014; 124:1446-1453.



Oncotarget    491www.impactjournals.com/oncotarget

29. Campisi J. Cellular senescence: putting the paradoxes in
perspective. Current opinion in genetics & development.
2011; 21:107-112.

30. Lefort K, Mandinova A, Ostano P, Kolev V, Calpini V,
Kolfschoten I, Devgan V, Lieb J, Raffoul W, Hohl D,
Neel V, Garlick J, Chiorino G and Dotto GP. Notch1 is
a p53 target gene involved in human keratinocyte tumor
suppression through negative regulation of ROCK1/2 and
MRCKalpha kinases. Genes & development. 2007; 21:562-
577.

31. Restivo G, Nguyen BC, Dziunycz P, Ristorcelli E, Ryan RJ,
Ozuysal OY, Di Piazza M, Radtke F, Dixon MJ, Hofbauer
GF, Lefort K and Dotto GP. IRF6 is a mediator of Notch
pro-differentiation and tumour suppressive function in
keratinocytes. The EMBO journal. 2011; 30:4571-4585.



Oncotarget    492www.impactjournals.com/oncotarget

www.impactjournals.com/oncotarget/ Oncotarget, Vol. 7, No. 38

Llgl1 prevents metaplastic survival driven by epidermal growth 
factor dependent migration

Erin Greenwood1, Sabrina Maisel2,5,*, David Ebertz1,*, Atlantis Russ1,4, Ritu Pandey2,6 
and Joyce Schroeder1,2,3,4,5

1 Department of Molecular and Cellular Biology, University of Arizona, Tucson, Arizona
2 Arizona Cancer Center, University of Arizona, Tucson, Arizona
3 BIO5 Institute, University of Arizona, Tucson, Arizona
4 Genetics Program, University of Arizona, Tucson, Arizona
5 Cancer Biology Program, University of Arizona, Tucson, Arizona
6 Cell and Molecular Medicine, University of Arizona, Tucson, Arizona
* These two authors have contributed equally to this work

Correspondence to: Joyce Schroeder, email: joyces@email.arizona.edu
Keywords: polarity, migration, Llgl1, epidermal growth factor receptor, TAZ
Received: July 20, 2016 Accepted: August 02, 2016 Published: August 17, 2016

ABSTRACT
We have previously demonstrated that Llgl1 loss results in a gain of mesenchymal 

phenotypes and a loss of apicobasal and planar polarity. We now demonstrate that 
these changes represent a fundamental shift in cellular phenotype. Llgl1 regulates the 
expression of multiple cell identity markers, including CD44, CD49f, and CD24, and 
the nuclear translocation of TAZ and Slug. Cells lacking Llgl1 form mammospheres, 
where survival and transplantability is dependent upon the Epidermal Growth Factor 
Receptor (EGFR). Additionally, Llgl1 loss allows cells to grow in soft-agar and maintain 
prolonged survival as orthotopic transplants in NOD-SCID mice. Lineage tracing 
and wound healing experiments demonstrate that mammosphere survival is due to 
enhanced EGF-dependent migration. The loss of Llgl1 drives EGFR mislocalization 
and an EGFR mislocalization point mutation (P667A) drives these same phenotypes, 
including activation of AKT and TAZ nuclear translocation. Together, these data 
indicate that the loss of Llgl1 results in EGFR mislocalization, promoting pre-neoplastic 
changes.

INTRODUCTION

Epithelial cells are regulated by apicobasal polarity 
complexes that provide an asymmetric cell structure, 
regulate growth and survival, migration and invasion, 
and differentiation [1]. Polarity is established first by the 
Crumbs complex creating the apical membrane, followed 
by the Par complex establishment of the apical-lateral 
border, and the Scribble complex defining the basolateral 
domain. The Scribble complex consists of Scribble, Discs 
large (Dlg), and Lethal giant larvae (LGL). Humans 
have two orthologs, Llgl1 and Llgl2, also known as 
Hugl1 and Hugl2 [2]. Llgl1 is down regulated in many 
cancers, including colorectal, endometrial, hepatocellular 
carcinoma, malignant melanomas, and breast cancer [2-
6]. Llgl1 loss correlates with lymph node metastases, 
advanced stage, and poor prognosis [3-5]. In addition, 

deletion mutants of Llgl1 encoding truncated proteins 
correlate with advanced disease and tumorigenicity in 
mice [5]. Advanced metastatic disease is frequently 
associated with stem cell characteristics, in that both 
stem cells and highly metastatic cancers exhibit drug 
resistance, migratory capacity, self-renewal, and the ability 
to survive and differentiate into new tissues [7]. A number 
of molecular features associated with polarity loss are 
similarly found in both stem cells and metastatic cancer. 

Genetic interaction studies demonstrate that Lgl 
can regulate the transcription factor Yorkie [Transcription 
co-Activator with a PDZ-binding domain (TAZ) and the 
Yes-Associated Protein (YAP) in mammals] [8]. This 
transcription factor family is a known modulator of 
epithelial differentiation [9-12] and their activity may drive 
stem-cell like phenotypes [13-15]. Nuclear translocation 
of YAP and TAZ can also promote breast cancer stem 
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cell properties including self-renewal, migration, and 
tumor-initiating abilities [16-18]. In addition, YAP and 
TAZ expression is elevated in advanced breast cancer and 
inversely correlates with metastasis-free survival [16]. 
Nuclear translocation of YAP and TAZ can be driven by 
the Epidermal Growth Factor Receptor family member 
ErbB-4 and/or EGFR-dependent activation of the MAP 
Kinase pathway [17, 19, 20]. In fact, autocrine loops 
between the EGFR pathway and YAP activation have been 
identified in ovarian cancer and breast epithelium [21, 22]. 

While the EGFR family of receptors and ligands 
have been shown to activate the YAP/TAZ transcription 
factors in some studies, they are also established drivers of 
survival, migration and growth via the RAS/MAP Kinase 
and AKT pathways. One facet of pathway activation is 
intracellular localization of the receptors, as changes to 
intracellular localization of EGFR have been shown to 
play key roles in the activation of signal transduction 
cascades. In fact, EGFR preferentially activates both the 
RAS/MAP Kinase and AKT survival pathways when in 
endosomes compared to the plasma membrane [23]. These 
studies indicate that changes to EGFR localization may be 
a key event in EGFR-driven events such as neoplasia and 
metastasis.

The cell of origin of heterogeneic metastases has 
been linked to tissue stem cells, cancer stem cells, or 
transdifferentiating cells [7, 24]. Characteristics that 
define these cells include serial transplantation in vitro 
and in vivo, and the expression of a variety of surface 
markers, including CD44hi/CD24lo, CD44hi, and CD49flo, 
among others [25-29]. Of note, TAZ nuclear translocation 
is known to potentiate EGFR signaling pathways, which 
in turn can increase CD44 transcription and stem cell 
characteristics [30, 31]. Due to the connection between 
receptor localization within a cell and its ability to activate 
these pathways, an epithelial population may possess 
a plasticity depending upon their state of polarity. To 
determine the role of Llgl1 in these events, we evaluated 
the effects of Llgl1 loss in normal (immortalized) breast 
epithelium. We discovered that Llgl1 regulates multiple 
cellular phenotypes resembling a highly migratory state 
capable of surviving transplantation as mammospheres 
and in the mammary gland of immunocompromised mice. 
These effects are dependent upon the mislocalization of 
EGFR and its corresponding effects on EGFR driven 
activation of AKT and TAZ.

RESULTS

Llgl1 regulates cell morphology

Loss of Llgl1 in MCF10A and HMEC cells has been 
shown previously to result in a mesenchymal phenotype 
[32]. To further evaluate this biology, Llgl1 expression 

was knocked down in both MCF12A and MCF10A cells, 
two different spontaneously immortalized breast epithelial 
cell lines. Cells were transduced with either a control 
shRNA (shControl) or with a shRNA designed to silence 
Llgl1 expression (shLlgl1), that was optimized previously 
using 5 different shRNA targets [32] (Figure 1A and 
1D, Supplemental Figure 1). In MCF10A cells, shLlgl1 
resulted in an increase in mesenchymal morphology 
(Figure 1F). Alternatively, in MCF12A shLlgl1 cells, two 
distinct cell morphologies can be observed, including 
cobblestone and mesenchymal (Figure 1B and 1C arrow 
vs arrow-head respectively). Considering the mixed 
phenotype observed upon Llgl1 knockdown (Figure 1C), 
we next set out to determine the identity of these two cell 
populations.

Llgl1 regulates expression of cell lineage markers

To investigate the differences caused by the loss 
of Llgl1 and the different populations that are observed, 
we evaluated the cells using breast cancer stem cell 
markers CD44, CD49f, and CD24 [25-29]. Analysis 
of the parental MCF12A and shControl transduced 
cells revealed a consistent CD44lo/CD49fhi/CD24hi 
phenotype (data not shown and Figure 2A and 2C). 
However, the shLlgl1 transduced cells showed two 
populations, a CD44lo/CD49fhi

 population and a CD44hi/
CD49flo population (Figure 2B). In addition, shLlgl1 
cells also displayed a decrease in CD24 compared to the 
shControl (Figure 2D). To evaluate if the shLlgl1-induced 
populations were indicative of the different phenotypic 
morphologies observed, we sorted the shLlgl1 transduced 
MCF12A cells based on CD44hi/CD49flo expression. 
The shLlgl1 cells that expressed CD44hi/CD49flo were 
morphologically mesenchymal (Figure 2E), while shLlgl1 
cells that expressed CD44lo/CD49fhi resembled the normal 
cobblestone morphology (Figure 2F). Loss of Llgl1 
expression was confirmed in these sorted populations, as 
was Integrin α6 expression (Figure 2G-2H). While the 
full length protein (150 kDa) is lacking in the CD49flo 
population as expected, we also observed a loss of cleaved 
Integrin α6 (75 kDa) expression in all Llgl1 knockdown 
MCF12A lines (Figure 2H). 

Analysis of the MCF10A shLlgl1 transduced cells 
compared to the parental and shControl cells also showed 
a reduction in CD24 and an increase in CD44 (data not 
shown and Figure 2I-2J) but no separation into two distinct 
populations, echoing the single phenotypic morphology 
seen in tissue culture. While MCF12A and MCF10A 
cells are both immortalized breast epithelial cells, these 
differences in lineage expression may represent the fact 
that each line was independently derived from reduction 
mammoplasty, and likely contain different stem cell 
populations [33].
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Llgl1 loss drives EGFR-dependent mammosphere 
formation

As alterations in CD44, CD49f, and CD24 are 
markers of stem cells, we next evaluated the ability 
of these cells to form mammospheres over a primary, 
secondary, and tertiary passage (Figure 3). MCF10A and 
MCF12A shControl versus shLlgl1 cells were evaluated 
and a significant increase in the ability of cells to form 
mammospheres and to grow through secondary and 
tertiary passages was observed (Supplemental Figure 2 
and Figure 3A). To further evaluate the role of stem cell 
marker expression in mammosphere formation, MCF12A 
shLlgl1 cells were FACS sorted based on the CD44hi/
CD49flo and CD44lo/CD49fhi profiles, and revealed that 
shLlgl1 CD44hi/CD49flo, but not CD44lo/CD49fhi cells 
were able to form mammospheres and continue to form 
them over three serial passages (Figure 3B). 

Mammospheres can form from either a single 
stem-like cell or from multiple cells with enhanced 

survival capacity migrating together, phenotypes that 
can be verified by lineage tracing [34]. After primary 
mammosphere formation was complete, MCF12A shLlgl1 
CD44hi/CD49flo cells were dissociated, divided into three 
groups, stained with Di-O, Di-I, or Di-D, replated for 
secondary passage, and imaged. This analysis revealed 
that all mammospheres contained cells of multiple colors 
(Figure 3C). These data indicate that the mammospheres 
did not form from a single cell, as a stem cell would 
generate, but from cells migrating together. Although 
the mammospheres are not forming from a single stem 
cell-like precursor, they are able to survive and grow 
significantly better in the absence of Llgl1 as compared to 
the controls. In addition, invasive cell edges were seen in 
the CD44hi/CD49flo

 but not the CD44lo/CD49fhi population, 
which is highlighted by the structure of cortical actin 
(Figure 3D’ arrow vs 3E’ arrowhead). 

As EGF treatment can induce migration and 
mammosphere formation, we next set out to determine if 
mammosphere formation was EGF dependent. Evaluation 
of MCF12A shControl vs shLlgl1 cells revealed that 

Figure 1: Llgl1 expression regulates cell morphology. Stable knockdown was established in MCF10A and MCF12A cells with 
transduction of Llgl1 or control shRNA lentiviral particles. A. and D. Protein lysates were analyzed by immunoblot using the antibodies: 
anti-Llgl1 and anti-βactin. B. and C. Brightfield images of MCF12A cells comparing shControl to shLlgl1. E. and F. Brightfield images of 
MCF10A cells comparing shControl to shLlgl1. The arrow indicates cobblestone and the arrowhead indicates mesenchymal morphologies.
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mammosphere formation was significantly inhibited in 
the presence of either EGFR kinase inhibitor (AG1478) 
or EGFR dimerization inhibitor (EJ1) [35] (Figure 3F). 
Inhibition of EGFR dimerization or kinase activity, while 
inducing cell growth in the primary passage, reduced 
mammopshere formation in the secondary and tertiary 
passages (compare Figure 3A to Figure 3F). These data 
indicate that both a loss of Llgl1 and EGFR activation 

are required for mammosphere survival. Note that 
the dimerization inhibitor impacts a number of kinase 
independent functions for EGFR including Calmodulin 
activation and ROS generation [35]. These additional 
activities may account for the activity observed with the 
dimerization inhibitor versus the kinase inhibitor (Figure 
3F). 

Figure 2: Llgl1 regulates expression of cell lineage markers. A.-D., I.-L. Cells were incubated with the indicated cell lineage 
marker and sorted by FACS. A.-D. MCF12A shControl vs shLlgl1 (under normal growth conditions) were incubated with anti-CD49f-PE, 
anti-CD44-APC, and/or anti-CD24-FITC. E. and F. MCF12A shLlgl1 were sorted based on CD44/CD49f expression, CD444hi/CD49flo 
(E) and CD44lo/CD49fhi (F). G. Protein lysates were isolated and analyzed by immunoblot using anti-Llgl1 and anti-βactin antibodies. H.
Protein lysates were analyzed by immunoblot using anti-Integrin α6 and anti-βactin. (I-L) MCF10A shControl vs shLlgl1 (under normal
growth conditions) were incubated with anti-CD49f-PE, anti-CD44-APC, and/or anti-CD24-FITC.
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Llgl1 loss drives EGFR mislocalization and novel 
signal transduction

EGFR activity is known to drive multiple signal 
transduction pathways as well as induce a transient loss 
of epithelial cell junctions [36]. Therefore, we evaluated 
MAP kinase activity (p42/44 ERK; designated dpERK), 
AKT activation, and localization of drivers of migratory 
phenotypes, including loss of E-cadherin, and gain of 
SLUG and TAZ expression. In the absence of Llgl1, we 
observed a significant increase in both dpERK and AKT, 
but not STAT3 activity (Figure 4A and 4B). A loss of 
E-cadherin, as well as increase in SLUG and TAZ, was
also observed at the protein level in Llgl1 knockdown
cells. In an effort to determine how EGFR pathways

were being activated in the absence of the Llgl1 polarity 
program, we next evaluated EGFR localization. While 
MCF12A shControl cells display membrane-localized 
EGFR (Figure 4C and C’ arrow), shLlgl1 cells displayed 
two distinct EGFR localizations. While EGFR was 
membrane bound in cuboidal epithelium, it was diffuse 
throughout the cell in the mesenchymal population (Figure 
4D and D’). EGFR activity is known to induce YAP/TAZ 
and SLUG nuclear translocation and activation under 
conditions leading to migration and stemness [20, 37]. We 
found that loss of Llgl1 results in nuclear translocation of 
TAZ and SLUG, but not YAP (Figure 4E-4J, arrowheads). 
These data indicate that Llgl1-dependent phenotypes 
differentially impact TAZ and YAP localization.

Figure 3: Loss of Llgl1 induces EGF-dependent mammosphere formation. A.-F. Mammosphere assays were performed 
using cells generated as described in Figure 1 and Figure 2. A. Mammosphere formation with EGF treatment (20ng/mL) was quantified 
by counting mammospheres greater than 60μm (3 replicates per treatment group, each experiment was performed 3 times). B. Due to 
coalescing mammospheres in shLlgl1 CD44hi/CD49flo mammopshere formation was determined by counting viable cells at each time 
point (3 replicates per treatment group, each experiment was performed 3 times). C. MCF12A shLlgl1 CD44hi/CD49flo cells from primary 
mammospheres were labeled with the lipophilic tracer dyes Di-O, Di-I, or Di-D. D.-E. Mammospheres from shLlgl1 CD44lo/CD49fhi and 
CD44hi/CD49flo populations were incubated with Alexa Fluor 488 phalloidin (green) and DAPI (blue). The arrow indicates smooth cortical 
actin (D’) and the arrowhead indicates invasive cortical actin (E’). F. Mammospheres were treated with either 2μM EJ1 or 1μm AG1478. 
All primary passages are shown in black, secondary passages in dark gray, and tertiary passages in light gray. Error bars show ± standard 
deviation. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Figure 4: Llgl1 loss drives EGFR mislocalization and novel signal transduction. A. and B. Protein lysates were collected 
from MCF12A parental, shControl, and shLlgl1 cells and analyzed by immunoblot using the antibodies: anti-TAZ, anti-Slug, anti-pAkt, 
anti-Akt, anti-EGFR, anti-E-cadherin, anti-dpERK1/2, anti-ERK1/2, anti-pStat3, anti-Stat3, anti-Llgl1, and anti-βactin. Immunoblots 
against anti-βactin are shown for each set of lysates. C.-J. MCF12A shControl and shLlgl1 cells were grown on plastic and (C-D) serum 
starved overnight or (E-J) in normal growth conditions then evaluated for localization of the indicated proteins. Cell were incubated with 
either anti-EGFR 1005, anti-TAZ, anti-SLUG, or anti-YAP antibodies and mounted (C-D) with DAPI or (E-J) without DAPI. Arrows 
indicate membrane localization and arrowheads indicate nuclear localization. C’, D’, E’, F’, G’, H’, I’, and J’ panels represent increased 
magnifications of C, D, E, F, G, H, I, and J panel insets.
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Llgl1 loss promotes a migratory phenotype 

To investigate the effects of Llgl1 expression on 
cellular migration we grew both MCF12A and MCF10A 
shControl and shLlgl1 cells and sorted MCF12A shLlgl1 
populations to confluence and created a scratch in the 
epithelial sheet to stimulate wound healing (Figure 5). 
Absence of Llgl1 increased migration over control cells 
at all time points (Figure 5A and 5C compare shControl 
and shLlgl1). In addition, all cells responded to EGF 
with induced migration, but the Llgl1 knockdown cells 
had a significantly higher response to EGF (Figure 5A 
and 5C compare shControl+EGF and shLlgl1+EGF). Of 
note, shControl cells from both MCF10A and MCF12A 
tended to migrate en masse as a single epithelial sheet 
(Figure 5B and 5F arrows); alternatively, shLlgl1 cells 
tended to migrate as either single cells or disorganized 
groups (Figure 5B and 5F arrowheads). These differences 
in cell migration were further enhanced in the sorted 
MCF12A shLlgl1 populations, as the CD44lo/CD49fhi 
cells migrated as a disorganized mass while the CD44hi/
CD49flo cells migrated as single cells (Figure 5D). The 
CD44hi/CD49flo cells initially closed the wound faster 
but due to their lack of directionality, failed to close the 
wound completely (Figure 5C and Supplementary Video 
1). To further demonstrate the EGFR dependence of this 
phenotype, similar experiments were performed with 
additional EGFR ligands, including Transforming Growth 
Factor alpha (TGFα) and Amphiregulin. Similar results 
were observed, with TGFα displaying the strongest pro-
migratory effect of the two ligands (Supplemental Figure 
3). Evaluation of cell growth between shControl and 
shLlgl1 cells found no significant change in the absence 
of EGF and either no significant change (MCF10As) or a 
decrease in cell growth (MCF12As) with EGF, indicating 
changes in migration are not due to increased cell number 
(Supplemental Figure 4).

Mislocalization of EGFR drives pro-migratory 
and survival pathways

We have determined that Llgl1 regulates 
mammosphere formation and migration, and that these 
events are EGFR dependent. Further, Llgl1 loss induces 
AKT and MAP Kinase activation, downstream mediators 
of EGFR activity. As Llgl1 induces EGFR intracellular 
localization, and intracellular EGFR localization is 
reported to be tied to activation of these signaling 
cascades, we next set out to determine if mislocalization 
of EGFR itself could drive these same effects. To test 
this hypothesis, we expressed an EGFR basolateral 
targeting domain point mutation (P667A) that redirects 
EGFR throughout the plasma membrane and intracellular 
localizations, including vesicles [38]. MDCK and 
MCF12A cells were transfected with either wild type 

EGFR-GFP (EGFR-GFPWT) or mutant P667A EGFR-GFP 
(EGFR-GFPP667A) and evaluated for EGFR localization 
and activation of signal transduction pathways. We 
found that this mutation does in fact result in EGFR 
mislocalization, and this is associated with increased 
TAZ nuclear translocation as compared to EGFR-GFPWT 

(Figure 6C). Under similar levels of expression (Figure 
6A) we found that AKT activation and TAZ expression 
were both significantly increased in the EGFR-GFPP667A 
over the EGFR-GFPWT (Slug is not expressed in parental 
MDCK cells). To determine if mislocalization of EGFR 
also drives an increase migration, we performed migration 
assays as described in Figure 5. We observed a similar, 
EGF-dependent increase in migration in EGFR-GFPP667A 
compared to EGFR-GFPWT. Overall, these data indicate 
that EGFR mislocalization can drive a set of pro-migratory 
survival pathways. 

Llgl1 loss promotes cell piling and increased 
survival in soft agar and mammary fat pads

To further evaluate the effects of Llgl1 loss on 
survival and pre-neoplastic pathways, MCF12A shControl, 
shLlgl1, shLlgl1 CD44hi/CD49flo, and shLlgl1 CD44lo/
CD49fhi were grown on filters to allow cells to polarize 
and form epithelial sheets. While control cells displayed 
apicobasal polarity (Figure 7A, top panel), the remaining 
three cell types lacking Llgl1 formed multiple layers 
and grew into polyps along the vertical axis (Figure 7A, 
bottom 3 panels, arrows). Additionally, when grown in 
soft agar, shControl cells had very low colony growth 
(Figure 7B and 7C, left column and image), while the 
loss of Llgl1 expression induced a significant increase in 
colony formation and growth (Figure 7B and 7C, second 
column and image). Furthermore, shLlgl1 cells sorted 
for CD44hi/CD49flo expression exhibited an even greater 
ability to form colonies (Figure 7B and 7C, forth column 
and image). 

To investigate the effect of Llgl1 expression on 
tumor forming capabilities in vivo, shControl, shLlgl1, 
shLlgl1 CD44hi/CD49flo, and shLlgl1 CD44lo/CD49fhi cells 
were injected in the mammary fat pads of NOD-SCID 
mice with matrigel into the mammary fat pads of NOD-
SCID mice and evaluated for survival (Figure 7D). While 
all cell types were able to grow initially, by two weeks 
no shControl cells survived and by three weeks shLlgl1 
CD44lo/CD49fhi cells no longer survived. Alternatively, 
shLlgl1 and shLlgl1 CD44hi/CD49flo cells both survived 
an additional two weeks (Figure 7D). This enhanced 
persistence in the absence of Llgl1 further demonstrates 
the impact of Llgl1 on the ability of a cell to survive 
in three dimensions and corresponds with increased 
activation of AKT.
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Figure 5: Llgl1 loss promotes a migratory phenotype. A.-F. MCF12A and MCF10A control and Llgl1 knockdown cells and 
MCF12A shLlgl1 CD44lo/CD49fhi and shLlgl1 CD44hi/CD49flo cells were generated as described in Fig. 1 and Fig. 2 and analyzed. Cells 
were grown to confluence, scratched, and then observed for wound healing migration in serum free media with either the absence of EGF 
(A, C, and E) or in the presence of EGF (20ng/mL). Migrating epithelial sheets are indicated by arrow, disorganized cellular groups and 
single cells are indicated by arrowheads. Error bars show ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 6: Mislocalization of EGFR drives pro-migratory and survival pathways. A. Protein lysates were collected from 
MDCK cells transfected with an Empty Vector, an EGFR-GFPP667A vector, or an EGFR-GFPWT vector, and analyzed by immunoblot using 
the antibodies: anti-TAZ, anti-pAKT, anti-AKT, anti-EGFR, and anti-βactin. The EGFR-GFP blot indicates the GFP tagged EGFR induced 
via vector transfection while the EGFR blot indicates all EGFR present. B. EGFR-GFPWT and EGFR-GFPP667A transfected MDCK cells 
were grown to confluence, scratched, and then observed for wound healing migration in serum free media in either the absence of EGF or 
in the presence of EGF (20ng/mL). Error bars show ± standard deviation. * P < 0.05. C. MCF12A cells were transfected with EGFR-GFPWT 
or EGFR-GFPP667A vector, grown on plastic, serum starved overnight, mounted with DAPI and evaluated for localization of EGFR-GFP and 
TAZ using an anti-GFP and anti-TAZ antibody, respectively.
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Figure 7: Llgl1 loss promotes cell piling and increased survival in soft agar and mammary fat pads and its expression 
correlates with increased survival in metastatic breast cancer patients. MCF12A shControl, shLlgl1, shLlgl1 CD44hi/49flo, and 
shLlgl1CD44lo/49fhi cells were grown (A) on filters, (B and C) in soft agar, or (D) in the mammary fat pads of NOD-SCID mice. A. Cells 
were grown on transwell filters in normal growth media and probed with anti-GM130 antibody and DAPI. Cells were then imaged on the 
confocal microscope in the Z plane, arrows indicate polyp formation. B. and C. Cells were plated in soft agar, allowed to grow for 13 days, 
visualized and enumerated with ImageJ. Representative images (C) are shown beneath quantifications (B). 3 replicates per treatment group, 
experiment repeated twice. D. 500,000 MCF12A shControl, shLlgl1, shLlgl1 CD44hi/CD49flo, and shLlgl1 CD44lo/CD49fhi cells were 
suspended in matrigel and injected into the mammary fat pad of NOD-SCID mice. Cell masses were palpated and measured every 3-5 days, 
shControl n = 3, n = 4 for all other groups. Kaplan-Meier analysis of GSE3494 dataset, (E) N = 236 and (F). N = 234, were analyzed for 
Llgl1 expression and divided into two groups, top 25% expression levels of Llgl1 and the remaining 75% of lower expression. E. Survival 
curves show that loss of Llgl1 in breast cancer tumors correlates with lower survival probability. F. Tumor samples were further grouped by 
elston grades (G1 = grade 1 tumor, G3 = grade 3 tumor) and survival curves for these subgroups are shown (Bottom 75% Llgl1 expression 
in Grade 3 tumors = dotted green line, top 25% Llgl1 expression in Grade 3 tumors = solid pink line).
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Llgl1 expression correlates with prolonged 
survival in metastatic cancer patients

As loss of Llgl1 enhanced survival and migration 
of immortalized epithelial cells, we next evaluated Llgl1 
expression in patient samples. First, 11 Patient-Derived 
Xenograft (PDX) lines were evaluated for Llgl1 and EGFR 
expression (Supplemental Figure 5). The eleven lines 
tested included triple negative and Her2 positive breast 
cancers of grade 2 or higher, and we observed that Llgl1 
loss was associated with increased EGFR expression. 
EGFR expression, high CD44 expression, and migration 
have all been linked to decreased patient survival [39-
44]. We therefore analyzed a publicly available GEO data 
set (GSE3494) with 236 breast cancer patients for Llgl1 
expression and long term survival (Figure 7E). Patients 
with highest Llgl1 expression trended towards the highest 
overall survival (Figure 7E red line) compared with 
patients who had lower levels of Llgl1 expression (Figure 
7E black line). This effect was significantly enhanced by 
stratification of patients into grade 1 and grade 3 tumors, 
which separates patients based on metastatic progression 
(Figure 7F). Overall, these data indicate that Llgl1 
expression may significantly affect tumor progression in 
breast cancer patients.

DISCUSSION

In the current report we have demonstrated that 
Llgl1 loss alters the expression of CD44, CD49f, and 
CD24, and allows for growth in soft agar, survival 
in mammary fat pads, and EGFR-dependent survival 
in mammospheres. In addition, Llgl1 loss drives the 
mislocalization of EGFR and activation of AKT, MAP 
Kinase and TAZ. Further analysis demonstrated that it 
is the mislocalization of EGFR itself that results in these 
events and promotes EGFR-dependent cellular migration. 
Analysis of patient survival data indicates that these 
changes may be important indicators of Llgl1’s tumor 
suppressor capability. 

Maintenance of cell polarity and tissue architecture 
are essential in preventing neoplasia. Mammary stem cells 
are found sporadically throughout the ductal epithelium 
and help contribute to replenishing lost or dead epithelial 
cells. These stem cells asymmetrically divide to continue 
the stem cell line and propagate epithelial cells which 
differentiate to function as luminal epithelial cells. While 
exact methods of identifying of these mammary stem cells 
is still debated, many agree that high CD44 expression, 
low CD24 expression, low CD49f expression, and the 
ability to form mammospheres are excellent indicators of 
individual mammary stem cells [45, 46] and potentially 
breast cancer stem cells [25]. A knockout of Llgl1 
expression in MCF12A cells results in the development 
of high CD44 expression, low CD49f expression, and 

increases mammosphere formation. While these changes 
don’t elicit true stem cell qualities, i.e. mammospheres 
were not formed from a single cell, they do appear to 
induce a type of metaplasia. Metaplasia is associated 
with changes in polarity, such as a breakdown of cell-cell 
junctions, which is a phenotype observed when polarity 
proteins are lost [47-49]. 

Polarity proteins play an important role in regulating 
the protein complexes that form tight, adherence and gap 
junctions. The apical localization of Par3 initiates cell-
cell junctions and it localizes to tight junctions where it, 
along with the other Par and Crumbs complexes, helps the 
maturation, formation, and remodeling of these junctions 
[49]. MCF10A cells do not form tight junctions because 
they lack Crumbs3 [50] and this loss could account for 
the differences we observed between MCF10A and 
MCF12A cells when an additional polarity protein (Llgl1) 
is lost. In addition to their role in junction formation 
and stabilization, polarity proteins also impact cellular 
proliferation and their loss can block apoptosis, when in 
conjunction with oncogenes, can significantly increase 
tumor growth and invasion [48]. Of note, increased TAZ 
has been shown to activate the EGFR pathway, which can 
then result in a loss of E-cadherin expression at adherence 
junctions, drive migration, increase CD44 expression, and 
promote growth in soft agar and mammospheres [30, 31, 
36]. It is interesting to note that loss of Llgl1 results in a 
downregulation of E-cadherin, as well as cell migratory 
behavior indicative of a loss of cell-cell junctions. Loss 
of Llgl1 drives these phenotypes in an EGF dependent 
manner, and alters intracellular EGFR localization and 
function. Future work will focus on the mechanism by 
which intracellular EGFR preferentially activates AKT, 
MAP Kinase and TAZ. 

In addition to regulating cell junctions and apoptosis, 
polarity proteins also control the Hippo pathway. Correct 
Hippo pathway signaling is important for the proper 
formation of tissues and organs, including mammary 
glands. Scribble works within the Hippo pathway to help 
regulate the signaling and activation of Hippo by binding 
with Fat and regulating Warts level and stability, and acts 
as a scaffold to assemble Mst1/2, Lats1/2 and TAZ [16, 
51, 52]. In our study, the loss of Llgl1 increases nuclear 
TAZ but not YAP, a distinction that indicates Llgl1 may 
selectively impact the Hippo pathway, something future 
experiments will examine. 

We have shown that the loss of Llgl1 also promotes 
stem-cell like qualities in breast epithelial cells as 
indicated by the CD44hi/CD49flo/CD24lo expression in 
MCF12A cells. The CD44hi/CD24lo lineage specifically 
correlates with increased migration [53] and distant 
metastases [54]. In an attempt to address the role of 
Llgl1 in tumor progression, we transfected an Llgl1-
GFP construct into breast cancer cell lines with little to 
no Llgl1 expression, including MDA-MB-453, MDA-
MB-231, and T47D. In each case, these cell lines died 
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within 72 hours of transfection with Llgl1 (in contrast to 
control-GFP transfected cells which continued to survive, 
data not shown), which prevented us from performing 
any long term cell growth or transplant experiments. 
Increased breast cancer metastases decrease patient 
survival, a correlation that we also observed with loss of 
Llgl1 expression. Llgl1’s role as a polarity regulator in the 
Scribble complex is important, and as we have shown, its 
loss results in an increase of cancer stem-cell like qualities, 
migration, and transplant survival in an EGF-dependent 
manner. Our data shows that Llgl1 is a necessary regulator 
in the prevention of metaplasia and that its loss results in 
multiple aberrant characteristics, all of which can decrease 
patient survival, warranting further exploration of Llgl1 as 
a tumor suppressor and potential therapeutic target. 

MATERIALS AND METHODS

Tissue culture

 MCF10A and MCF12A cells were obtained from 
ATCC and maintained in DMEM/F12 media, 1% Pen/
Strep, 20ng/mL Recombinant Human Epidermal Growth 
Factor (Corning), 5% Donor Horse Serum (Omega 
Scientific), 0.5μg/mL Hydrocortisone (Sigma), 100ng/mL 
Cholera Toxin (Sigma), 10ng/mL Bovine Insulin (Fisher). 
MDCK II cells were obtained from ATCC and were grown 
in MEM media, 10% FBS (Corning), and 1% Pen/Strep. 
Stably transfected MDCKs were grown in complete MEM 
media as listed previously with 0.5mg/mL G418, 2µg/
mL puromycin, and 10ng/mL dox. Before imaging cells 
were treated with 2mM sodium butyrate for 16 hours. All 
cells were incubated in 5% CO2 at 37°C. Cells grown on 
plastic were imaged using a Leica DMIL microscope on 
the 10x objective with a Nikon CoolPix 4500 camera on 
a 1x C-mount. 

Llgl1 silencing and expression

MCF10A cells were transduced at 12 MOI and 
MCF12A cells were transduced at 2.5 MOI with MISSION 
Lentiviral transduction shRNA particles to knockdown 
Llgl1 expression (Sigma SHCLNV NM_004140 clone 
TRCN0000117138) or with non-mammalian shRNA 
control transduction (Sigma SHC002V). Selection of 
transduced cells was established and maintained by 
addition of 1μg/mL Puromycin (Fisher). 

EGFR construct transfections

MDCK II cells were double transfected using 
Clontech Lenti-X Tet-On 3G Inducible Expression System. 
A pLVX-Tet3G (Cat# 631187) plasmid was transfected 

into parental MDCK II cells by combining pLVX-Tet3G 
plasmid with Lipofectamine 2000 in transfection media 
(MEM +10% FBS +1% P/S). Selection was established 
and maintained with 0.5mg/mL G418. Once a stable stock 
was generated the second plasmid pLVX-Tre3G (either an 
empty vector (EV), EGFR-GFPWT, or EGFR-GFPP667A) was 
introduced using the same method. Selection of double 
transfected cells was established and maintained with 3µg/
mL puro in addition to 0.5mg/mL G418. MCF12A cells 
were transiently transfected using a CMV-EGFR-GFPWT 
or CMV-EGFR-GFPP667A plasmid with Lipofectamine 
2000 and fixed within 48 hours for imaging.

Western blotting and antibodies

Cultured cells were lysed in ice-cold lysis buffer 
containing 20mM TRIS pH7.5, 150mM NaCl, 1% NP40, 
5mM EDTA pH 8.0, 1% NaF, 1% NaVO4, 0.1% NH4 
Molybate and 8% Complete phosphatase and protease 
inhibitor (Roche). The lysates were centrifuged and 
supernatant was collected for Western blot analysis and 
stored at -80°C. Protein lysate was separated by SDS-
PAGE and transferred to PVDF membrane (Millipore). 
The membrane was blocked in 5% milk in PBS/0.1% 
Tween solution for Llgl1 antibody, 5% BSA in 10x TBS 
solution for Integrin α6 antibody, or 3% BSA in TBS/0.1% 
Tween solution for all other antibodies and then used for 
immunoblotting. Proteins on the membrane were treated 
with SuperSignal West Pico Chemiluminescent Substrate 
(Pierce), visualized on Blue Autoradiography film 
(GeneMate) and developed with a Konica SRX-101C. 
Antibodies included Llgl1 (Abnova H00003996-M01), 
E-cadherin (H-108; Santa Cruz sc-7870), dpERK 1&2
(Sigma M8159), ERK 1&2 (Cell Signaling Technologies
4370), pStat3 (Tyr705; Cell Signaling Technologies 9145),
Stat3 (124H6; Cell Signaling Technologies 9139), pAkt
(Ser473; Cell Signaling 4060), Akt (Cell Signaling 9272),
TAZ (V386; Cell Signaling 4883), Slug (C19G7; Cell
Signaling 9585), EGFR 1005 (Santa Cruz sc-03), and
βactin (Sigma Aldrich A5441). Integrin α6, was a kind gift
from Dr. Anne Cress.

Fluorescence activated cell sorting and analysis 
and antibodies

Cells were detached with a 0.025% Trypsin/2.21 
mM EDTA solution in PBS, centrifuged and resuspended 
in cold PBS, and labeled with CD24-FITC (eBioscience 
11-0247), CD44-APC (eBioscience 17-0441), and
CD49f-PE (eBioscience 12-0495). After labeling, cells
were resuspended in 2% PFA for analysis or cold PBS
for sorting. Three-color flow cytometric analysis was
performed using a FACScanto II flow cytometer (BD
Biosciences, San Jose, CA) equipped with an air-cooled
15mW argon ion laser tuned to 488nm. The emission
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fluorescence of CD24 FITC was detected and recorded 
through a 530/30 bandpass filter in the FL1 channel. 
CD49f PE was detected in the FL2 channel through a 
585/42 bandpass filter. CD44 APC was detected in the FL3 
channel through a 660/20 bandpass filter. List mode data 
files consisting of 10,000 events gated on FSC (forward 
scatter) vs SSC (side scatter) were acquired and analyzed 
using CellQuest PRO software (BD Biosciences, San Jose, 
CA). Appropriate electronic compensation was adjusted 
by acquiring cell populations stained with each dye/
fluorophore individually, as well as an unstained control. 
Cell sorting was performed with the FACSaria from BD 
Sciences. Gates were established based on unlabeled and 
single labeled cell samples. Both analysis and sorting were 
performed through the Cytometry Core Shared Resource 
at the University of Arizona Cancer Center. 

Immunofluorescence and antibodies

Cells were fixed with 4% PFA (Santa Cruz), 
permeabilized with 0.5% Triton X-100, 0.05% Sodium 
Azide in PBS for 15 minutes on ice, and then blocked 
with 20% Fetal Bovine Serum (Corning). Primary 
antibody incubation was overnight in a humidity chamber 
at 4°C, while secondary antibody incubation was 1 hour 
in a humidity chamber at room temperature. Slides were 
mounted with Prolong Diamond Antifade Mountant (Life 
Technologies P36961) or Prolong Diamond Antifade 
Mountant with DAPI (Life Technologies P36962). Images 
were acquired using a Leica DMLB microscope and Leica 
DFC 310 FX camera mounted on a 1x C-mount using the 
LAS V4.5 software or using the Leica SP5-III confocal 
microscope, courtesy of the Imaging Shared Resource 
at the Arizona Cancer Center. Antibodies included 
EGFR (clone 225; Millipore MABF120), GFP (Abcam 
ab13970), TAZ (H-70; Santa Cruz), Slug (G-18; Santa 
Cruz), YAP (H-125; Santa Cruz), Alexa Fluor 488 and 594 
(Invitrogen).

Mammosphere assays

Mammosphere media was prepared using 
Mammocult Basal Medium (Stemcell Technologies), 
Proliferation Supplement (Stemcell Technologies), 0.5µg/
mL Hydrocortisone (Sigma), 0.2% Heparin (Stemcell 
Technologies) and 0.1% Pen/Strep (Corning). All cells 
were grown at 37°C in 5% CO2. Cells were initially 
harvested from 2D plastic tissue culture after trypsinizing 
cells and suspending in normal growth media. Cells were 
pipetted repeatedly and passed through a 25G needle in 
order to attain a single cell solution. The solution was 
then gently spun down at 350g and suspended in 1mL 
Mammosphere media. Cells were plated into 6-well ultra-
low attachment plates (Corning) at 40,000cells/well in 
Mammosphere media. Each well was continually fed with 

mammosphere media every 3-4 days. Cells were kept 
in 37°C incubation for 9 days. Primary mammospheres 
were spun down, trypsinized and separated to single 
cell suspension. Cells were plated back onto new 6-well 
ultra-low-attachment plates at the same previous density. 
Secondary spheres were grown and fed under the 
same conditions for another 9 days and quantified. The 
process was repeated for all future passages. At end of 
each passage, mammospheres were photographed and 
measured using ImageJ to quantify the number of spheres 
> 60µM in diameter. Mammosphere formation efficiency
(MFE) was calculated as (#of spheres > 60µM / number of
cells plated)*100. Alternatively, MCF12A shLlgl1 CD44hi/
CD49flo and CD44lo/CD49fhi mammospheres were counted
by dispersing into a single cell suspension and counted
with Trypan Blue. N = 3 for each experimental group.
Graphical representation used the mean as the center value
with error bars representing one standard deviation in each
direction. Each experiment was repeated with at least two
biological replicates using different transductions.

Mammosphere staining

For lineage tracing assay, primary mammospheres 
were allowed to grow following the normal protocol. After 
9 days the mammospheres were collected, trypsinized, 
centrifuged and resuspended, and incubated in either Di-O, 
Di-I, or Di-D, followed by washes (Invitrogen Molecular 
Probes). Cells with each stain were then mixed equally 
and plated for secondary mammosphere growth following 
normal protocol. 

Actin was visualized by fixing mammospheres in 
4%PFA, followed by incubation in 0.1% Triton X-100/1% 
BSA in PBS. Fixed mammospheres were incubated with 
Alexa Fluor 488 Phalloidin (Life Technologies A12379) 
and mounted with DAPI (Life Technologies P36962). 
Mammospheres were imaged using Leica SP5-III confocal 
microscope, courtesy of the Imaging Shared Resource at 
the Arizona Cancer Center. 

MTT assays

Cells were plated in 96 well plates and grown for 
3 days. Cell survival was calculated in terms of Fold 
Change in OD from the corrected values at Day 0 to Day 
3. The corrected value is determined by subtracting the
OD value of a well with no cells that was incubated with
the same media/MTT as was added to cell containing
well. Fold Change was calculated as (Day3-Day0)/Day0.
For MCF10A, n = 16 for each experimental group. For
MCF12A, n = 6 for no ligand treatment and n = 3 for EGF
treatment for each cell type. Graphical representation used
the mean as the center value with error bars representing
one standard deviation in each direction. Each experiment
was repeated with at least two biological replicates using
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different transductions.

Soft agar colony assay

A 1.2% agar solution was mixed with 2x MCF12A 
media (2x DMEM/F12 media, 10% Donor Horse 
Serum (Omega Scientific), 2% Pen/Strep and 40ng/mL 
Recombinant Human Epidermal Growth Factor (Corning), 
1μg/mL Hydrocortisone (Sigma), 200ng/mL Cholera 
Toxin (Sigma), 20ng/mL Bovine Insulin (Fisher), plated 
into a 6-well plate. A 0.3% agar solution was combined 
with trypsinized cells in 2x media and plated into each 
well on top of the hardened agar layer and incubated 
at 37°C, 5% CO2 for 13 days. Wells were fed every 3 
days and imaged before staining. Cells were imaged 
using a Leica M2FLIII dissection microscope with 0.63x 
objective at 0.8x zoom with a 0.5x C mount attached to a 
Leica DCF310 FX camera and acquired with LAS V4.5 
software. Images were processed using ImageJ to quantify 
the number and size of colonies (Threshold: Regular, 5. 
Radius: min 2, max 50 (auto max).

Migration assays

Cells were plated to 95% confluency, washed 
with PBS, scratched with a p200 pipette tip, rinsed with 
PBS, and then serum free media with or without EGF 
(20ng/mL) was added back onto the cells. Images were 
acquired immediately and every 4 hours thereafter. Images 
were quantified using ImageJ to measure the area of the 
scratch at each time point and the area of migration was 
determined by subtracting from the time 0 area. N = 4 for 
each experimental group. Graphical representation used 
the mean as the center value with error bars representing 
one standard deviation in each direction. Each experiment 
was repeated with at least two biological replicates using 
different transductions.

Immunofluoresence of cells on transwell filters

MCF12A shControl, shLlgl1, CD44hi/CD49flo, and 
CD44lo/CD49fhi cells were grown on 0.4µm pore size 
polyester membrane transwell filters (Corning) in normal 
growth media then fixed, permeabilized, and incubated 
overnight with anti-GM130 (BD Biosciences 610823) 
and Alexa Fluor anti-mouse 594 (Invitrogen). Filters were 
mounted with DAPI (Life Technologies P36962). Images 
were acquired using a Leica SP5-III confocal microscope. 

Mouse experiments

Immunocompromised (NOD-SCID) mice (Taconic, 
Rockville, MD) were tested for the presence of serum 
IgG and found to be < 20 μg/ml IgG. Female mice (four 

to six weeks old) were injected with cells embedded in 
Matrigel (BD Biosciences) into the mammary fat pad and 
palpated. Size of masses were determined based on the 
formula a2 x b/2 where a is the smaller diameter and b is 
the larger diameter. MCF12A shControl, shLlgl1, CD44hi/
CD49flo, CD44lo/CD49fhi cells were grown on plastic then 
trypsinized, spun down, and resuspended in matrigel. 
500,000 cells were injected into the mammary fat pad of 
NOD-SCID mice (shControl n = 3, shLlgl1 and others 
n = 4). Tumor size was measured using palpation every 
3-4 days until undetectable by the Experimental Mouse
Shared Resource. This experiment was not blinded but
cells were injected into mice chosen at random and masses
were palpated and recorded by individual mouse number
without indication of cell type except on a master sheet.
A biological replicate was performed using a different
transduction. For sample size estimate, animal studies
estimated an 80% power to detect proportion of survival
of at least 21% between any of groups; this is based on a
log-rank test statistic (p = 0.05).

Patient survival probability

A breast tumor gene expression dataset (GSE3494) 
with associated clinical variables was downloaded from 
GEO (www.ncbi.nlm.nih.geo). Patient expression data 
was divided into two types of cohorts based on high vs. 
low expression of Llgl1 and elston histological grades 
(1-3). Analysis of survival time was performed using 
R statistical software and survival package. Long-term 
overall survival was analyzed by Kaplan-Meier method. 
We performed a logrank test using function survdiff to 
investigate if any, differences between Llgl1 expression 
groups and elston grades groups on survival time. The 
p-value was calculated from a chi-square test.

Significance calculation in all figures

Variance was similar between all groups that were 
statistically compared. The values for each group were 
compared statistically using a two-tailed student t test with 
95% confidence as the cutoff for statistical significance. 
Increasing levels of confidence are indicated as * = 
p≤0.05, ** = p≤0.01, *** = p≤0.001, **** = p≤0.0001.
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AbstrAct
As high-risk neuroblastoma (NB) has a poor prognosis, new therapeutic 

modalities are needed. We therefore investigated the susceptibility of NB cells to 
γ-secretase inhibitor I (GSI-I). NOTCH signaling activity, the cellular effects of GSI-I 
and its mechanisms of cytotoxicity were evaluated in NB cells in vitro and in vivo. 
The results show that NOTCH signaling is relevant for human NB cells. Of the GSIs 
screened in vitro GSI-I was the most effective inhibitor of NB cells. Both MYCN-
amplified and non-amplified NB cells were susceptible to GSI-I. Among the targets 
of GSI-I in NB cells were NOTCH and the proteasome. GSI-I caused G2/M arrest 
that was enhanced by acute activation of MYCN and led to mitotic dysfunction. GSI-I 
also induced proapoptotic NOXA. Survival of mice bearing an MYCN non-amplified 
orthotopic patient-derived NB xenograft was significantly prolonged by systemic 
GSI-I, associated with mitotic catastrophe and reduced angiogenesis, and without 
evidence of intestinal toxicity. In conclusion, the activity of GSI-I on multiple targets 
in NB cells and the lack of gastrointestinal toxicity in mice are advantageous and merit 
further investigations of GSI-I in NB.

IntroductIon 

Neuroblastoma (NB) is the most common 
extracranial solid tumor of childhood [1, 2]. As the 
prognosis of children with high-risk NB remains poor, 
novel therapeutic approaches are needed.

Embryonic, undifferentiated tumors, such as NB, are 
characterized by constitutive activation of developmental 
signaling pathways. NOTCH is a developmental pathway 
determining the fate of neural crest stem cells, the cells 
of origin of NB [3, 4]. The molecular mechanisms of the 
NOTCH pathway have been elucidated in great detail 
(reviewed in [5]). Briefly, cell-bound NOTCH ligands 
bind to cell surface NOTCH receptors. NOTCH receptors 

then undergo an extracellular cleavage that generates the 
NOTCH-EXT fragment. Subsequently, this fragment 
is cleaved by γ-secretase to generate the intracellular 
domain of NOTCH (NICD). NICD translocates into 
the nucleus and binds to the transcription factor RBPJ 
(recombination signal binding protein, suppressor of 
hairless). Subsequently, NOTCH target genes such as 
DTX1, NRARP and others are induced depending on cell 
type. 

There is emerging, albeit contradictory evidence 
that NOTCH is involved in established NB. NOTCH 
receptors are expressed in NB [6-9]. Little is known about 
the expression of NOTCH ligands in NB [10]. Expression 
of NOTCH target genes at high levels has been found by 
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some [7-11] and at low levels by others [6]. The cellular 
effects of NOTCH signaling in NB appear to depend on the 
triggers, level and duration of NOTCH activation. Thus, 
triggering NOTCH signaling by recombinant JAGGED1 
led to growth arrest [9], while a JAGGED1 peptide 
enhanced proliferation [12]. Transfection of NOTCH1-3 
intracellular domains and HES1 killed NB cells [9], as 
did increased expression of HES1 by other means [7, 11], 
whereas hypoxia-associated upregulation of NOTCH1 
was linked to an immature neural crest cell-like phenotype 
[13]. While constitutive NOTCH activation kept NB cells 
in an undifferentiated state, transient activation induced 
their differentiation [8, 11]. Finally, increased NOTCH1 
protein has been correlated with poor prognosis of NB [6], 
others, however, found no evidence of cleaved NOTCH in 
NB [9]. There is evidence that co-expression of NOTCH 
receptor and ligand in the same cell inhibits the NOTCH 
receptor (“cis-inhibition”) [14]. This possibility, and the 
contradictory findings of the role of NOTCH signaling 
in NB highlight the complexity of delineating NOTCH 
signaling in NB cells.

Among other options to block Notch signaling, 
the macromolecular γ-secretase complex is a promising 
therapeutic target in cancers with active NOTCH [15]. 
Several small molecule γ-secretase inhibitors (GSIs) have 
been developed and have entered clinical trials. These 
compounds inhibit γ-secretases that cleave NOTCH and 
additional proteins [16-20], inhibit the proteasome and can 
elicit endoplasmic reticulum stress [21-26]. GSI-I has been 
shown to inhibit gastric cancer xenografts in mice after 
systemic administration [27]. Little is known about the 
efficacy of the various small molecule GSIs in NB [6, 12].

The ubiquitin-proteasome pathway is a major 
mechanism in intracellular protein turnover and its 
concerted action is necessary for many cellular processes 
[28]. The proteasome is a therapeutic target for cancers, 
including NB, and proteasome inhibitors have been 
investigated for therapeutic efficacy for more than a 
decade. However, proteasome inhibitors like bortezomib 
show low activity when used as monotherapy for solid 
tumors [29, 30]. 

Here, we provide evidence that GSI-I is the most 
effective of the γ-secretase inhibitors and acts on at least 
two therapeutic targets in NB, NOTCH signaling and the 
proteasome, leading in concert to cell cycle arrest, mitotic 
catastrophe and inhibition of NB cell growth. 

results

notcH signaling is active in human nb

Primary short-term cultures were shown by 
immunohistochemistry and FISH to be bona fide NB cells 
without lymphocyte contamination (Supplementary Figs. 

S1 and S2). Using these and other authenticated NB cells, 
expression of NOTCH receptors and ligands, and target 
gene activation was investigated. All NB cell lines and 
cultures expressed at least one of the NOTCH receptors 
and ligands, leading to induction of NOTCH target genes 
(Figure 1A, upper panel and table). To confirm activation 
of NOTCH, the presence of cleaved NOTCH1 (N1-ICD) 
and NOTCH2 (N2-ICD) was determined. While N1-
ICD was detectable at low levels in some NB cell lines 
and cultures (Supplementary Figure S3). N2-ICD was 
clearly present in all cell lines and cultures (Figure 1A, 
lower panel). These data confirm that NOTCH is active 
in human NB.

γ-Secretase inhibitor I decreases malignant 
attributes of NB in vitro

We then asked whether NOTCH is a therapeutic 
target in NB and investigated blocking NOTCH by 
inhibiting γ-secretase, the common switch in NOTCH 
activation. We first screened the small-molecule 
γ-secretase inhibitors GSI-I, GSI-X, GSI-XXI and DAPT 
in a panel of NB cell lines and short-term cultures for 
their minimal effective dose using dose-response curves 
(data not shown). GSI-I was the most potent inhibitor 
(Figure 1B), while GSI-X, GSI-XXI and DAPT were less 
effective, even when used at 5-fold higher concentrations 
than GSI-I. Thus, GSI-I was used throughout the study. 
For reasons of feasibility we decided to concentrate on 
the paradigmatic MYCN-amplified SK-N-BE(2)C cell 
line and the non-amplified low-passage culture U-NB1 
for most of the subsequent studies. Thus, caution must be 
exerted in extrapolating the results to all NB cells. Both 
SK-N-BE(2)C and U-NB1 cells were killed in a time- 
and dose-dependent manner by GSI-I (Figure 1C). At a 
concentration of 1 μM GSI-I markedly inhibited metabolic 
activity of most NB cell lines and of all primary short-term 
NB cultures investigated (Figure 1C and Supplementary 
Figure S4). Next, we examined the effect of GSI-I on 
clonogenicity. GSI-I dramatically inhibited clonogenicity 
in all 12 NB cell lines and cultures tested (Figure 1D and 
Supplementary Figure S5). To test whether GSI-I impacts 
on NB spheres that may be enriched with NB initiating 
cells, spheres of SK-N-BE(2)C and U-NB1 cells were 
treated with GSI-I. Spheres disintegrated into single cells, 
associated with massive apoptosis (Figure 1E). Taken 
together, all NB cells were sensitive to GSI-I, as GSI-I 
markedly decreased viability, clonogenicity and tumor 
sphere integrity.

GSI-I targets γ-secretase and inhibits NOTCH 
signaling in nb cells

To assess whether GSI-I targets γ-secretase and 
inhibits NOTCH signaling in NB cells, we determined 



Oncotarget  511www.impactjournals.com/oncotarget

Figure 1: NOTCH signaling is active in human NB cells and inhibition of γ-secretase in vitro decreases malignant 
attributes of NB. A. All NB cell lines and primary low-passage cultures investigated express at least one NOTCH receptor and one 
NOTCH ligand leading to activation of NOTCH target genes. Cells were subjected to semi-quantitative RT-PCR for NOTCH receptors 
(blue), ligands (green) and targets (red) (upper panel). Shown is one representative of three independent experiments with IMR-32. The 
table summarizes the results of NB cell lines and short-term cultures. Expression is denoted by “+”, lack of expression by “-”. Genomic 
amplification of MYCN, as derived from published data, is marked by “+”, lack of amplification by “-“. NB cells were investigated by 
Western blot analysis of N2-ICD, tubulin was used as loading control (lower panel). b. GSI-I is the most effective GSI against NB cells. 
1 x 104 NB cells in 96-wells were treated with different GSIs for 48 h and metabolic activity was assessed by MTT assay. Minimal 
effective doses determined in previous experiments were used. Results were calculated relative to DMSO controls. c. GSI-I decreases 
metabolic activity in a time- and dose-dependent manner. 1.5 x 104 NB cells were seeded in quadruplets in 96-well plates and treated with 
the indicated GSI-I concentrations. Metabolic activity was assessed by MTT assay. Results are compared to DMSO controls. d. GSI-I 
markedly decreases anchorage-independent growth. NB cells were seeded at clonal density into 24-well plates in soft agar and were treated 
with 1 µM (U-NB1) or 1.5 µM GSI-I (SK-N-BE(2)C). Colonies were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide and counted in 12 wells per condition. e. NB spheres are targeted by GSI-I. SK-N-BE(2)C and U-NB1 cells were seeded in 
clonal density using non-adherent plastic and tumor sphere medium. GSI-I at 1 µM was applied when spheres became visible. Integrity 
of spheres was determined by light microscopy (left). Bars represent 250 µm (upper panel) and 60 µm (lower panel). Specific apoptosis 
was determined by FACS analysis (right). Means and SD are shown in B-E. Statistical analysis was performed using the unpaired t-test. 
*p<0.05, **p<0.01, ***p<0.001. Experiments in A-E were repeated at least three times in triplicates.
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the efficacy of GSI-I on γ-secretase-mediated cleavage of 
NOTCH receptors 1 and 2. GSI-I inhibited cleavage of 
NOTCH1 in those NB cell lines and cultures were N1-
ICD was detectable (Supplementary Figure S3). GSI-I-
mediated inhibition of NOTCH2 was much more evident. 
It occurred in a dose-dependent fashion (Figure 2A, left 
panel) and in the majority of NB cell lines and cultures 
investigated (Figure 2A, left and right panels). This shows 
that GSI-I targets γ-secretase. When mNOTCH1-ΔE, a 
dominant active form of NOTCH1 constitutively cleaved 
by γ-secretase, was overexpressed in NB cells, it was 
clearly inhibited by GSI-I, as detected by a concomitantly 
transfected NOTCH reporter construct (Figure 2B, left). 
However, little impact of GSI-I on endogenous NOTCH 
activity was detectable with this assay (Figure 2B, right). 
Transcripts of the NOTCH target genes NRARP, HES1 and 
HEY1 decreased upon GSI-I, in a heterogeneous fashion 
(Figure 2C). We conclude that most of these data are 
consistent with GSI-I I targeting γ-secretase and inhibiting 
NOTCH signaling in NB cells.

Next, we compared the impact of NOTCH 
inhibition on clonogenicity by GSI-I with specific, 
non-pharmacological NOTCH inhibition. GSI-I nearly 
abrogated and significantly reduced clonogenicity of SK-
N-BE(2)C and U-NB1 cells, respectively (Figure 2D). 
NB cells transfected with dominant-negative mastermind-
like protein (dnMAML-GFP), blocked the NOTCH 
transcriptional activation complex, as proven by decreased 
DTX1 expression (Supplementary Figure S6) and reduced 
clonogenicity of NB cells, more so in U-NB1 than in SK-
N-BE(2)C cells (Figure 2D). This differential sensitivity 
is in line with the modest NOTCH receptor activity in 
the SK-N-BE(2)C cells (Figure 2B). These data, together 
with the data showing inhibition of NOTCH signaling 
by GSI-I, strongly suggest that inhibition of NOTCH 
signaling contributes to the efficacy of GSI-I in some NB 
cell lines and less so in others.

GSI-I inhibits the proteasome in NB cells

Given the structural similarity of GSI-I with 
proteasome inhibitors, we compared the impact of GSI-I 
on the proteasome of NB cells with that of MG132, a bona 
fide proteasome inhibitor. Proteasome inhibition of GSI-I 
in SK-N-BE(2)C cells was modest compared to the strong 
proteasome inhibitor MG132, while proteasome inhibition 
of U-NB1 was more pronounced (Figure 3). Inhibition was 
persistent in SK-N-BE(2)C and transitory in U-NB1 cells. 

GSI-I activates the G2/M checkpoint, causes 
mitotic dysfunction and induces apoptosis

To investigate effector mechanisms of GSI-I-
induced cytotoxicity we performed cell cycle analysis in 
MYCN-amplified SK-N-BE(2)C and MYCN non-amplified 

U-NB1 and SH-EP-MYCN-ER NB cells. In all three cell
lines GSI-I induced a predominant G2/M arrest (Figure
4A, Supplementary Figure S7A and Figure 5B), in line
with increased protein levels of p21, p27, CYCLIN B1,
CDC25C, phospho-CDC25C Ser216 and SURVIVIN
(Figure 4B). Protein levels of p16 and CDK4, which play
a role in the G1 checkpoint, were also increased. GSI-
I-treated cells exhibited signs of mitotic dysfunction, as
shown by abnormal mitotic spindles in both SK-N-BE(2)C
and U-NB1 NB cells (Figure 4C and Supplementary
Figure S7B). Interestingly, mitotic dysfunction was
not increased in either SK-N-BE(2)C or U-NB1 cells
following treatment with the GSI DAPT (Figure 4C and
Supplementary. Figure S7B).

Pro-apoptotic NOXA increased in GSI-I-treated SK-
N-BE(2)C cells (Figure 4D and Supplementary Figure S8) 
and SH-EP-MYCN-ER cells (Supplementary Figure S8), 
consistent with induction of apoptosis that in part depends 
on caspases (Figure 4E). These changes in response to 
GSI-I were p53-independent, as the SK-N-BE(2)C cells 
investigated do not have functional p53 [41]. They also 
occurred irrespective of MYCN copy number, as SK-N-
BE(2)C NB cells are MYCN-amplified, whereas SH-EP-
MYCN-ER cells are not.

Acute MYCN activation sensitizes NB cells to 
GSI-I

Next, we investigated whether GSI-I is efficacious 
in NB with acutely activated MYCN. To this end, SH-
EP-MYCN-ER cells were used [39]. Activation of MYCN 
with 4-OHT was verified by strong increase of mRNA 
expression of ODC1, a target gene of MYCN (Figure 
5A). Acute activation of MYCN forced SH-EP-MYCN-
ER cells out of G0/G1 into S phase, leading to enhanced 
GSI-I-induced arrest in G2/M (Figure 5B), followed by 
increased apoptosis (Figure 5C). Thus, acute activation of 
MYCN sensitizes SH-EP-MYCN-ER NB cells to GSI-I.

Since we had shown above that GSI-I increases 
proapoptotic NOXA expression in SK-N-BE(2)C cells, 
we asked whether MYCN synergizes with GSI-I by 
also increasing NOXA. In SH-EP-MYCN-ER cells 
GSI-I treatment increased NOXA mRNA expression, as 
expected (Supplementary Figure S8). While NOXA mRNA 
expression increased upon acute activation of MYCN in 
the SH-EP-MYCN-ER cells, this increase did not reach 
significance (Supplementary Figure S8). In contrast, in 
silico analysis of 651 patient NB samples showed that 
MYCN-amplified patient tumors have significantly higher 
transcript levels of NOXA (Figure 5D). 

Taken together, MYCN enhances GSI-I-induced 
G2/M arrest in SH-EP-MYCN-ER NB cells and is 
associated with increased transcription of NOXA in patient 
tumors. The latter may synergize with GSI-I-induced 
NOXA expression to induce apoptosis. 
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Figure 2: GSI-I targets γ-secretase and inhibits NOTCH signaling in NB cells. A. GSI-I inhibits γ-secretase-mediated cleavage 
of NOTCH2 depending on dose. U-NB1 cells were treated with GSI-I at increasing concentrations for 48 h (left panel). Representative NB 
cell lines were treated with GSI-I at 1 µM for 48 h (right panel). N2-ICD levels were determined by Western blot analysis. Tubulin was 
used as loading control. b. GSI-I reduces induced and endogenous NOTCH signaling. NB cells were co-transfected with mNOTCH1-ΔE 
and the NOTCH reporter construct RBP-Jκ-luc (left), or were transfected with the reporter construct only (right). 24 h after GSI-I treatment 
luciferase-activity was measured. Results are depicted as luciferase activity in relative light units (RLU). Shown are means and SD of one 
out of three independent experiments. P values were calculated using the two-way ANOVA test; ***p<0.001. c. GSI-I decreases NOTCH 
target gene expression. NB cells were treated with GSI-I for 72h. Expression of the NOTCH target genes NRARP, HES1 and HEY1 
was measured by qRT-PCR, normalized to expression of ACTIN and is depicted relative to DMSO-treated control samples. The dotted 
horizontal line (red) indicates the level of NOTCH target gene expression of the DMSO-treated control samples (set as one-fold change). 
* SK-N-AS cells do not express NRARP and ** GI-ME-N cells do not express HES1. Means and SD of three independent experiments are
shown. d. Both GSI-I and genetic NOTCH inhibition reduce clonogenicity. SK-N-BE(2)C and U-NB1 cells were transiently transfected
with either dnMAML-GFP (“dnMAML +”) or empty vector control expressing only GFP (“dnMAML –“). Cells sorted above the 50th

percentile for GFP were seeded in clonal density (1000 cells/well) in soft agar. Cells were then treated with vehicle only (“GSI-I –“) or
with 1 µM (U-NB1) or 1.5 µM (SK-N-BE(2)C) GSI-I (“GSI-I +”). Colonies were stained and counted. P values were calculated using the
unpaired t-test; ***p<0.001. Experiments were repeated three times, with similar results.
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GSI-I inhibits growth of a MYCN non-amplified 
orthotopic NB xenotransplant

To investigate whether MYCN non-amplified 
orthotopic NB xenotransplants are sensitive to GSI-I in 
vivo we transplanted U-NB1-luc NB cells [32] into the 
adrenals of immunodeficient mice. Mice were systemically 
treated with GSI-I or vehicle control (Figure 6A). GSI-I 
inhibited growth of tumors while not inducing regression 
(Figure 6B), translating into significantly prolonged 
survival (Figure 6C), without evidence of gastrointestinal 
toxicity (Supplementary Figure S9). Next, we analyzed the 
cellular effects of GSI-I treatment in U-NB1 tumors. To 
this end mice were treated for a longer period to increase 
treatment intensity. GSI-I-treated U-NB1 tumors were 
characterized by an increased number of aberrant mitotic 
figures and giant multinucleated cells typical for mitotic 
catastrophe (Figure 6D, upper row). GSI-I modestly 
decreased proliferation with multinucleated cells being 
mostly quiescent (Figure 6D, second row). Compared 
to vehicle-treated tumors the number of CD31-positive 
vessels was reduced in GSI-I-treated tumors (Figure 6D, 
third row). GSI-I-treated samples exhibited few cells with 
cleaved caspase 3 (Figure 6D, lower row).

Collectively, these data show that GSI-I blunted 
growth of orthotopic MYCN non-amplified NB cell tumors, 
associated with decreased proliferation, evidence of 
mitotic catastrophe and inhibition of tumor angiogenesis.

dIscussIon 

In this study we have delineated that NOTCH is 
relevant for maintaining NB cells and that it constitutes 
a therapeutic target susceptible to inhibition by GSI-I. In 
addition to inhibiting NOTCH GSI-I interferes with the 
proteasome and possibly with additional cellular functions, 

thus mounting a multipronged attack on NB cells. To 
avoid undue generalization, it should be kept in mind that 
for reasons of feasibility only a limited number of NB cell 
lines was investigated in most of the experiments. 

NOTCH was constitutively active in NB cells, as 
proven by NOTCH receptor cleavage and expression 
of NOTCH target genes. As NB cells express NOTCH 
ligands as well as receptors, both auto- and paracrine 
ligand-receptor interactions could be the cause of NOTCH 
activation.

Having confirmed that NOTCH is active in NB 
cells we interfered with NOTCH signaling. We chose 
γ-secretase as a target, as cleavage of NOTCH receptors is 
the common activator of NOTCH signaling and because 
little was known about the effects of inhibiting this 
enzyme in NB. Previous studies investigated the in vitro 
effect of the GSIs compound E and DAPT on two NB cell 
lines [12] and the short-term response of a subcutaneous 
NB cell line xenograft to a GSI called Jia142 [6]. Using a 
large panel of NB cell lines and low-passage NB cultures, 
we determined that GSI-I, not investigated previously 
in NB, was the most effective of several classes of GSIs 
investigated. We then showed in vitro that inhibition of 
γ-secretase by GSI-I blocks NOTCH signaling, since 
cleavage of NOTCH receptors, NOTCH reporter gene 
activity and expression of several NOTCH target genes all 
decreased upon treatment. Using a low-passage orthotopic 
xenograft we proved that GSI-I reduces NB growth and 
prolongs mouse survival. NOTCH inhibition correlated 
with cell toxicity suggesting that NOTCH inhibition is a 
relevant mechanism of GSI-I in controlling growth of NB 
cells. 

Forced expression of dnMAML allowed us 
to compare the efficacy of GSI-I with specific, non-
pharmacological inhibition of NOTCH signaling in NB 
cells. dnMAML decreased clonogenic growth, supporting 
a role of NOTCH in maintaining the malignant phenotype 

Figure 3: GSI-I inhibits the proteasome in NB cells. NB cells were treated in triplicates with either GSI-I or MG132. Proteasome 
activity was measured using a fluorogenic AMC substrate assay. Means and standard deviations of three independent experiments are 
shown. P values were calculated using the two-way ANOVA test; *p<0.05, **p<0.01, ***p<0.001.
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Figure 4: GSI-I activates the G2/M checkpoint and induces mitotic dysfunction in SK-N-BE(2)C NB cells. A. GSI-I 
induces G2/M cell cycle arrest. SK-N-BE(2)C cells were treated with 1.5 µM GSI-I for the indicated times. Cells in G1, S and G2/M phases 
were determined by FACS analysis. Means and SD were calculated from three independent experiments. b. GSI-I-induced cell cycle arrest 
is p53-independent and associated with increased p16, CDK4, p21, p27, CYCLIN B1, CDC25C, pCDC25C and SURVIVIN. Protein lysates 
of SK-N-BE(2)C cells treated with 1.5 µM GSI-I were subjected to Western blot analysis. Experiments were repeated three times, with 
similar results. c. GSI-I induces mitotic dysfunction. SK-N-BE(2)C cells were treated on cover slips with 1.5 µM GSI-I or DAPT for 24 h. 
Formalin-fixed samples were stained for α-tubulin (red) and DNA (blue). The graph shows the quantification of aberrant mitotic figures 
and is presented as percent of total mitotic figures. Bars equal 5 µm. Experiments were repeated three times, with similar results. Shown 
are means and SD from three independent experiments and p-values were calculated using the t-test. *** p<0.001; n.s. not significant. d. 
GSI-I increases NOXA mRNA and protein. NOXA in GSI-I-treated SK-N-BE(2)C cells was determined by semi-quantitative RT-PCR 
(upper panels) and Western blot (lower panels). Experiments were repeated three times, with similar results. e. GSI-I-induced apoptosis is 
partially dependent on caspases. SK-N-BE(2)C cells were treated with 1.5 µM GSI-I in the presence or absence of zVAD.fmk. Hypodiploid 
propidium iodide-stained nuclei were determined by FACS analysis. Means and SD were calculated from three independent experiments 
and p-values were determined using the unpaired t-test; *p<0.05.
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Figure 5: Acute activation of MYCN sensitizes NB cells to GSI-I. A. MYCN translocation induces ODC1 expression. Parental 
SH-EP and SH-EP-MYCN-ER cells were treated with 4-OHT. qRT-PCR of ODC1 was performed. mRNA expression was calculated relative 
to HPRT. Means and SD were calculated from independent qRT-PCR runs and p-values were determined using the two-way ANOVA test; 
**p<0.01, ***p<0.001. b. MYCN forces NB cells into S phase and enhances GSI-I-induced G2/M block. SH-EP-MYCN-ER cells were 
incubated with 4-OHT for 24 h and subsequently treated with 1.5 µM GSI-I. PI-stained cells were analyzed by flow cytometry. Histograms 
for the 48 h time point are shown on the left and quantification of cells being in G0/G1, S and G2/M phases on the right. Means and SD 
were calculated from three independent experiments. c. MYCN enhances GSI-I-induced apoptosis in NB cells. SH-EP-MYCN-ER cells 
were treated as described in (B). Hypodiploid nuclei were determined by FACS analysis. Experiments were repeated at least three times, 
with similar results. For statistical analysis the unpaired t-test was used; **p<0.01, ***p<0.001. d. MYCN amplification is associated with 
increased NOXA transcripts in patient NB. Transcript levels of NOXA were determined in 651 patient NB by gene expression microarray 
analysis. Statistical analysis was performed using the Wilcoxon Rank Sum test.
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Figure 6 Systemic GSI-I decreases growth of NB xenografts and is associated with mitotic catastrophe, decreased 
proliferation and reduced tumor angiogenesis A. Treatment schedule of orthotopically transplanted U-NB1 tumors. 2 x 105 
U-NB1 cells expressing luciferase were transplanted into the left adrenal gland of immunodeficient mice. Growth of tumors was monitored
by luminescence imaging starting 4 days post transplantation. Treatment was started when tumors were detected in two consecutive
measurements. Mice in control and treatment groups (n=8 for each group) were paired for similar tumor size and treated with 5 mg/kg
GSI-I or vehicle only by daily i.p. injections for 14 days. b. GSI-I reduces growth of orthotopic U-NB1 xenotransplants. Shown is the
course of one representative pair of tumors. For imaging, mice were injected with luciferin. c. Prolonged survival of NB-bearing mice
treated with GSI-I. Shown is a Kaplan-Meier survival analysis. Mice were killed when they became moribund. Statistical analysis was
performed by log rank test. d. GSI-I-treated NB show signs of mitotic catastrophe, decreased proliferation and reduced vascularisation
compared to vehicle control. Mice received GSI-I (n=5) or vehicle only (n=4) 5 days a week by i.p. injections for 4 weeks. At different
time points, one mouse per group was sacrificed. Tumor tissue sections were stained by HE, for Ki67, for CD31 and for cleaved caspase 3
(CC3). Shown are the results for 12 and 31 days after therapy (i.e. 44 and 63 days after tumor cell transplantation). Bars equal 100 μm and
50 μm (inserts). Statistical analysis was performed by unpaired one-sided t-test; *p<0.05, **p<0.01, ***p<0.001. Arrows point to giant
multinucleated tumor cells.
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of NB cells. In SK-N-BE(2)C cells GSI-I treatment 
decreased colony formation more than did dnMAML, 
suggesting other mechanisms in addition to NOTCH 
inhibition that mediate cytotoxicity of GSI-I. Indeed, we 
observed that GSI-I also inhibits the proteasome in NB 
cells. Inhibition of the proteasome by GSI-I was weaker 
and, in the case of U-NB1, more transitory compared to 
the strong and sustained inhibition by MG132, a bona 
fide proteasome inhibitor structurally similar to GSI-I. 
Thus, part of the NB-controlling effect of GSI-I may 
be attributable to its proteasome-inhibiting effect. This 
most likely enhances efficacy of GSI-I against NB. 
While we have demonstrated that GSI-I inhibits the 
proteasome in NB, as it does in other cancers [21-26], 
the degree of inhibition was limited. This suggests that 
additional mechanisms of GSI-I are operational. Along 
this line, it remains to be investigated whether cleavage 
of other known substrates of γ-secretase by GSI-I [16-20] 
contributes to its efficacy in NB cells. As with other small 
molecules, yet undescribed off-target effects that may 
contribute to efficacy cannot be ruled out.

GSI-I caused G2/M arrest and mitotic dysfunction 
in NB cells, associated with up-regulation of molecules 
important for this cell cycle checkpoint, i.e. CYCLIN B1, 
CDC25C, pCDC25C Ser216 and SURVIVIN. Of note, 
proteasome inhibition has been described to arrest NB 
cells in G2/M, associated with increased CYCLIN B1 
levels [29]. Thus, GSI-I-mediated cell cycle arrest in NB 
cells may be caused by its proteasome-inhibiting function 
leading to deregulated turnover of cell cycle regulators 
such as cyclins and CDKs. Inhibition of the proteasome 
leading to deregulation of CDC25C, p27 and cyclins has 
been shown to render cells more susceptible to apoptosis 
[28]. 

GSI caused marked mitotic dysfunction in SK-
N-BE(2)C and U-NB1 NB cells in vitro and mitotic 
catastrophe in U-NB1 tumors in vivo. Interestingly, in vitro 
treatment with the GSI DAPT, thought to be specific for 
NOTCH, did not cause mitotic dysfunction. This suggests 
that the mitotic dysfunction and catastrophe induced by 
GSI-I is not caused by the inhibitory effect of GSI-I on 
NOTCH but rather by inhibiting proteasome function. 
Along this line, mitotic dysfunction has been shown to 
be induced by the proteasome inhibitor bortezomib in NB 
[42-44]. Other mechanisms yet to be determined may also 
be involved.

We have shown that GSI-I-treated NB cells undergo 
apoptosis, associated with increased pro-apoptotic NOXA. 
This may have been caused by decreased turnover of 
NOXA protein, in line with decreased protein turnover 
described in NB cells in response to proteasome inhibitors 
like bortezomib [45]. 

Systemic GSI-I inhibited growth of orthotopic NB 
xenografts. Regression of tumors was not noted. This 
suggests that inhibition of mitosis by GSI predominates 
over its pro-apoptotic effects. In addition, route, dosage 

and schedule of GSI-I administration may have been 
suboptimal. Thus, combining GSI-I with other drugs, and 
determining and improving pharmacokinetics of GSI-I 
warrant further investigations. 

In vitro, NB cell lines with amplification of MYCN 
were, on average, as susceptible to GSI-I as NB cells 
with non-amplified MYCN. SH-EP MYCN-ER cells 
with acutely activated MYCN were even more sensitive 
to GSI-I compared to cells without activated MYCN. 
Activation of MYCN shifted cells from G0/G1 into S 
phase. This led to a markedly increased proportion of 
cells being arrested in G2/M phase by GSI-I. Thus, acute 
activation of MYCN enhances GSI-I-induced G2/M arrest. 
Taken together, even aggressive MYCN-amplified NB cells 
respond to GSI-I.

Along this line, MYCN and GSI-I cooperated to 
induce apoptosis in NB cells. It is conceivable that this 
cooperation is mediated by proapoptotic NOXA. Thus, 
GSI-I induced transcription of NOXA and increased its 
protein levels. The latter may have been caused by the 
proteasome inhibition induced by GSI-I, as proteasome 
inhibition preceded the increase of NOXA protein. A 
similar sequence of events has been described for GSI-I in 
chronic lymphocytic leukemia [26]. While NOXA mRNA 
expression increased upon acute activation of MYCN in 
the SH-EP-MYCN-ER cells, this increase did not reach 
significant levels (Supplementary Figure S8). In contrast, 
in silico analysis showed that MYCN-amplified patient 
tumors have significantly higher transcript levels of NOXA 
(Figure 5D), in line with recent data showing that MYCN 
increases NOXA expression in NB [46]. Taken together, 
while consistent with the notion of cooperation between 
MYCN and GSI-I in NB by mutual induction of NOXA, 
our data do not yet prove this notion.

We have provided evidence that GSI-I inhibits 
angiogenesis in NB, which may contribute to GSI-I-
mediated tumor control in vivo. While GSI-I-mediated 
anti-angiogenesis has not been described yet, it is known 
that inhibition of NOTCH by other GSIs decreases tumor 
angiogenesis by blocking NOTCH signaling [47, 48]. 
Inhibition of the proteasome may play a role in the anti-
angiogenic effect of GSI-I, as proteasome inhibitors have 
been reported to decrease tumor vasculature [28]. 

Of note, no intestinal metaplasia or weight loss 
was noted in mice treated with GSI-I. This contrasts with 
many other GSIs, where intestinal metaplasia constitutes 
a frequent and severe side effect. In addition to the lack 
of gastrointestinal toxicity, no other toxicities have been 
reported for GSI-I [49].

In conclusion, GSI-I with its activity on NOTCH 
signaling, proteasome activity and possibly additional 
cellular functions is effective against NB cells, without 
gastrointestinal toxicity in mice. Pharmacokinetic 
optimization and combination with other drugs may 
enhance its efficacy. Thus, further investigations of GSI-I 
for NB are warranted. 
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MATErIAlS ANd METHOdS

Cell culture and cell lines

The human NB cell lines SH-SY5Y, IMR-32, 
GI-ME-N and Kelly were purchased from DSMZ 
(Braunschweig, Germany) and NB69 cells from the 
ECACC (Sigma-Aldrich, Munich, Germany). SK-N-
BE(2)C, SK-N-SH and SK-N-AS NB cell lines were 
acquired from ATCC (LGC Standard, Wesel, Germany). 
AMC711T and U-NB1 NB cells have been described 
previously [31, 32]. U-NB2 cells were established from 
a 6 year-old patient with a stage IV, non-differentiated, 
retroperitoneal NB with amplified MYCN, tetrasomy of 
chromosome 2 and imbalance of 1p36. Generation of 
U-NB2 cells, culture conditions and authentication of
NB cells are described in more detail in Supplementary
Material and Methods.

chemicals

GSI-I, GSI-X, DAPT and compound E 
(Calbiochem, Darmstadt, Germany) were dissolved in 
dimethyl sulphoxide (DMSO, Sigma-Aldrich). Inhibitors 
were used at final concentrations of 100 nM to 20 µM, the 
final concentration of the solvent DMSO did not exceed 
0.1% (vol/vol). 

Metabolic activity assay

MTT (Sigma-Aldrich) metabolic activity assays 
were performed as described [33]. Results were calculated 
relative to untreated controls from at least 4 wells per 
experimental condition.

Soft agar assay

NB single cell suspensions of 1000 cells/ml were 
seeded in soft agar in 24-well plates. Growth medium 
with 1 µM GSI-I was replaced twice a week until colonies 
became visible. 

Sphere formation assay

NB cells were seeded in clonal density (1 cell/µl) 
into non-adhesive dishes in serum-free medium. EGF and 
bFGF were added twice a week. 

Western blot analysis

Cells were lysed in Laemmli lysis buffer with 
fresh protease and phosphatase inhibitors (Roche) [34]. 
Western blotting was performed as described in [34] using 
antibodies listed in Supplementary Information.

reverse transcription PCr analysis

Total RNA was isolated using TRIzol reagent 
and reverse transcribed by SuperScript III First-Strand 
Synthesis System according to the manufacturer’s 
instructions (Invitrogen). Taq polymerase (Invitrogen), 
appropriate primers (Supplementary Tab. S1) and 
28 cycles were used for amplification. Samples were 
separated on agarose gel stained with PeqGREEN (Peqlab, 
Erlangen, Germany). mRNA expression levels were 
determined relative to ACTIN expression.

luciferase assay

NB cells were transiently co-transfected with 
the expression plasmids pcDNA3-mNOTCH1-ΔE and 
pGL3-12*RBP-Jκ-Luc [35, 36] using Lipofectamine 
(Invitrogen). Luciferase activity of GSI-I-treated cells 
was determined from cleared cell lysates in a microplate 
reader. 

Proteasome assay

Proteasome assay was performed as described in 
[37]. Briefly, NB cells were treated with GSI-I (1 μM) 
or MG132 (0.75 μM, Calbiochem). 50 μg protein from 
cell lysate supernatants and 150 μM of Suc-LLVY-AMC 
(Bachem, Bubendorf, Switzerland) were incubated 
and fluorescence determined using the Mithras LB 940 
microplate reader (Berthold) with excitation at 390 nm 
and emission at 460 nm.

Cell cycle analysis

2 x 105 NB cells were seeded in 6-well plates and 
treated with 1.5 µM GSI-I. Cells were harvested every 
4-6 hours after treatment and fixed with 80% ethanol.
DNA was stained with propidium iodide (PI, 40 µg/ml,
Sigma-Aldrich) containing RNAse (100 µg/ml, Thermo
Scientific). Cell cycle distribution of cells was analysed
using flow cytometry.
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Histology, immunocytochemistry and 
immunohistochemistry 

Histology and immunohistochemistry of 
formalin-fixed, paraffin-embedded sections, and 
immunocytochemistry of formalin-fixed NB cell lines 
were performed using standard protocols with antibodies 
listed in Supplementary Information. 

For quantifying mitotic dysfunction using 
immunocytochemistry aberrant mitotic figures were 
counted in 3 slides per experiment from 3 independent 
experiments and were calculated as percentage of total 
mitotic figures. 

For analysis of mitotic catastrophe in tissue slides 
mitotic catastrophe was defined as cells with micronuclei 
or multiple nuclei. 3 visual fields at 20 x magnification in 
3 slides per tumor from 2 tumors were analyzed. 

For analysis of proliferating tumor cells, tumor 
vessels, and apoptotic tumor cells in tissue slides 3 visual 
fields at 20 x magnification in three slides per tumor from 
three tumors were analyzed. Representative fields were 
chosen, i.e. non-necrotic homogeneous areas with many 
proliferative tumor cells or vessels, so-called hotspots. 
For quantifying proliferating cells those positive for 
Ki67 were counted, for tumor vessels linear structures of 
CD31-positive endothelial cells were enumerated and for 
apoptotic cells those positive for cleaved caspase 3 (CC3) 
were analyzed. 

Apoptosis assay

Specific apoptosis was assessed by enumerating 
propidium iodide-stained hypodiploid nuclei by flow 
cytometry as described [38]. The percentage of specific 
apoptosis was calculated as follows: (experimental 
apoptosis (%) - spontaneous apoptosis in medium (%)) / 
(100% - spontaneous apoptosis in medium (%)) x 100.

MYCN-Er translocation

SH-EP cells expressing MYCN-ER [39] were 
cultured with and without 300 nM 4-hydroxytamoxifen 
(4-OHT, Sigma-Aldrich). The MYCN target gene 
ODC1 was assessed by quantitative RT-PCR using 
LightCycler Fast Start DNA Master SYBR green I 
(Roche, Basel, Switzerland). Primer sequences are 
listed in Supplementary Table S1. Relative expression 
levels were calculated using the 2-ΔΔCt method and 
were normalized to the reference gene Hypoxanthine 
phosphoribosyltransferase 1 (HPRT1).

Correlation between NOXA mrNA expression 
and MYCN amplification status of NB patient 
samples

Clinically annotated mRNA expression profiles 
generated from 651 primary NB patients using a 44k 
oligonucleotide array were used [40]. 

Orthotopic NB mouse model and in vivo therapy

For the orthotopic xenotransplant model viable 
MYCN non-amplified U-NB1-luc cells in 30 µl of 
25% high concentration matrigelTM (BD Biosciences, 
Heidelberg, Germany) were surgically implanted into 
adrenal glands of 6-8 week old female RAG2-/-/cγc-/- mice. 
Treatment was started when tumors became visible by 
bioluminescence imaging (Xenogen, IVIS 200, Caliper 
life sciences, Mainz, Germany), corresponding to a tumor 
volume of 20 µl, as determined in pilot studies (data 
not shown). Mice were treated with 5 mg/kg/day GSI-I 
dissolved in 6% DMSO/30% CremophorEL/PBS (Sigma) 
or vehicle by daily i.p. injection. Mice were sacrificed 
when moribund.

All experiments were performed according 
to institutional and state guidelines for the care and 
protection of animals.

Statistical analysis of in vitro and in vivo 
experiments

GraphPad Prism 6.01 software (La Jolla, CA, USA) 
was used.

Additional information is provided in 
Supplementary Material and Methods.
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ABSTRACT
Exposure of breast cancer cells to hypoxia increases the percentage of breast 

cancer stem cells (BCSCs), which are required for tumor initiation and metastasis, 
and this response is dependent on the activity of hypoxia-inducible factors (HIFs). 
We previously reported that exposure of breast cancer cells to hypoxia induces the 
ALKBH5-mediated demethylation of N6-methyladenosine (m6A) in NANOG mRNA 
leading to increased expression of NANOG, which is a pluripotency factor that 
promotes BCSC specification. Here we report that exposure of breast cancer cells 
to hypoxia also induces ZNF217-dependent inhibition of m6A methylation of mRNAs 
encoding NANOG and KLF4, which is another pluripotency factor that mediates BCSC 
specification. Although hypoxia induced the BCSC phenotype in all breast-cancer cell 
lines analyzed, it did so through variable induction of pluripotency factors and ALKBH5 
or ZNF217. However, in every breast cancer line, the hypoxic induction of pluripotency 
factor and ALKBH5 or ZNF217 expression was HIF-dependent. Immunohistochemistry 
revealed that expression of HIF-1α and ALKBH5 was concordant in all human breast 
cancer biopsies analyzed. ALKBH5 knockdown in MDA-MB-231 breast cancer cells 
significantly decreased metastasis from breast to lungs in immunodeficient mice. 
Thus, HIFs stimulate pluripotency factor expression and BCSC specification by 
negative regulation of RNA methylation.

INTRODUCTION

Cancer stem cells are a small subpopulation 
of cells within various tumor types, including breast 
cancers, which have the dual properties of self-renewal 
and differentiation by giving rise to both daughter cancer 
stem cells and bulk (non-stem) cancer cells [1, 2]. Cancer 
stem cells play an essential role in tumor initiation and 

progression [3]. Breast cancer stem cells (BCSCs) 
are resistant to chemotherapy and may constitute the 
residual cell population that is the source of recurrent and 
metastatic tumors that result in patient mortality [4, 5]. 
Indeed, treatment of breast cancer cells with carboplatin, 
gemcitabine, or paclitaxel in vitro or in vivo increases 
the percentage of BCSCs among the surviving cells [6-
8]. Thus, delineation of the molecular mechanisms that 
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regulate the BCSC phenotype is needed in order to design 
more effective therapies.

The BCSC phenotype is specified and maintained 
by the expression of core pluripotency factors, including 
octamer-binding transcription factor 4 (OCT4), Kruppel-
like factor 4 (KLF4), SRY-box 2 (SOX2), and NANOG 
[9-12]. In recent studies, we found that hypoxia-inducible 
factors (HIFs) mediated increased NANOG, SOX2, and 
OCT4 expression in human breast cancer cells in response 
to chemotherapy or hypoxia [8, 13]. In several breast 
cancer cell lines, hypoxia induced the HIF-dependent 
expression of AlkB homolog 5 (ALKBH5) [13, 14], 
which is an enzyme that removes N6-methyl groups from 
adenosine residues in RNA. [15] ALKBH5-mediated 
demethylation of NANOG mRNA increased its stability, 
leading to increased NANOG protein expression, and 
ALKBH5 was required for hypoxic induction of the BCSC 
phenotype [13], as previously demonstrated for HIF-1α 
[16, 17].

Hypoxia induced ALKBH5 expression in MCF-7, 
MDA-MB-231, and SUM-159 breast cancer cells, but 
not in HCC-1954, SUM-149, T47D, or ZR75.1 cells [13], 
illustrating the heterogeneous nature of the transcriptional 
response to hypoxia. These results suggested either 
that N6-methyladenosine (m6A) levels in NANOG (and 
other mRNAs) were not oxygen-regulated in these non-
responding cell lines, or that they were regulated by an 
alternative mechanism, such as increased expression of fat 
mass and obesity associated protein (FTO), which is the 
other known m6A demethylase, or by inhibition of the m6A 
methyltransferase complex, which is comprised of the 
proteins methyltransferase-like 3 (METTL3), METTL14, 
and Wilms tumor 1 associated protein [18, 19]. Our 
previous study also did not investigate whether, in addition 
to NANOG, the expression of other pluripotency factors 
is regulated by m6A demethylation of mRNA in hypoxic 
breast cancer cells.

The ZNF217 gene on human chromosome 20q13.2 
encodes a transcription factor that is overexpressed in 
breast cancer [20]. Increased ZNF217 expression is 
correlated with patient mortality in breast cancer and 
glioma [21, 22]. A recent study showed that in embryonic 
stem (ES) cells Zfp217, which is the mouse homolog 
of ZNF217, inhibited m6A modification of NANOG, 
KLF4 and SOX2 mRNA by sequestering METTL3 
[23]. Interestingly, ZNF217 expression was induced by 
hypoxia in a HIF-dependent manner in glioma cells [21]. 
Based these data, we hypothesized that ZNF217 may also 
inhibit m6A modification of pluripotency factor mRNAs 
in hypoxic breast cancer cells to promote the BCSC 
phenotype.

In the current study we have comprehensively 
analyzed seven representative human breast cancer cell 
lines to determine the effect of hypoxia on the percentage 
of BCSCs and on the expression of pluripotency factors 
(NANOG, KLF4 and SOX2), m6A demethylases 

(ALKBH5 and FTO), and an m6A methyltransferase 
inhibitor (ZNF217). We have also analyzed the effect 
of ALKBH5 or ZNF217 loss of function on the BCSC 
phenotype and breast cancer metastasis.

RESULTS

Hypoxia induces BCSC enrichment

Human breast cancers are classified clinically 
based on their expression of the estrogen receptor (ER), 
progesterone receptor (PR), and human epidermal growth 
factor receptor 2 (HER2). We studied a panel of seven 
breast cancer cell lines derived from ER+ (ZR75.1), 
ER+PR+ (MCF-7 and T47D), HER2+ (HCC-1954), and 
triple-negative (MDA-MB-231, SUM-149, and SUM-
159) breast cancers [24]. We first investigated the effect of
hypoxia on BCSCs by analyzing aldehyde dehydrogenase
1 (ALDH) activity, which identifies a subpopulation of
breast cancer cells that is enriched for tumor-initiating
BCSCs [25]. We previously reported that exposure of
SUM-159 cells to 1% O2 increased the percentage of
ALDH+ cells [26]. When the other six breast cancer cell
lines were exposed to non-hypoxic (20% O2) or hypoxic
(1% O2) conditions for 72 h, the percentage of ALDH+

cells was significantly increased under hypoxic conditions
in all lines, with the induction ranging from 2.6-fold in
T47D cells to 8-fold in MCF-7 cells (Figure 1). Thus,
hypoxia serves as an important physiological stimulus,
which is sufficient to promote BCSC enrichment in all
breast cancer cell lines analyzed.

Hypoxia induces pluripotency factor expression in 
a HIF-dependent and cell-specific manner

We next investigated whether the expression of 
pluripotency factors, including NANOG, KLF4 and 
SOX2, was induced under hypoxic conditions. Breast 
cancer cells were exposed to 20% or 1% O2 for 24 h and 
RNA was extracted for reverse transcription (RT) and 
quantitative real-time PCR (qPCR). NANOG mRNA 
expression was induced by hypoxia in MDA-MB-231, 
MCF-7, HCC-1954 and ZR-75.1 cells (Figure 2A). KLF4 
mRNA expression was induced by hypoxia in MCF-7, 
SUM-159 and SUM-149 cells (Figure 2B). SOX2 mRNA 
expression was induced by hypoxia in T47D and ZR-75.1 
cells (Figure 2C). Taken together, the results indicate a 
remarkably heterogeneous response to hypoxia (Table 1). 
However, in each breast cancer cell line, the expression of 
at least one pluripotency factor was induced by hypoxia.

We next investigated whether the hypoxia-inducible 
expression of NANOG, KLF4, and SOX2 was HIF-
dependent. In previous studies, we stably transfected 
MCF-7 and HCC-1954 cells with lentiviral expression 
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Figure 1: Hypoxia induces BCSC enrichment. A-F. The following breast cancer cell lines were exposed to 20% or 1% O2 for 72 h
and the percentage of cells expressing aldehyde dehydrogenase (ALDH+) was determined (mean ± SEM; n = 3): MDA-MB-231 (A), MCF-
7 (B), HCC-1954 (C), SUM-149 (D), T47D (E), and ZR-75.1 (F). **P < 0.01, ***P < 0.001 vs. same cell line at 20% O2 by Student’s t test. 
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vectors encoding a non-targeting control (NTC) short 
hairpin RNA (shRNA) or shRNA targeting HIF-1α (sh1α) 
or HIF-2α (sh2α) or both (double knockdown [DKD]) 
[17, 26]. Compared to the NTC subclone, NANOG and 
KLF4 mRNA levels were significantly decreased in the 
sh1α, sh2α, and DKD subclones of HCC-1954 (Figure 2D) 
and MCF-7 (Figure 2E) cells, respectively. We previously 
demonstrated that treatment of breast cancer cells with 
digoxin inhibits the hypoxic induction of HIF-1α protein 
and HIF target gene expression [27, 28]. Digoxin treatment 
significantly decreased SOX2 mRNA levels in hypoxic 
ZR75.1 cells (Figure 2F). Immunoblot assays revealed that 
expression of NANOG protein in HCC-1954 cells (Figure 
2G) and KLF4 protein in MCF-7 cells (Figure 2H) was 
induced by hypoxia in NTC, but not in DKD, subclones. 
Digoxin treatment inhibited the expression of SOX2 and 
NANOG protein in hypoxic ZR-75.1 cells (Figure 2I). 
Taken together, these data indicate that hypoxia induces 
the expression of different pluripotency factors in different 
breast cancer cell lines but, in all cases, the induction is 
HIF-dependent.

ZNF217 expression is induced by hypoxia in a 
HIF-dependent manner

We previously demonstrated that hypoxia-induced 
m6A demethylation of NANOG mRNA by ALKBH5 
positively regulated NANOG expression and the BCSC 
phenotype in MCF-7 and MDA-MB-231 breast cancer 
cells [13]. However, hypoxia increased the percentage of 
ALDH+ BCSCs (Figure 1) and expression of pluripotency 
factors (Figure 2) in all seven breast cancer cells analyzed, 
including four cell lines in which ALKBH5 expression 
was not induced by hypoxia (Table 1), suggesting 
that increased expression of ZNF217 or FTO might 
contribute to hypoxic induction of the BCSC phenotype. 
RT-qPCR analysis revealed that ZNF217 mRNA levels 

were significantly increased in MCF-7, HCC-1954, and 
ZR-75.1 cells under hypoxic conditions (Figure 3A). 
FTO mRNA levels were modestly increased (1.4 fold) 
in ZR-75.1 cells, decreased in SUM-159 cells, and 
unchanged in other breast cancer lines under hypoxic 
conditions (Figure 3B). Knockdown of HIF-1α, HIF-2α 
or both significantly inhibited the hypoxic induction of 
ZNF217 mRNA expression in both MCF-7 (Figure 3C) 
and HCC-1954 (Figure 3D) cells. Digoxin treatment of 
ZR-75.1 cells significantly decreased ZNF217 mRNA 
levels under both non-hypoxic and hypoxic conditions 
(Figure 3E). Immunoblot assays revealed that ZNF217 
protein expression was induced by hypoxia in NTC, but 
not in DKD, subclones of HCC-1954 and MCF-7 cells 
(Figure 3F, upper panels). ZNF217 protein expression 
was decreased in digoxin-treated ZR75.1 cells under both 
non-hypoxic and hypoxic conditions (Figure 3F, lower 
panels). Taken together, the data in Figure 3 demonstrate 
that ZNF217 expression is induced by hypoxia in a HIF-
dependent manner in a subset of human breast cancer cell 
lines.

ZNF217 or ALKBH5 knockdown increases m6A 
RNA methylation and inhibits hypoxia-induced 
NANOG and KLF4 expression

We previously demonstrated that exposure of MCF-
7 or MDA-MB-231 cells to hypoxia led to decreased m6A 
levels in total cellular RNA pools and decreased m6A 
modification of NANOG mRNA due to HIF-dependent 
ALKBH5 expression [13]. To investigate whether m6A 
modification of KLF4 mRNA was also regulated by 
hypoxia and HIFs, immunoprecipitation of m6A+ RNA 
from MCF-7 cells was performed, followed by RT-qPCR, 
which revealed that the levels of m6A+ KLF4 mRNA were 
significantly decreased under hypoxic conditions in the 
NTC, but not in the DKD, subclone (Figure 4A). 

Table 1: Induction of BCSCs, pluripotency factors and m6A-regulating proteins by hypoxia.
BCSCs Pluripotency factors m6A regulating proteins

ALDH NANOG SOX2 KLF4 ALKBH5 ZNF217 FTO

MCF-7 + + - + + + -

MDA-MB-231 + + - - + - -
SUM-159 + - - + + - -

HCC-1954 + + - - - + -

SUM-149 + - - + - - -

T47D + - + - - - -
ZR75.1 + + + - - + -

Induction of mRNA expression (1% vs. 20% O2): +, > 1.5-fold increase; -, < 1.5-fold increase.
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Figure 2: HIFs are required for hypoxia-induced expression of pluripotency factors. A-C. Breast cancer cell lines were 
exposed to 20% or 1% O2 for 24 h and NANOG (A), KLF4 (B), and SOX2 (C) mRNA levels were determined by RT-qPCR, relative 
to 18S rRNA, and normalized to the mean value for MDA-MB-231 cells (MDA231) at 20% O2 (mean ± SEM; n = 3). *P < 0.05, **P < 
0.01, ***P < 0.001 vs. same cell line at 20% O2 by Student’s t test. D and E. HCC-1954 (D) and MCF-7 (E) subclones, which were stably 
transfected with an expression vector encoding a non-targeting control (NTC) shRNA, or vector encoding shRNA targeting HIF-1α (sh1α) 
or HIF-2α (sh2α), or vectors encoding shRNAs targeting both HIF-1α and HIF-2α (DKD), were exposed to 20% or 1% O2 for 24 h and 
RT-qPCR was performed to determine NANOG (D) or KLF4 (E) mRNA levels relative to 18S rRNA. The results were normalized to NTC 
at 20% O2 (mean ± SEM; n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. NTC at 20% O2; 

#P < 0.05, ##P < 0.01, ###P < 0.001 vs. NTC at 
1% O2 by ANOVA. F. ZR75.1 cells treated with vehicle or digoxin (200 nM) were exposed to 20% or 1% O2 for 24 h and SOX2 mRNA 
was measured (mean ± SEM; n = 3). *P < 0.05, **P < 0.01 vs. NTC at 20% O2; 

###P < 0.001 vs. NTC at 1% O2 by ANOVA. G and H. 
NTC and DKD subclones of HCC-1954 (G) and MCF-7 (H) were exposed to 20% or 1% O2 for 48 h, whole cell lysates were prepared, 
and immunoblot assays were performed to analyze HIF-1α, HIF-2α, NANOG and KLF4 protein expression. Actin was also analyzed as a 
loading control. I. ZR75.1 cells were treated with vehicle or digoxin (200 nM), exposed to 20% or 1% O2 for 48 h, and HIF-1α, NANOG 
and SOX2 immunoblot assays were performed.
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Figure 3: ZNF217, but not FTO, expression was induced by hypoxia in a HIF-dependent manner. A and B. Breast cancer 
cell lines were exposed to 20% or 1% O2 for 24 h and ZNF217 (A) and FTO (B) mRNA levels were determined by RT-qPCR (mean ± SEM; 
n = 3). The data were normalized to the mean for the NTC-20% O2 condition. *P < 0.05, **P < 0.01, ***P < 0.001 vs. same cell line at 20% 
O2 by Student’s t test (performed prior to normalization). C and D. MCF-7 (C) and HCC-1954 (D) subclones were exposed to 20% or 1% 
O2 for 24 h and ZNF217 mRNA levels were determined. *P < 0.05, ***P < 0.001 vs. NTC at 20% O2; 

#P < 0.05, ##P < 0.01 vs. NTC at 1% 
O2 by ANOVA. E. ZR75.1 cells treated with vehicle or digoxin (200 nM) were exposed to 20% or 1% O2 for 24 h and ZNF217 mRNA was 
measured (mean ± SEM; n = 3). **P < 0.01 vs. vehicle at 20% O2; 

###P < 0.001 vs. vehicle at 1% O2 by ANOVA. F. MCF-7 and HCC-1954 
subclones (upper panels), and ZR75.1 cells treated with vehicle or 200 nM digoxin (lower panels), were exposed to 20% or 1% O2 for 48 
h and immunoblot assays were performed.
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Figure 4: ZNF217 and ALKBH5 regulate NANOG and KLF4 expression via modulation of m6A levels. A. MCF-7 
subclones expressing a non-targeting control shRNA (NTC) or shRNAs targeting HIF-1α and HIF-2α (double knockdown [DKD]), were 
exposed to 20% or 1% O2 for 48 h. Immunoprecipitation of RNA with m6A antibody and RT-qPCR were performed to determine the 
percentage of KLF4 mRNA with methylation (m6A+) (mean ± SEM; n = 3). **P < 0.01 vs. NTC at 20% O2; 

##P < 0.01 vs. NTC at 1% O2 by 
two-way ANOVA. B. MCF-7 subclones, which were stably transfected with lentiviral vector expressing NTC or either of two independent 
shRNAs targeting different nucleotide sequences in ZNF217, were exposed to 20% or 1% O2 for 24 h. Total RNA was extracted and m6A 
levels were determined as a percentage of all adenosine residues (mean ± SEM; n = 3). *P < 0.05, **P < 0.01 vs. NTC at 20%; ##P < 0.01 vs. 
NTC at 1% O2 by two-way ANOVA. C and D. MCF-7 subclones were exposed to 20% or 1% O2 for 48 h. The percentage of m6A+ NANOG 
(C) and KLF4 (D) mRNA was determined (mean ± SEM; n = 3). **P < 0.01 vs. NTC at 20% O2; 

##P < 0.01, ###P < 0.001 vs. NTC at 1% O2 
by two-way ANOVA. E and F. MCF-7 subclones were exposed to 20% or 1% O2 for 24 h. NANOG (E) and KLF4 (F) mRNA levels were
determined. *P < 0.05, **P < 0.01, ***P < 0.001 vs. NTC at 20% O2; 

##P < 0.01, ###P < 0.001 vs. NTC at 1% O2 by two-way ANOVA. G.
MCF-7 subclones were exposed to 20% or 1% O2 for 48 h and immunoblot assays were performed. H. MCF-7 subclones were exposed to
20% or 1% O2 for 48 h. The percentage of m6A+ KLF4 mRNA was determined. *P < 0.05, **P < 0.01 vs. NTC at 20% O2; 

##P < 0.01 vs.
NTC at 1% O2 by two-way ANOVA. I. MCF-7 subclones were exposed to 20% or 1% O2 for 24 h and KLF4 mRNA levels were determined. 
*P < 0.05, ***P < 0.001 vs. NTC at 20% O2; 

###P < 0.001 vs. NTC at 1% O2 by two-way ANOVA. J. MCF-7 subclones were exposed to
20% or 1% O2 for 48 h and immunoblot assays were performed.
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To test whether ZNF217 is required for the HIF-
dependent decrease in m6A content of total RNA pools and 
of NANOG and KLF4 mRNA, we transfected MCF-7 cells 
with a lentiviral vector encoding either of two independent 
shRNAs, which targeted different nucleotide sequences 
in ZNF217 mRNA, or a non-targeting control shRNA 
(NTC). Knockdown of ZNF217 significantly increased 
levels of total m6A+ RNA (Figure 4B), m6A+ NANOG 
mRNA (Figure 4C), and m6A+ KLF mRNA (Figure 4D) 
under both non-hypoxic and hypoxic conditions. In 
addition, knockdown of ZNF217 inhibited the induction 
of NANOG (Figure 4E) and KLF4 (Figure 4F) mRNA 
expression under hypoxic conditions. Two-way ANOVA 
demonstrated interaction between the two variables (i.e. 
hypoxia and ZNF217 knockdown). Compared to the NTC 

subclone, NANOG and KLF4 protein levels were also 
decreased in the ZNF217 knockdown subclones (Figure 
4G). 

We previously demonstrated that ALKBH5 
knockdown increased the levels of m6A+ NANOG mRNA 
and decreased the hypoxic induction of NANOG mRNA 
expression [13]. We next tested whether m6A+ KLF4 
mRNA was also demethylated by ALKBH5. Similar 
to ZNF217 knockdown, ALKBH5 knockdown led to 
increased m6A+ KLF4 mRNA in MCF-7 cells under 
both normoxic and hypoxic conditions (Figure 4H). 
The hypoxic induction of KLF4 mRNA (Figure 4I) and 
protein (Figure 4J) expression was inhibited in ALKBH5 
knockdown subclones. Taken together with our previous 
studies [13], the data in Figure 4 indicate that ZNF217 

Figure 5: ZNF217 is required for hypoxia-induced BCSC enrichment. A. ZNF217 mRNA levels were determined in MCF-7 
parental cells, which were cultured as adherent monolayers or as mammospheres (mean ± SEM; n= 3). ***P < 0.001 vs. adherent cells 
by Student’s t test. B-D. Monolayer cultures of MCF-7 subclones were exposed to 20% or 1% O2 for 72 h and transferred to ultra-low 
attachment plates. The number of primary (B and C) and secondary (D) mammospheres per 1,000 cells initially seeded was determined 
(mean ± SEM; n = 3). *P < 0.05, ***P < 0.001 vs. NTC at 20% O2; 

###P < 0.001, vs. NTC at 1% O2 by two-way ANOVA. Scale bar: 500 
µm. E. MCF-7 subclones were exposed to 20% or 1% O2 for 72 h and the percentage of ALDH+ cells was determined (mean ± SEM; n = 
3). **P < 0.01, ***P < 0.001 vs. NTC at 20% O2; 

###P < 0.001 vs. NTC at 1% O2 by two-way ANOVA.
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and ALKBH5 positively regulate NANOG and KLF4 
expression by decreasing m6A methylation of NANOG 
and KLF4 mRNA, particularly under hypoxic conditions.

ZNF217 deficiency impairs hypoxia-induced 
enrichment of BCSCs

To investigate whether ZNF217 regulates the BCSC 
phenotype, we first performed RT-qPCR to measure 
ZNF217 mRNA levels in parental MCF-7 cells grown as 
adherent monolayers or as non-adherent mammospheres, 
which are enriched for BCSCs [29]. ZNF217 mRNA levels 

were significantly higher in mammospheres as compared 
to adherent cells (Figure 5A). Next, we analyzed the effect 
of ZNF217 depletion on the specification/maintenance of 
BCSCs. NTC and ZNF217 knockdown subclones were 
exposed to 20% or 1% O2 for 72 h, transferred to ultra-
low adherence plates, incubated at 20% O2 for one week, 
and the number of primary mammospheres were counted 
(Figure 5B). The primary mammospheres were then 
dissociated, the cells were replated on ultra-low adherence 
plates, incubated at 20% O2 for another week, and the 
number of secondary mammospheres were counted, 
which provides a more stringent analysis of self-renewal 
capability. Exposure of the NTC subclone to hypoxia 

Figure 6: Immunohistochemical analysis of human breast cancer biopsies. A. Immunohistochemistry was performed on breast 
cancer biopsies using ALKBH5 and HIF-1α antibodies. Representative negative and positive staining (biopsies from patients #2 and #3, 
respectively) are shown. Scale bar: 500 µm. B. Summary of ALKBH5 and HIF-1α expression in nine human breast cancers of the indicated 
subtypes based on expression of ER, PR, and HER2. TNBC, triple negative breast cancer. 
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significantly increased the number of primary (Figure 5C) 
and secondary (Figure 5D) mammospheres, indicating 
that hypoxia induces the BCSC phenotype, which is 
maintained for at least two weeks under non-hypoxic 
conditions, as previously described [17]. These results 
suggest that cells exposed to hypoxia in the primary tumor 
may maintain the BCSC phenotype even after they have 
entered the circulation and arrested in a non-hypoxic site 
of metastasis such as the lungs. The number of primary 
and secondary mammospheres was significantly decreased 
in the ZNF217 knockdown subclones exposed to 20% 
or 1% O2 for 3 days prior to the mammosphere assays 
(Figure 5B-D). Consistent with the mammosphere assays, 
the percentage of ALDH+ cells in ZNF217 knockdown 
subclones was also significantly decreased under both non-
hypoxic and hypoxic conditions as compared to the NTC 
subclone (Figure 5E). Two-way ANOVA demonstrated 
interaction between the two variables (i.e. hypoxia and 
ZNF217 knockdown). Taken together, the data in Figure 
5 indicate that, as in the case of ALKBH5, ZNF217 is a 
positive regulator of the BCSC phenotype.

ALKBH5 expression is correlated with HIF-1α 
expression in human breast cancer biopsies

We next analyzed the expression of ALKBH5 
and HIF-1α in human breast cancer biopsies. Available 
antibodies against ZNF217 were not of suitable quality 
for immunohistochemistry. Because hypoxia-induced 
ALKBH5 expression is HIF-dependent in breast cancer 
cell lines [13, 14] and human breast cancers are hypoxic, 
with a median pO2 of 10 mm Hg (~1.5% O2) [30], we 
hypothesized that ALKBH5 and HIF-1α expression 
should be correlated in breast cancer tissue. We performed 
immunohistochemistry on sections from 9 representative 
breast cancer biopsies to analyze ALKBH5 and HIF-
1α expression. Sections with > 5% stained cells were 
classified as positive for ALKBH5 or HIF-1α. Three 
biopsies were negative for both ALKBH5 and HIF-1α 
(including #2 in Figure 6A). Six biopsies were positive for 
both ALKBH5 and HIF-1α (including #3 in Figure 6A). 
Thus, ALKBH5 and HIF-1α expression were concordant 
in all 9 breast-cancer biopsies analyzed (Figure 6B).

ALKBH5 expression is required for efficient 
tumorigenesis and lung metastasis

Because ZNF217 functions as a transcriptional 
regulator in addition to its role as an inhibitor of m6A 
methylation [23], whereas the only known function of 
ALKBH5 is to demethylate m6A residues in RNA, we 
decided to study the effect of ALKBH5 loss of function 
in vivo, using orthotopic transplantation of the triple-
negative breast cancer cell line MDA-MB-231. 1x103 

cells of NTC and shALKBH5 subclones were injected into 

the mammary fat pad of female SCID mice. Ten weeks 
after injection, 100% (7/7) of the mice that were injected 
with NTC cells developed palpable tumors, as compared 
to only 43% (6/14) of the mice injected with ALKBH5-
deficient cells, as previously reported [13]. When the 
primary tumor volume reached 1000 mm3, the lungs were 
fixed under inflation and paraffin sections were stained 
with hematoxylin and eosin to identify metastatic foci 

(Figure 7A). Image analysis was performed to calculate 
the percentage of lung area occupied by metastases 
(Figure 7B) and the number of metastatic foci (Figure 7C). 
Whereas mice injected with NTC cells formed many large 
metastases, only a few small collections of metastatic cells 
were observed in the lungs of mice injected with ALKBH5 
knockdown cells.

DISCUSSION

Intratumoral hypoxia, caused by dysregulated cell 
proliferation in combination with abnormal blood vessel 
formation and function, is one of the critical features of the 
tumor microenvironment that drives cancer progression 
[30-32]. In this context, HIFs are overexpressed in many 
advanced cancers, including breast cancer, and activate the 
transcription of large batteries of genes that are required 
for metastasis [33]. Recent studies have demonstrated that 
HIFs are required for the specification and/or maintenance 
of BCSCs in response to hypoxia or chemotherapy by 
activating multiple signaling pathways [7, 8, 13, 16, 17, 
26, 34-37]. Gene expression microarray analyses have 
revealed the remarkable molecular heterogeneity of breast 
cancers [38]. In the present study, hypoxia induced the 
HIF-dependent enrichment of BCSCs in all breast cancer 
cell lines, which was accompanied by increased expression 
of one or more pluripotency factors (NANOG, KLF4, or 
SOX2). The heterogeneous expression of pluripotency 
factors in response to hypoxia was, in turn, associated with 
heterogeneity with respect to the induction of ZNF217 
and ALKBH5, which was also HIF-dependent (Figure 
7D). ZNF217 and ALKBH5 play complementary roles in 
negatively regulating m6A levels in RNA: ZNF217 inhibits 
methylation, whereas ALKBH5 induces demethylation. 
The hypoxia-induced expression of ZNF217 or ALKBH5 
was required for: m6A demethylation of KLF4 or NANOG 
mRNA; increased levels of KLF4 or NANOG mRNA and 
protein; and enrichment of BCSCs. SOX2 mRNA was also 
subject to m6A methylation in ES cells [39]. Depletion 
of Zfp217, the mouse homolog of ZNF217, in ES cells, 
increased m6A modification of NANOG, KLF4, and 
SOX2 mRNAs, promoting their degradation [23]. This 
suggests that the observed hypoxia-induced expression of 
SOX2 in ZR75.1 cells may reflect increased expression of 
ZNF217 (Table 1), leading to decreased m6A modification 
of SOX2 mRNA. Remarkably, in mouse ES cells, Zfp217 
bound directly to the Nanog and Sox2 genes and activated 
their transcription [23], suggesting that ZNF217 may 
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Figure 7: ALKBH5 is required for breast cancer tumorigenicity and metastasis. A-C. Analysis of lung metastasis after 
orthotopic transplantation of MDA-MB-231 subclones in female SCID mice. Representative hematoxylin-and-eosin stained sections 
showing lung metastases (arrows) in mice that received mammary fat pad injections of NTC or shALKBH5 cells; scale bar: 500 µm (A). 
Image analysis was performed and the percentage of lung area occupied by metastases (B) and the number of metastatic foci per lung 
section (C) were determined (mean + SEM, n = 3). ***P < 0.001 vs. NTC by ANOVA. D. Hypoxia induces HIF-dependent expression 
of ZNF217 and/or ALKBH5. ZNF217 interacts with METTL3 and inhibits METTL3-catalyzed m6A methylation of KLF4 and NANOG 
mRNA, whereas ALKBH5 demethylates m6A+ mRNA. m6A-free KLF4 and NANOG mRNAs are stabilized, leading to increased levels of 
KLF4 and NANOG protein, which specify the BCSC phenotype.
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regulate the expression of pluripotency factors by both 
transcriptional and post-transcriptional mechanisms.

Although all seven breast cancer cell lines displayed 
BCSC enrichment and increased expression of one 
or more pluripotency factors in response to hypoxia, 
neither ALKBH5 nor ZNF217 expression was induced 
by hypoxia in SUM149 or T47D cells (Table 1). Thus, 
there appears to be yet another molecular mechanism that 
leads to increased expression of SOX2 in T47D and KLF4 
in SUM149 cells. One possibility is that HIFs directly 
activate SOX2 and KLF4 gene transcription. Exposure 
of human ES cells to hypoxia induced the binding of 
HIF-2α to the NANOG and SOX2 promoters [40]. Taken 
together with our results, these data suggest that HIFs 
may increase the expression of pluripotency factors either 
by a direct, transcriptional mechanism or by an indirect, 
post-transcriptional mechanism in which ALKBH5 and 
ZNF217 mediate decreased m6A modification leading to 
increased stability of NANOG and KLF4 mRNA. 

Several studies have demonstrated that ZNF217 
promotes breast cancer progression. Overexpression 
of ZNF217 promoted mammosphere formation and 
increased metastasis in an orthotopic mouse model 
of breast cancer [20]. High expression of ZNF217 is 
correlated with increased breast cancer mortality [20, 22]. 
In our studies, loss of ALKBH5 expression significantly 
reduced the tumorigenicity of MDA-MB-231 cells and, 
in tumor-bearing mice, metastatic burden in the lungs 
was also significantly decreased. Immunohistochemical 
analysis revealed that HIF-1α and ALKBH5 expression 
were highly correlated in human breast cancer biopsies, 
suggesting that the data from in vitro and in vivo analysis 
of breast cancer cell lines are clinically relevant.

HIFs function as master regulators by activating the 
transcription of multiple genes within a biological pathway 
[41]. For example, hypoxia promotes breast cancer cell 
motility by inducing the expression of the genes encoding 
RhoA and RhoA kinase [42]. HIFs promote premetastatic 
niche formation by regulating the expression of multiple 
members of the LOX family of proteins (LOX, LOXL2, 
LOXL4) and different family members were found to be 
expressed in different human breast cancer biopsies and 
induced by hypoxia in different breast cancer cell lines, 
but in all cases the induction was HIF-dependent and 
could be blocked by HIF inhibitors [27, 43]. Similarly, 
different pluripotency factors were induced by hypoxia as 
a result of increased expression of ALKBH5 or ZNF217, 
but in all cases, the induction was HIF-dependent. Our 
results illustrate how different cancers can reach the same 
pathophysiological endpoint by utilization of different 
signaling pathways that are controlled by a single master 
regulator. HIFs represent a rational target for breast 
cancer therapy because of the essential and pleiotropic 
role that they play in BCSC specification [7, 8, 13, 16, 
17, 26, 34-37]; resistance to endocrine therapy [44-46] or 
chemotherapy [7, 8]; and distant metastasis [33], which 

together constitute the lethal cancer phenotype.

MATERIALS AND METHODS

Cell culture

Cell authentication and mycoplasma testing were 
performed at the Johns Hopkins Genetics Core Resources 
Facility by PCR analysis. MCF-7 and MDA-MB-231 
cells were cultured in Dulbecco’s modified Eagle medium 
(DMEM). T47D, HCC-1954, and ZR75.1 cells were 
cultured in RPMI-1640. SUM-149 and SUM-159 cells 
were cultured in DMEM/F12 (50:50) supplemented 
with hydrocortisone and insulin. All culture media were 
supplemented with 10% (vol/vol) fetal bovine serum 
and 1% (vol/vol) penicillin/streptomycin. Cells were 
maintained in a 5% CO2 and 95% air incubator (20% O2). 
For hypoxia exposure, cells were placed in a modular 
incubator chamber, which was flushed for 2 min at 2 psi 
with a gas mixture containing 1% O2, 5% CO2, and 94% 
N2.

RT-qPCR

Total RNA was extracted using TRIzol 
(ThermoFisher Scientific, Waltham, MA) according to 
the manufacturer’s instructions. cDNA synthesis was 
performed using the High Capacity RNA-to-cDNA 
Kit (Applied Biosystems, Foster City, CA). qPCR was 
performed using following primers: NANOG, 5’-TTT 
GTG GGC CTG AAG AAA ACT-3’ and 5’-AGG GCT 
GTC CTG AAT AAG CAG-3’; KLF4, 5’-CGG ACA TCA 
ACG ACG TGA G-3’ and 5’-GAC GCC TTC AGC ACG 
AAC T-3’; SOX2, 5’- GCC GAG TGG AAA CTT TTG 
TCG-3′ and 5’-GGC AGC GTG TAC TTA TCC TTC 
T-3′; ZNF217 5’-AAA CAT GCC AAC TCA ATC CCT
C-3′ and 5’-GGA ATG GAA CAA CAG CGG T-3′; FTO,
5’-GCT GCT TAT TTC GGG ACC TG-3′ and 5’-AGC
CTG GAT TAC CAA TGA GGA-3′; and 18S rRNA, 5′-
CGG CGA CGA CCC ATT CGA AC-3′ and 5′-GAA TCG
AAC CCT GAT TCC CCG TC-3′. The expression (E), in
cells exposed to 20% or 1% O2, of each target mRNA,
relative to 18S rRNA, was calculated based on the cycle
threshold (Ct) using the formula E = 2e-∆(∆Ct) in which
∆Ct = Cttarget - Ct18S and ∆(∆Ct) = ∆Ct20% - ∆Ct1%. Mean ± 
SEM are reported, based on 3 technical replicates for each 
of 3 biological replicates.

Immunoblot assay

Whole cell lysates were prepared in modified 
RIPA lysis buffer (50 mM Tris-HCl [pH 7.5], 1 mM 
β-mercaptoethanol, 150 mM NaCl, 1 mM Na3VO4, 1 mM 
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NaF, 1 mM EDTA, 0.25% sodium deoxycholate and 1% 
Igepal CA-630). Blots were probed with HIF-1α (#610959, 
BD Biosciences, San Jose, CA), HIF-2α (#NB100-122, 
Novus Biologicals, Littleton, CO), ALKBH5 (#NBP1-
82188, Novus Biologicals), NANOG (#NB100-588, 
Novus Biologicals), KLF4 (#NBP1-83940, Novus 
Biologicals), SOX2 (NBP1-42823, Novus Biologicals), 
ZNF217 (#NBP1-78189, Novus Biologicals), and Actin 
(#sc-1616, Santa Cruz Biotechnology, Dallas, TX) 
antibodies. HRP-conjugated anti-rabbit and anti-mouse 
secondary antibodies were used and the chemiluminescent 
signal was detected using ECL Plus (GE Healthcare Life 
Sciences, Marlborough, MA). Three different breast 
cancer cell lines or 3 biological replicates of a single cell 
line were analyzed.

Lentiviral vectors and transduction

Lentiviral vectors encoding shRNA targeting HIF-
1α and HIF-2α were described previously [28]. pLKO.1-
puro lentiviral vectors encoding shRNA targeting 
ALKBH5 mRNA (clone ID: NM_017758.2-1625s1c1 
and NM_017758.2-1176s1c1) and ZNF217 (clone ID: 
NM_006526.2-2363s1c1 and NM_006526.2-2951s21c1) 
were purchased from Sigma-Aldrich (St. Louis, MO). 
All lentiviral vectors were transfected into 293T cells 
for packaging. Viral supernatant was collected after 48 
h and used for transfection. Puromycin (0.5 μg/ml) was 
added to the medium of cells transduced with lentivirus 
for selection.

Measurement of m6A in total RNA and m6A+ 
NANOG and KLF4 mRNA levels

Total m6A content was measured in 200-ng 
aliquots of total RNA extracted from MCF-7 subclones 
using an m6A RNA methylation quantification kit 
(#P-9005, Epigentek, Farmingdale, NY) according 
to the manufacturer’s instructions. For measurement 
of m6A+ NANOG and KLF4 mRNA levels, RNA 
immunoprecipitation using an m6A antibody (#202003, 
Synaptic Systems, Atlanta, GA) was performed as 
previously described [13, 47]. RT-qPCR was performed to 
amplify the region containing an m6A consensus sequence 
within NANOG and KLF4 mRNA using the following 
primers: NANOG, 5’-ATG CAA CCT GAA GAC GTG 
TG-3’ and 5’-GAG ATT GAC TGG ATG GGC AT-3’; 
and KLF4, 5’-ACC TGC GAA CCC ACA CAG-3’ and 
5’-GGT GCC CCG TGT GTT TAC-3’. Mean ± SEM are 
reported, based on 3 biological replicates.

Mammosphere assay

After exposure to 20% or 1% O2 for 72 h, MCF-
7 cells were trypsinized and seeded in six-well ultra-low 
attachment plates (Corning, Corning, NY) at a density of 
10,000 cells per ml in Complete MammoCult Medium 
(StemCell Technologies, Vancouver, BC). After 7 d, the 
cells were photographed under a TH4-100 microscope 
(Olympus, Center Valley, PA) and primary mammospheres 
with diameter ≥ 70 μm were counted. For secondary 
mammosphere formation, primary mammospheres were 
trypsinized, plated at a density of 10,000 cells per ml, 
incubated for 7 d and counted. Mean ± SEM are reported, 
based on 3 biological replicates.

ALDH assay

MCF-7 cells were exposed to 20% or 1% O2 
for 72 h and harvested for Aldefluor assay (StemCell 
Technologies). Single-cell suspensions (5 × 105 cells 
in 1 ml of assay buffer) were incubated with BODIPY-
aminoacetaldehyde (1 μM) at 37°C for 45 min, followed 
by flow cytometry. Mean ± SEM are reported, based on 3 
biological replicates.

Immunohistochemistry

Formalin-fixed and paraffin-embedded sections 
(4-µm thick) from 9 human breast cancer biopsies were 
deparaffinized and rehydrated, followed by antigen 
retrieval using citrate buffer (pH 6.1). Staining was 
performed using HIF-1α (BD Biosciences) or ALKBH5 
(Novus Biologicals) antibody and the LSAB+ System 
HRP kit (DAKO, Carpinteria, CA) according to the 
manufacturer’s instructions. 

Orthotopic transplantation and analysis of lung 
metastasis

Protocols were approved by the Johns Hopkins 
University Animal Care and Use Committee and were 
in accordance with NIH guidelines [48]. 1,000 MDA-
MB-231 subclone cells were injected into the mammary 
fat pad of randomly chosen 6-to-8 week-old female 
severe combined immunodeficiency (SCID) mice in a 
1:1 suspension of Matrigel (BD Biosciences) in PBS (n 
= 7 mice per subclone). 10 weeks after injection, mice 
were examined for the presence of primary tumors [13]. 
When primary tumors reached a volume of 1000 mm3, the 
lungs were perfused with PBS and inflated for formalin 
fixation and paraffin embedding. Sections (4-µm thick) 
were stained with hematoxylin and eosin. For metastasis 
quantification, 3 random fields were analyzed per section 
and 3 sections were analyzed per mouse using Image J 
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software (NIH) by a blinded investigator. The mean value 
of the number of metastatic foci and the percentage of lung 
area occupied by metastases in each group was calculated 
(mean ± SEM). 

Statistical analysis

Differences between two groups were analyzed by 
Student’s t test. Differences between more than two groups 
were analyzed by two-way ANOVA. For each assay, 
variance was similar between groups.

ACKNOWLEDGMENTS

We thank Karen Padgett of Novus Biologicals for 
providing antibodies against ALKBH5, HIF-2α, KLF4, 
NANOG, SOX2, and ZNF217. This work was supported 
in part by grants from the American Cancer Society 
(122437-RP-12-090-01-COUN), the Cindy Rosencrans 
Fund for Triple Negative Breast Cancer, and the China 
Scholarship Council (to C.Z.). G.L.S. is an American 
Cancer Society Research Professor and the C. Michael 
Armstrong Professor at the Johns Hopkins University 
School of Medicine.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ
and Clarke MF. Prospective identification of tumorigenic
breast cancer cells. Proc Natl Acad Sci U S A. 2003;
100(7):3983-3988.

2. Kreso A and Dick JE. Evolution of the cancer stem cell
model. Cell Stem Cell. 2014; 14(3):275-291.

3. Oskarsson T, Batlle E and Massague J. Metastatic stem
cells: sources, niches, and vital pathways. Cell Stem Cell.
2014; 14(3):306-321.

4. Li X, Lewis MT, Huang J, Gutierrez C, Osborne CK, Wu
MF, Hilsenbeck SG, Pavlick A, Zhang X, Chamness GC,
Wong H, Rosen J and Chang JC. Intrinsic resistance of
tumorigenic breast cancer cells to chemotherapy. J Natl
Cancer Inst. 2008; 100(9):672-679.

5. Creighton CJ, Li X, Landis M, Dixon JM, Neumeister VM,
Sjolund A, Rimm DL, Wong H, Rodriguez A, Herschkowitz
JI, Fan C, Zhang X, He X, et al. Residual breast cancers
after conventional therapy display mesenchymal as well as
tumor-initiating features. Proc Natl Acad Sci U S A. 2009;
106(33):13820-13825.

6. Bhola NE, Balko JM, Dugger TC, Kuba MG, Sanchez V,
Sanders M, Stanford J, Cook RS and Arteaga CL. TGF-b
inhibition enhances chemotherapy action against triple-

negative breast cancer. J Clin Invest. 2013; 123(3):1348-
1358.

7. Samanta D, Gilkes DM, Chaturvedi P, Xiang L and
Semenza GL. Hypoxia-inducible factors are required for
chemotherapy resistance of breast cancer stem cells. Proc
Natl Acad Sci U S A. 2014; 111(50):E5429-5438.

8. Lu H, Samanta D, Xiang L, Zhang H, Hu H, Chen I, Bullen
JW and Semenza GL. Chemotherapy triggers HIF-1-
dependent glutathione synthesis and copper chelation that
induces the breast cancer stem cell phenotype. Proc Natl
Acad Sci U S A. 2015; 112(33):E4600-4609.

9. Hu T, Liu S, Breiter DR, Wang F, Tang Y and Sun S.
Octamer 4 small interfering RNA results in cancer stem
cell-like cell apoptosis. Cancer Res. 2008; 68(16):6533-
6540.

10. Yu F, Li J, Chen H, Fu J, Ray S, Huang S, Zheng H
and Ai W. Kruppel-like factor 4 (KLF4) is required for
maintenance of breast cancer stem cells and for cell
migration and invasion. Oncogene. 2011; 30(18):2161-
2172.

11. Leis O, Eguiara A, Lopez-Arribillaga E, Alberdi MJ,
Hernandez-Garcia S, Elorriaga K, Pandiella A, Rezola
R and Martin AG. Sox2 expression in breast tumors and
activation in breast cancer stem cells. Oncogene. 2012;
31(11):1354-1365.

12. Santaliz-Ruiz LEIV, Xie XJ, Old M, Teknos TN and Pan
QT. Emerging role of nanog in tumorigenesis and cancer
stem cells. Int J Cancer. 2014; 135(12):2741-2748.

13. Zhang C, Samanta D, Lu H, Bullen JW, Zhang H, Chen I,
He X and Semenza GL. Hypoxia induces the breast cancer
stem cell phenotype by HIF-dependent and ALKBH5-
mediated m6A-demethylation of NANOG mRNA. Proc
Natl Acad Sci U S A. 2016; 113(14):E2047-E2056.

14. Thalhammer A, Bencokova Z, Poole R, Loenarz C, Adam J,
O’Flaherty L, Schodel J, Mole D, Giaslakiotis K, Schofield
CJ, Hammond EM, Ratcliffe PJ and Pollard PJ. Human
AlkB homologue 5 is a nuclear 2-oxoglutarate dependent
oxygenase and a direct target of hypoxia-inducible factor
1a (HIF-1a). PloS One. 2011; 6(1):e16210.

15. Zheng G, Dahl JA, Niu Y, Fedorcsak P, Huang CM, Li CJ,
Vagbo CB, Shi Y, Wang WL, Song SH, Lu Z, Bosmans RP,
Dai Q, et al. ALKBH5 is a mammalian RNA demethylase
that impacts RNA metabolism and mouse fertility. Mol
Cell. 2013; 49(1):18-29.

16. Conley SJ, Gheordunescu E, Kakarala P, Newman B,
Korkaya H, Heath AN, Clouthier SG and Wicha MS.
Antiangiogenic agents increase breast cancer stem cells via
the generation of tumor hypoxia. Proc Natl Acad Sci U S A.
2012; 109(8):2784-2789.

17. Xiang L, Gilkes DM, Hu H, Takano N, Luo W, Lu H,
Bullen J, Samanta D, Liang H and Semenza GL. Hypoxia-
inducible factor 1 mediates TAZ expression and nuclear
localization to induce the breast cancer stem cell phenotype.
Oncotarget. 2014; 5(24):12509-12527. doi: 10.18632/



Oncotarget  538www.impactjournals.com/oncotarget

oncotarget.2997.
18. Fu Y, Dominissini D, Rechavi G and He C. Gene

expression regulation mediated through reversible m6A
RNA methylation. Nat Rev Genet. 2014; 15(5):293-306.

19. Lee M, Kim B and Kim VN. Emerging roles of RNA
modification: m6A and U-tail. Cell. 2014; 158(5):980-987.

20. Littlepage LE, Adler AS, Kouros-Mehr H, Huang GQ,
Chou J, Krig SR, Griffith OL, Korkola JE, Qu K, Lawson
DA, Xue Q, Sternlicht MD, Dijkgraaf GJP, et al. The
transcription factor znf217 is a prognostic biomarker and
therapeutic target during breast cancer progression. Cancer
Discov. 2012; 2(7):638-651.

21. Mao XG, Yan M, Xue XY, Zhang X, Ren HG, Guo G,
Wang P, Zhang W and Huo JL. Overexpression of ZNF217
in glioblastoma contributes to the maintenance of glioma
stem cells regulated by hypoxia-inducible factors. Lab
Invest. 2011; 91(7):1068-1078.

22. Vendrell JA, Thollet A, Nguyen NT, Ghayad SE, Vinot S,
Bieche I, Grisard E, Josserand V, Coll JL, Roux P, Corbo
L, Treilleux I, Rimokh R, et al. ZNF217 Is a marker of
poor prognosis in breast cancer that drives epithelial-
mesenchymal transition and invasion. Cancer Res. 2012;
72(14):3593-3606.

23. Aguilo F, Zhang F, Sancho A, Fidalgo M, Di Cecilia S,
Vashisht A, Lee DF, Chen CH, Rengasamy M, Andino B,
Jahouh F, Roman A, Krig SR, et al. Coordination of m6A
mRNA methylation and gene transcription by Zfp217
regulates pluripotency and reprogramming. Cell Stem Cell.
2015; 17(6):689-704.

24. Neve RM, Chin K, Fridlyand J, Yeh J, Baehner FL, Fevr T,
Clark L, Bayani N, Coppe JP, Tong F, Speed T, Spellman
PT, DeVries S, et al. A collection of breast cancer cell
lines for the study of functionally distinct cancer subtypes.
Cancer Cell. 2006; 10(6):515-527.

25. Ginestier C, Hur MH, Charafe-Jauffret E, Monville F,
Dutcher J, Brown M, Jacquemier J, Viens P, Kleer CG,
Liu S, Schott A, Hayes D, Birnbaum D, et al. ALDH1 Is
a marker of normal and malignant human mammary stem
cells and a predictor of poor clinical outcome. Cell Stem
Cell. 2007; 1(5):555-567.

26. Zhang H, Lu H, Xiang L, Bullen JW, Zhang C, Samanta
D, Gilkes DM, He J and Semenza GL. HIF-1 regulates
CD47 expression in breast cancer cells to promote evasion
of phagocytosis and maintenance of cancer stem cells. Proc
Natl Acad Sci U S A. 2015; 112(45):E6215-6223.

27. Wong CC, Zhang H, Gilkes DM, Chen J, Wei H,
Chaturvedi P, Hubbi ME and Semenza GL. Inhibitors of
hypoxia-inducible factor 1 block breast cancer metastatic
niche formation and lung metastasis. J Mol Med. 2012;
90(7):803-815.

28. Zhang H, Wong CCL, Wei H, Gilkes DM, Korangath
P, Chaturvedi P, Schito L, Chen J, Krishnamachary B,
Winnard PT, Jr., Raman V, Zhen L, Mitzner WA, et al.
HIF-1-dependent expression of angiopoietin-like 4 and

L1CAM mediates vascular metastasis of hypoxic breast 
cancer cells to the lungs. Oncogene. 2012; 31(14):1757-
1770.

29. Ponti D, Costa A, Zaffaroni N, Pratesi G, Petrangolini
G, Coradini D, Pilotti S, Pierotti MA and Daidone MG.
Isolation and in vitro propagation of tumorigenic breast
cancer cells with stem/progenitor cell properties. Cancer
Res. 2005; 65(13):5506-5511.

30. Vaupel P, Mayer A and Hockel M. Tumor hypoxia and
malignant progression. Methods Enzymol. 2004; 381:335-
354.

31. Harris AL. Hypoxia—a key regulatory factor in tumour
growth. Nat Rev Cancer. 2002; 2(1):38-47.

32. Pries AR, Hopfner M, le Noble F, Dewhirst MW and
Secomb TW. The shunt problem: control of functional
shunting in normal and tumour vasculature. Nat Rev
Cancer. 2010; 10(8):587-593.

33. Semenza GL. The hypoxic tumor microenvironment:
A driving force for breast cancer progression. Biochim
Biophys Acta. 2015; 1863(3):382-391.

34. Mathieu J, Zhang Z, Zhou W, Wang AJ, Heddleston JM,
Pinna CM, Hubaud A, Stadler B, Choi M, Bar M, Tewari
M, Liu A, Vessella R, et al. HIF induces human embryonic
stem cell markers in cancer cells. Cancer Res. 2011;
71(13):4640-4652.

35. Schwab LP, Peacock DL, Majumdar D, Ingels JF, Jensen
LC, Smith KD, Cushing RC and Seagroves TN. Hypoxia-
inducible factor 1a promotes primary tumor growth and
tumor-initiating cell activity in breast cancer. Breast Cancer
Res. 2012; 14(1):R6.

36. Iriondo O, Rabano M, Domenici G, Carlevaris O, Lopez-
Ruiz JA, Zabalza I, Berra E and Vivanco MD. Distinct
breast cancer stem/progenitor cell populations require
either HIF-1a or loss of PHD3 to expand under hypoxic
conditions. Oncotarget. 2015; 6(31):31721-31739. doi:
10.18632/oncotarget.5564.

37. Brooks DL, Schwab LP, Krutilina R, Parke DN, Sethuraman 
A, Hoogewijs D, Schorg A, Gotwald L, Fan M, Wenger
RH and Seagroves TN. ITGA6 is directly regulated by
hypoxia-inducible factors and enriches for cancer stem cell
activity and invasion in metastatic breast cancer models.
Mol Cancer. 2016; 15:26.

38. Rodenhiser DI, Andrews JD, Vandenberg TA and
Chambers AF. Gene signatures of breast cancer progression
and metastasis. Breast Cancer Res. 2011; 13(1):201.

39. Batista PJ, Molinie B, Wang J, Qu K, Zhang J, Li L, Bouley
DM, Lujan E, Haddad B, Daneshvar K, Carter AC, Flynn
RA, Zhou C, et al. m6A RNA modification controls cell fate
transition in mammalian embryonic stem cells. Cell Stem
Cell. 2014; 15(6):707-719.

40. Petruzzelli R, Christensen DR, Parry KL, Sanchez-Elsner
T and Houghton FD. HIF-2α regulates NANOG expression
in human embryonic stem cells following hypoxia and
reoxygenation through the interaction with an Oct-Sox cis



Oncotarget  539www.impactjournals.com/oncotarget

regulatory element. PloS One. 2014; 9(10):e108309.
41. Semenza GL. Hypoxia-inducible factor 1 and cardiovascular 

disease. Annu Rev Physiol. 2014; 76:39-56.
42. Gilkes DM, Xiang L, Lee SJ, Chaturvedi P, Hubbi ME,

Wirtz D and Semenza GL. Hypoxia-inducible factors
mediate coordinated RhoA-ROCK1 expression and
signaling in breast cancer cells. Proc Natl Acad Sci U S A.
2014; 111(3):E384-393.

43. Wong CC, Gilkes DM, Zhang H, Chen J, Wei H,
Chaturvedi P, Fraley SI, Wong CM, Khoo US, Ng IO, Wirtz
D and Semenza GL. Hypoxia-inducible factor 1 is a master
regulator of breast cancer metastatic niche formation. Proc
Natl Acad Sci U S A. 2011; 108(39):16369-16374.

44. Kazi AA, Gilani RA, Schech AJ, Chumsri S, Sabnis
G, Shah P, Goloubeva O, Kronsberg S and Brodie AH.
Nonhypoxic regulation and role of hypoxia-inducible factor
1 in aromatase inhibitor resistant breast cancer. Breast
cancer Res. 2014; 16(1):R15.

45. Jia X, Hong Q, Lei L, Li D, Li J, Mo M, Wang Y, Shao
Z, Shen Z, Cheng J and Liu G. Basal and therapy-
driven hypoxia-inducible factor-1a confers resistance to
endocrine therapy in estrogen receptor-positive breast
cancer. Oncotarget. 2015; 6(11):8648-8662. doi: 10.18632/
oncotarget.3257.

46. Yang J, AlTahan A, Jones DT, Buffa FM, Bridges E,
Interiano RB, Qu C, Vogt N, Li JL, Baban D, Ragoussis J,
Nicholson R, Davidoff AM, et al. Estrogen receptor-alpha
directly regulates the hypoxia-inducible factor 1 pathway
associated with antiestrogen response in breast cancer. Proc
Natl Acad Sci U S A. 2015; 112(49):15172-15177.

47. Dominissini D, Moshitch-Moshkovitz S, Salmon-Divon
M, Amariglio N and Rechavi G. Transcriptome-wide
mapping of N6-methyladenosine by m6A-seq based on
immunocapturing and massively parallel sequencing. Nat
Protoc. 2013; 8(1):176-189.

48. National Research Council. Guide for the Care and Use
of Laboratory Animals, Eighth Edition. The National
Academies Press: Washington, D.C., 2011.



Oncotarget  540www.impactjournals.com/oncotarget

www.impactjournals.com/oncotarget/ Oncotarget, Vol. 7, No. 41

MYCN and HDAC5 transcriptionally repress CD9 to trigger 
invasion and metastasis in neuroblastoma

Johannes Fabian1,2, Desirée Opitz1, Kristina Althoff3, Marco Lodrini1,4, Barbara Hero5, 
Ruth Volland5, Anneleen Beckers6,7, Katleen de Preter6,7, Anneleen Decock6,7, Nitin 
Patil8, Mohammed Abba8, Annette Kopp-Schneider9, Kathy Astrahantseff4, Jasmin 
Wünschel1,4, Sebastian Pfeil4, Maria Ercu4, Annette Künkele4, Jamie Hu1,10, Theresa 
Thole1,4, Leonille Schweizer11, Gunhild Mechtersheimer12, Daniel Carter13, Belamy 
B. Cheung13, Odilia Popanda14, Andreas von Deimling11,15, Jan Koster16, Rogier
Versteeg16, Manfred Schwab17, Glenn M. Marshall13,18, Frank Speleman6,7, Ulrike
Erb19, Margot Zoeller19, Heike Allgayer8, Thorsten Simon5, Matthias Fischer5,20,21,
Andreas E. Kulozik22, Angelika Eggert4, Olaf Witt1,22, Johannes H. Schulte4 and
Hedwig E. Deubzer1,4,22,23

1 Clinical Cooperation Unit Pediatric Oncology, German Cancer Research Center (DKFZ) and German Consortium for
Translational Cancer Research (DKTK), INF, Heidel berg, Germany
2 Phenex Pharmaceuticals AG, Waldhofer Straße, Heidelberg, Germany
3 Department of Pediatric Hematology and Oncology, University Children’s Hospital Essen, Essen, Germany
4 Department of Pediatric Hematology, Oncology and SCT, Charité - University Hospital Berlin, Campus Virchow-Klinikum,
Berlin, Germany
5 Department of Pediatric Hematology and Oncology, University of Cologne, Cologne, Ger many
6 Center for Medical Genetics Ghent, Ghent University, De Pintelaan, Ghent, Belgium
7 Cancer Research Institute Ghent, De Pintelaan, Ghent, Belgium
8 Department of Experimental Surgery, Medical Faculty Mannheim, University of Heidelberg, Centre for Biomedicine and
Medical Technology, Mannheim, Germany
9 Department of Biostatistics, German Cancer Research Center (DKFZ), INF, Heidelberg, Germany
10 Yale University, New Haven, CT
11 Department of Neuropathology, University of Heidelberg, INF, Heidelberg, Germany
12 Department of Pathology, University of Heidelberg, INF, Heidelberg, Germany
13 Children’s Cancer Institute, UNSW, Randwick, NSW, Australia
14 Division of Epigenomics and Cancer Risk Factors, DKFZ, INF, Heidelberg, Germany
15 Clinical Cooperation Unit Neuropathology, DKFZ, INF, Heidelberg, Germany
16 Department of Oncogenomics and Emma Children’s Hospital, Academic Medical Center, University of Amster- dam,
Meibergdreef, Amsterdam, the Netherlands
17 Neuroblastoma Genetics, DKFZ, INF, Heidelberg, Germany
18 Kids Cancer Centre, Sydney Children’s Hospital Randwick, Randwick, NSW, Australia
19 Experimental Surgery and Tumor Cell Biology, University of Heidelberg, INF, Heidelberg, Germany
20 Center for Molecular Medicine Cologne, University of Cologne, Cologne, Germany
21 Max Plank Institute for Metabolism Research, Cologne, Germany
22 Department of Pediatric Hematology and Oncology, Heidelberg University, INF, Heidelberg, Germany
23 Junior Neuroblastoma Research Group, Experimental and Clinical Research Center of the Max-Delbrück Center for Molecular 
Medicine in the Helmholtz Community and the Charité - University Medicine Berlin, Lindenberger Weg, Berlin, Germany

Correspondence to: Hedwig E. Deubzer, email: hedwig.deubzer@charite.de
Keywords: antimetastatic therapy, chromatin modulation, histone deacetylases, grainyhead-like transcription factor family, tet-
raspanin family
Received: April 29, 2016 Accepted: August 24, 2016 Published: August 27, 2016

Priority Research Paper

doi: 10.18632/oncotarget.11662

http://www.impactjournals.com/oncotarget/index.php?journal=oncotarget&page=article&op=view&path%5B%5D=11662&path%5B%5D=36920


Oncotarget  541www.impactjournals.com/oncotarget

INTRODUCTION

Neuroblastoma, an embryonic tumor of 
neuroectodermal origin, accounts for 11% of all cancer-
related deaths in children [1]. Molecular aspects create 
the extreme heterogeneity of this disease, spanning 
spontaneous regression to rapid metastasizing progression 
[1, 2]. Treatment scenarios range between observation 
only and multimodal concepts including high-dose 
chemotherapy with autologous stem cell rescue, surgery, 
radiotherapy and immunotherapy [3]. Despite decades of 
considerable international efforts to improve outcome, 
long-term survival of high-risk disease remains as low 
as 20% [3]. Managing resistance to induction therapy, 
causing tumor progression and early death in ultrahigh-
risk patients, and managing chemotherapy-resistant 
relapses, which can occur years after initial diagnosis, 
remain major obstacles. MYCN amplifications [4, 5], 
telomerase activation by genomic rearrangements [6, 7], 
ATRX loss-of-function mutations or deletions [8-10] and 
germline or somatically acquired activating ALK mutations 
[11-14] define patient subgroups with highly aggressive 
and frequently therapy-resistant neuroblastomas. A 
commonality among these aggressive subgroups is that 
tumors undergo an as yet poorly understood invasion-
metastasis cascade, which may be druggable to prevent 
increasing metastatic colonization.

Tetraspanin proteins all have four membrane-
spanning domains, and form clusters between themselves 
and a large variety of molecules, predominantly including 
integrins, proteases and gangliosides. Tetraspanins can 
become engaged in signal transduction by recruiting 
cytoplas- mic kinases to the glycolipid- and cholesterol-
enriched membrane microdomains to which they are 
localized [15-17]. CD9 tetraspanin expression strongly 
varies among different organs, with the highest expression 
found in endocrine tissues and the gastrointestinal tract, 
and the lowest expression reported both in liver and gall 
bladder [18]. Here, we assessed the significance of CD9 
expression in primary neuroblastomas using clinical and 
molecular tumor data, unraveled the upstream activating 
and repressive control including epigenetic events and 
analyzed the functional role of CD9 using targeted CD9 
re-expression in cell and animal models of neuroblastoma. 

RESULTS

GRHL1 is a transcriptional activator of CD9

High-level GRHL1 expression favorably influences 
neuroblastoma biology at the molecular and phenotypic 
levels [19]. Time-resolved whole-genome expression 

ABSTRACT
The systemic and resistant nature of metastatic neuroblastoma renders it largely 

incurable with current multimodal treatment. Clinical progression stems mainly 
from the increasing burden of metastatic colonization. Therapeutically inhibiting the 
migration-invasion-metastasis cascade would be of great benefit, but the mechanisms 
driving this cycle are as yet poorly understood. In-depth transcriptome analyses 
and ChIP-qPCR identified the cell surface glycoprotein, CD9, as a major downstream 
player and direct target of the recently described GRHL1 tumor suppressor. CD9 is 
known to block or facilitate cancer cell motility and metastasis dependent upon entity. 
High-level CD9 expression in primary neuroblastomas correlated with patient survival 
and established markers for favorable disease. Low-level CD9 expression was an 
independent risk factor for adverse outcome. MYCN and HDAC5 colocalized to the CD9 
promoter and repressed transcription. CD9 expression diminished with progressive 
tumor development in the TH-MYCN transgenic mouse model for neuroblastoma, and 
CD9 expression in neuroblastic tumors was far below that in ganglia from wildtype 
mice. Primary neuroblastomas lacking MYCN amplifications displayed differential CD9 
promoter methylation in methyl-CpG-binding domain sequencing analyses, and high-
level methylation was associated with advanced stage disease, supporting epigenetic 
regulation. Inducing CD9 expression in a SH-EP cell model inhibited migration and 
invasion in Boyden chamber assays. Enforced CD9 expression in neuroblastoma cells 
transplanted onto chicken chorioallantoic membranes strongly reduced metastasis 
to embryonic bone marrow. Combined treatment of neuroblastoma cells with HDAC/
DNA methyltransferase inhibitors synergistically induced CD9 expression despite 
hypoxic, metabolic or cytotoxic stress. Our results show CD9 is a critical and indirectly 
druggable suppressor of the invasion-metastasis cycle in neuroblastoma.
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analyses on BE(2)-C cells transfected with empty- or 
GRHL1 vectors resulted in differential regulation over 
time of 170 genes, including CD9 [19]. Increasing CD9 
expression following enforced GRHL1 expression in 
BE(2)-C cells was confirmed both on the mRNA level 
by qRT-PCR and on the protein level by western blot 
analysis (Figure 1A). Transient knockdown of GRHL1 
in SH-EP cells by two different siRNAs to control for 
unspecific and off-target effects reduced CD9 expression 
by approximately 50% (Figure 1B). We next conducted 
ChIP-qPCR using an antibody against the FLAG tag 
of FLAG-GRHL1 in overexpressing BE(2)-C cells to 
assess whether GRHL1 is recruited to the CD9 promoter 
region (Figure 1C). GRHL1 was significantly enriched 
(Figure 1D) above the control (ChIP for IgG) in the CD9 
transcriptional start site distal to a previously described 
SP1 binding site [20] and proximal to a MYC binding 
site (http://genome.ucsc.edu). We conclude that GRHL1 
activates CD9 transcription in neuroblastoma cells. 

High-level CD9 expression in neuroblastomas 
predicts favorable survival as an independent 
prognostic marker

Having shown that CD9 is downstream of 
GRHL1 in neuroblastoma cells, we assessed whether 
CD9 is differentially expressed in primary tumors. We 
reanalyzed microarray expression data from a cohort 
of 476 neuroblastomas [21]. Kaplan-Meier analysis 
showed that high-level CD9 expression in tumors, 
irregardless of International Neuroblastoma Staging 
System (INSS) stage or patient age, correlated both with 
favorable event-free and overall patient survival (Figure 
2A-2F and Supplementary Figure S1A-S1D). These 
correlations were confirmed in microarray expression 
data from an independent cohort of 122 neuroblastomas 
[22] (Supplementary Figure S2A-S2D). High-level CD9
expression in neuroblastomas from the 476-tumor cohort
also significantly correlated with established clinical and
molecular markers for favorable tumor biology, including
INSS localized or 4S disease stages, age at diagnosis ≤ 18
months, favorable Shimada/International Neuroblastoma
Pathology Classification (INPC) tumor histology, lack
of MYCN amplifications or 1p aberrations and a low-

Figure 1: GRHL1 triggers CD9 expression. A., CD9 expression in BE(2)-C cells 24h-72h after GRHL1 plasmid or empty-vector 
transfection on mRNA (upper panel; qRT-PCR; mean ± SD; n = 3) and protein level (lower panel; western blot). B., CD9 expression in 
SH-EP cells 96h after GRHL1 knockdown with small interfering RNAs (si-1, si-2) (upper panel; qRT-PCR; mean fold-change over mock 
± SD; n = 3). Controls were transfected with two different negative control siRNAs (siNC-1, siNC-2). GRHL1 knockdown efficacy was 
measured by western blot at 96h (lower panel) while CD9 protein expression in SH-EP was below detection. Histone H3 served as loading 
control. C., schematic representation of the CD9 promoter indicating the primer positions (arrows), the transcriptional start site (TSS) and 
the localization of previously described binding sites for SP1 and MYC. D., the mean enrichment (± SD, n = 3) of CD9 promoter DNA 
associated with GRHL1 is shown from ChIP-qPCR experiments. BE(2)-C cells from GRHL1 transfected cells were immunoprecipitated 
with antibodies against FLAG-GRHL1 or IgG, as negative control, and 0.1% input lysate served as normalization for comparing ChIPs 
(mean ± SD, n = 3). *P < 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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risk tumor transcriptional profile previously defined by 
PAM analysis [23] (Figure 2G-2L). Correlations between 
elevated CD9 tumor expression and all available clinical 
and molecular parameters for favorable tumor biology 
were confirmed in the 122-tumor cohort (Supplementary 
Figure S2E-S2H). These included localized INSS 
localized or 4S disease stages, age at diagnosis ≤ 18 
months, lack of MYCN amplifications or 1p aberrations. 
Multivariate survival analysis was performed in the 
476-tumor cohort to determine whether CD9 expression
provides additional predictive power over established
clinical and molecular prognostic markers. Established
risk factors were associated both with favorable event-
free and overall survival in univariate survival analyses
(Supplementary Table S3) and the prognostic value of
CD9 expression was independent of these established
risk markers in multivariate analyses testing all factors
together (event-free survival, P = 0.001; overall survival,
P = 0.005; Supplementary Table S3). Taken together,
high-level CD9 expression in primary neuroblastomas
signals a favorable tumor biology and patient prognosis
independent of established clinical and molecular risk
factors.

MYCN is a transcriptional repressor of CD9

A major factor influencing neuroblastoma biology is 
the MYCN status in the tumor, which inversely correlated 
with CD9 expression in primary neuroblastomas 
(Figure 2J, Supplementary Figure S2G). Kaplan-
Meier analyses comparing the predictive power of 
CD9 expression in tumors lacking or harboring MYCN 
amplifications produced only a significant correlation 
between high CD9 expression and favorable event-
free and overall survival in the patient cohort with 
tumors lacking MYCN amplifications (Figure 3A-3D), 
suggesting that MYCN may be upstream of CD9. To 
assess whether differential CD9 expression in primary 
neuroblastomas with and without MYCN amplifications 
(Figure 2J, Supplementary Figure S2G) is mirrored at 
the protein level, we semiquantified CD9 expression 
immunohistochemically in 20 selected samples from 
tumors with the most divergent characteristics. Tumors 
lacking MYCN amplifications expressed CD9 in a variably 
strong manner, and expression was localized to the cell 
membrane, whereas no CD9 expression was detected in 
any of the MYCN-amplified tumors (Figure 3E-3F). We 
investigated CD9 gene methylation status by reanalyzing 
existing methyl-CpG-binding domain sequencing data 
from 60 neuroblastomas [24, 25]. The CD9 promoter 
was differentially methylated within the group of tumors 
lacking MYCN amplifications (n = 43), and high-level 
promoter methylation was associated with advanced stage 
disease as defined by INSS stages 3 and 4 (Figure 3G). 
These results confirm the inverse correlation between 
MYCN status and CD9 expression at the protein level 

and point towards a functional role of CD9 promoter 
methylation in tumors lacking MYCN amplifications. We 
next used several different neuroblastoma cell and mouse 
models to investigate the nature of this relationship and 
the influence of MYCN on CD9 expression. We analyzed 
changes in CD9 expression occurring between 4h to 48h 
in the synthetic MYCN-inducible system, SH-EP Tet-
21/N. Conditional MYCN expression downregulated CD9 
expression by approximately 15% after 4h and by 50% 
after 24h (Figure 4A). Endogenous MYCN expression 
was depleted in BE(2)-C cells by transient expression 
of a short hairpin RNA (shRNA) plasmid directed 
against MYCN. CD9 expression increased between 24h 
and 72h time-dependently, reaching a 2-fold increase in 
CD9 mRNA expression and a 2.4-fold increase in CD9 
protein expression (Figure 4B). Results from these two 
models suggest that MYCN suppresses CD9 expression. 
We performed ChiP-qPCR experiments to test whether 
MYCN directly associates with the CD9 promoter. Not 
only was MYCN enriched in the CD9 promoter (compare 
Figure 4C with Figure 1C), but this enrichment was 
confined to the region enriched for GRHL1 (Figure 1D). 
We have previously shown that MYCN is a transcriptional 
repressor of GRHL1 [19]. To test whether GRHL1 
is required for CD9 induction mediated by MYCN 
depletion, we transiently knocked down both GRHL1 
and MYCN in BE(2)-C. Transient GRHL1 knockdown 
diminished induction of the CD9 transcript by MYCN 
depletion by 35%, indicating that GRHL1 contributes to 
CD9 transcriptional activating when silencing MYCN 
(Figure 4D). We next used the TH-MYCN neuroblastoma 
progression model to analyze the temporal CD9 expression 
pattern. CD9 expression was strongly reduced during 
progressive development of neuroblastic tumors in TH-
MYCN+/+ mice and remained far below CD9 expression 
in ganglia from wildtype TH-MYCN-/- mice (Figure 4E). 
Collectively, our data argue for a role of MYCN in the 
transcriptional repression of CD9 in neuroblastoma cells. 

HDAC5 negatively regulates CD9 and combined 
inhibition of HDAC5 and DNA MTases 
synergistically induces CD9

A model for transcriptional repression via MYCN 
involves histone deacetylase (HDAC) recruitment 
to promoter regions. To identify HDACs potentially 
involved in CD9 transcriptional repression, we transiently 
knocked down each of the eleven HDACs (using two 
different siRNAs for each to control for unspecific and 
off-target effects, Supplementary Table S2) belonging to 
classes I, II a/b and IV in BE(2)-C cells, then assessed 
CD9 expression. Only HDAC5 depletion induced CD9 
expression, which reached 1.7- to 2.3-fold of the control 
96h after knockdown (Figure 5A). Depleting HDACs 
1, 4, 6, 7, 8, 9 and 11 did not affect CD9 expression, 
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Figure 2: High-level CD9 expression in primary neuroblastomas predicts favorable patient survival in a cohort of 
476 tumors and correlates with favorable established clinical and molecular markers. Kaplan-Meier analysis of event-free 
A.-C. and overall patient survival D.-F. irregardless of INSS stage A., D. and in INSS stage 3 B., E. and stage 4 patients C., F. Box-plots 
compare CD9 expression in tumors with varying stages according to INSS G., in tumors from patients with age at diagnosis under or over 
18 months H., in tumors with favorable or unfavorable classification according to Shimada/INPC I., in tumors either lacking or harboring 
MYCN amplifications J., in tumors either lacking or harboring 1p aberrations K., and in tumors classified either as low or high risk by a 
PAM classifier using microarray expression profiles L. 
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Figure 3: MYCN status and CD9 expression inversely correlate in primary neuroblastomas, and CD9 promoter 
hypermethylation is associated with advanced stage disease in tumors lacking MYCN amplifications. A.-D., high-level 
CD9 expression in MYCN single-copy but not in MYCN-amplified tumors predicts favorable patient survival in a cohort of 476 tumors. 
Kaplan-Meier analysis of event-free A.-B. and overall C.-D. patient survival. E.-F., the differential pattern of CD9 expression is translated to 
the protein level in neuroblastomas having the most divergent tumor biologies. CD9 immunohistochemical staining (brown) is exemplarily 
shown E. for a low-risk INSS stage 1 ganglioneuroblastoma lacking MYCN amplification and an INSS stage 4 poorly differentiated high-
risk neuroblastoma harboring a MYCN amplification. CD9 expression was semi-quantitatively analyzed, and the data for all 20 tumors 
were presented as box-plots comparing the MYCN single-copy and MYCN-amplified tumor groups F. G., Box-plots compare CD9 promoter 
(chr12: 6308102-6310102; Human Genome Issue HG-19) normalized read counts of methyl-CpG-binding domain (MBD) sequencing data 
in high- (INSS stages 3 and 4) versus low stage MYCN single copy primary neuroblastomas (INSS stages 1, 2 and 4S).
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while depleting HDACs 2, 3 and 10 decreased CD9 
levels (Figure 5A), suggesting HDACs 2, 3 and 10 may 
counteract HDAC5 influence on CD9 expression. To test 
whether HDAC5 is recruited to the CD9 promoter site, we 
performed ChIP-qPCRs using anti-FLAG M2-conjugated 
agarose to capture immunocomplexes after HDAC5-
FLAG enforced expression in BE(2)-C cells. HDAC5 
was enriched by ~3.5-fold at the CD9 promoter (compare 

Figure 5B with Figure 1C), and localized to the region 
where GRHL1 was also enriched as a transcriptional 
activator and MYCN was enriched as a transcriptional 
repressor. 

As an alternative approach to HDAC5 knockdown, 
we treated BE(2)-C cells with a variety of small molecule 
HDAC inhibitors, then assessed CD9 expression. CD9 
induction by the clinically approved pan-HDAC inhibitor, 

Figure 4: MYCN inhibits CD9 expression. A.-B., CD9 expression was assessed on the mRNA (qRT-PCR; mean ± SD, n = 3) and 
protein level (western blots) in the synthetic MYCN-inducible SH-EP Tet-21/N cell model with/without MYCN induction in time-course 
A. and in BE(2)-C at designated time points after MYCN depletion B. CD9 protein expression in SH-EP Tet-21/N was below detection.
GAPDH served as loading control. C., ChIP-qPCR showing an enrichment of CD9 promoter DNA associated with MYCN. BE(2)-C lysates
were immunoprecipitated with antibodies against MYCN or IgG, as negative control, and 0.1% of the input served for normalization (mean
± SD, n = 3). D., CD9 expression was assessed on the mRNA level (qRT-PCR; mean ± SD, n = 3) in BE(2)-C 96h after GRHL1 knockdown
using a small interfering RNA (si-1) and 72h after MYCN depletion using a short hairpin RNA (shRNA) directed against MYCN. Controls
were transfected with respective negative control siRNA and empty vector. E., the expression of Cd9 during neuroblastoma progression
from tumor-prone ganglia to tumors in transgenic mice (n = 4; full line) and in comparison to Cd9 expression in wild-type ganglia (n = 4;
dashed line). Linear regression analysis; P = 4.7x10-11; delta slope = -1.1. *P < 0.05, **P ≤ 0.01.
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Figure 5: HDAC5 negatively regulates CD9, and combined DAC/HDAC inhibitor treatment synergistically triggers 
CD9 expression. A., RNAi targeting HDACS 1-11 singly in BE(2)-C cells with siRNAs (si-1, si-2). Control were transfected with 
two different negative control siRNAs (siNC-1, siNC-2). CD9 expression was measured by qRT-PCR 96 hours after transfection and is 
represented as mean fold-change over mock control ± SD (n ≥ 2). B., ChIP-qPCR (mean ± SD, n = 3) showing an enrichment of CD9 
promoter DNA associated with HDAC5. BE(2)-C lysates were immunoprecipitated with an antibody against HDAC5 or IgG as negative 
control. C., CD9 expression (assessed by qRT-PCR and Western blotting) after treating BE(2)-C cells with panobinostat (5 nM, 10 nM, 15 
nM, 20 nM), vorinostat ( 0.5 µM, 1 µM), 5 µM tubacin (Tub), 20 µM compound 2 (Cpd2), 30 µM bufexamac (Buf) or respective solvent 
controls for 48 hours (mean fold-change over control ± SD is shown, n ≥ 3). D., CD9 expression (assessed by qRT-PCR and Western 
blotting) in BE(2)-C cells transfected with HDAC5 or empty vector for 72h and treated with 15 nM panobinostat or solvent control for 
48h. GAPDH served as loading control. E., CD9 expression (assessed by qRT-PCR) in BE(2)-C cells treated up to 12 hours with 1 µg/ml 
Actinomycin D, 20 nM panobinostat or solvent control (n = 3). F., the mean enrichment (±SD, n = 3) of CD9 promoter DNA associated 
with pan-acetylated histone H4 after 5 hours of 20 nM panobinostat treatment is shown from ChIP-qPCR experiments. BE(2)-C lysates 
were immunoprecipitated with an antibody against pan-acetylated histone H4, and 0.1% input lysate was used as a loading control for 
comparing ChIPs. G.-H., CD9 expression was assessed on the mRNA (qRT-PCR; mean ± SD, n = 3) and protein level (western blotting) in 
the neuroblastoma cell lines BE(2)-C G. and SH-EP H. 96 hours after treatment with 3 µM DAC, 10 nM panobinostat or combined 3 µM 
DAC/10 nM panobinostat treatment. β-actin served as loading control. I., CD9 expression in the neuroblastoma cell lines IMR-32, Kelly 
and SH-SY5Y 48 hours after combined treatment with 3 µM DAC and 5 (IMR-32) - 10 nM panobinostat (Kelly, SH-SY5Y) or solvent 
controls. J, RNA and protein were isolated from BE(2)-C cells 48 hours after combined treatment with 3 µM DAC/10 nM panobinostat 
or solvent controls under normoxia (21% O2) versus hypoxia (3% O2), serum substitution (10% FCS) versus starvation (0.1% FCS) and 
normal condition versus genotoxic stress (0.1 µg/ml doxorubicin). CD9 expression was measured at the mRNA and protein levels using 
qRT-PCR (mean fold-change over solvent ± SD, n = 3) and western blotting. DAC, 5-aza-2’-deoxycytidine. *P < 0.05; **P ≤ 0.01; ***P ≤ 
0.001; #P = 0.0131 for BE(2)-C and P ≤ 0.0001 for SH-EP.
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panobinostat, was dose-dependent, and ranged between 
2.3- and 3.8-fold on the mRNA level and between 2- 
and 5.3-fold on the protein level (Figure 5C). Another 
clinically approved HDAC-inhibitor, vorinostat, weakly 
inhibited HDAC5, and only induced CD9 expression by 
1.4-fold and CD9 protein levels by 2-fold (Figure 5C). 
CD9 mRNA or protein expression was not induced by the 
HDAC6-selective inhibitor, tubacin; the HDAC8-selective 

inhibitor, compound 2; or by bufexamac, which inhibits 
both HDAC6 and HDAC10 (Figure 5C). To test whether 
enforced HDAC5 expression could at least partially 
counteract CD9 induction by HDAC inhibitor treatment, 
BE(2)-C, Kelly and SH-EP cells were transiently 
transfected with a HDAC5 expression vector then 
treated with panobinostat. Enforced HDAC5 expression 
decreased the CD9 induction triggered by panobinostat 

Figure 6: High-level CD9 expression inhibits migration and invasion of neuroblastoma cells in Boyden chambers and 
metastatic disease to the chicken embryo bone marrow. The stable CD9-inducible SH-EP cell model and the respective stable 
control cells were used to determine the effect of CD9 expression on migration A.-C. and invasion D.-F. Migration/invasion was measured 
with the xCELLigence Real-Time Cell Analyzer (n = 3 in quadruplicate). E., number of metastasizing BE(2)-C cells with and without 
enforced CD9 expression in the bone marrow chicken embryos. Cells were transplanted onto the chorioallantoic membranes of fertilized 
pathogen-free leghorn eggs (n ≥ 11 per study group). On day 17, the embryos were sacrificed, and the bone marrow was isolated. Human 
ALU sequences were amplified and quantified by qRT-PCR. n.s., not significant; *P < 0.05; ***P ≤ 0 .001. 
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up to 15% on both transcript and protein levels (Figure 
5D, Supplementary Figure S3A-S3B), demonstrating 
that the effect of pan-HDAC inhibition could be 
partially outcompeted by HDAC5 overexpression. To 
differentiate between de novo transcript synthesis and 
increased transcript stability, we cotreated BE(2)-C cells 
with actinomycin D and panobinostat or solvent control 
for up to 12h. Blocking de novo RNA synthesis with 
actinomycin D resulted in equivalent CD9 expression in 
cells treated with HDAC inhibitor and untreated control 
cells, confirming that control is enacted via transcriptional 
activation (Figure 5E). To examine epigenetic changes 
prior to CD9 transcriptional activation, we performed 
chromatin immunoprecipitation (ChIP) in BE(2)-C 
cells treated for 5h with panobinostat or solvent control 
using an antibody against pan-acetylated histone H4, and 
looked for changes in the CD9 promoter. We detected 
an increase in pan-acetylated histone H4 associated with 
the transcriptional start site of the CD9 gene after HDAC 
inhibitor treatment, indicating that epigenetic changes 
preceded transcriptional activation (compare Figure 5F 
with Figure 1C). Taken together, CD9 is epigenetically and 
transcriptionally repressed by the chromatin-modifying 
enzyme, HDAC5, in association with MYCN, and CD9 
expression can be triggered in neuroblastoma cells by 

inhibition of HDAC5.
Next, we assessed whether co-treatment with a 

nucleoside inhibitor of DNA methylation, 5-Aza-2’-
deoxycytidine (DAC), could enhance transcriptional 
activation. Combined treatment of BE(2)-C and SH-
EP neuroblastoma cells with panobinostat and DAC 
synergistically induced CD9 up to 8-fold on the transcript 
and 6.5-fold on the protein levels (Figure 5G-5H). We 
also achieved similar results using the IMR-32, Kelly and 
SH-SY5Y neuroblastoma cell lines (Figure 5I). We next 
analyzed the effectiveness of CD9 induction in BE(2)-C 
cells by combined panobinostat/DAC treatment under 
conditions mimicking those in tumors such as hypoxia, 
starvation and stress induced by cytotoxic drugs such 
as doxorubicin. Starvation caused by culture for 72h in 
serum-free medium strongly reduced endogenous CD9 
levels, while both hypoxia and genotoxic stress had 
no major effect on CD9 expression (Figure 5J). Drug 
treatment triggered CD9 expression by 4- to 5-fold 
compared to controls in all culture conditions (Figure 5J), 
suggesting transcription can still be robustly activated. Our 
data argue a role for HDAC5 in transcriptionally repressing 
CD9 in neuroblastoma cells beyond the repression 
achieved by MYCN and DNA methyltransferases, and 
offers an avenue for pharmacological intervention. 

Figure 7: Schematic model summarizing the expression, regulation and function of CD9 in neuroblastoma and 
indicating the experimental strategies applied.
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CD9 attenuates neuroblastoma cell migration, 
invasion and metastasis formation

Data obtained from primary tumors suggested that 
high-level CD9 expression is associated with favorable 
tumor biology. To investigate whether high-level CD9 
expression exerts its antitumorigenic effect via influencing 
proliferation and viability, SH-EP cells stably transfected 
with an inducible CD9 construct or a negative control 
expression system (Supplementary Figure S4A-S4B) 
were analyzed in proliferation assays. CD9 induction 
did not significantly alter cell proliferation or viability 
in the SH-EP cell model (Supplementary Figure S5A-
S5B). Similarly, transient enforced CD9 expression did 
not alter BE(2)-C cell proliferation or viability compared 
to control cells transfected with empty or LacZ vectors 
(Supplementary Figure S4C-S4D and Supp- lementary 
Figure S5C-S5D). Xenograft tumor take or growth rate 
was also not influenced by prior transient transfection 
with either CD9 or LacZ control vector in BE(2)-C 
cells subcutaneously implanted into CB17-SCID mice 
(Supplementary Figure S5E). These experiments strongly 
indicate that CD9 exerts its antitumoral effects via 
other avenues than influencing tumor cell proliferation. 
To investigate whether migratory or invasive capacity 
was affected, we functionally analyzed the phenotypic 
consequences of inducing CD9 expression in the SH-EP 
cell model during Boyden chamber migration and invasion 
assays. Inducing CD9 expression reduced cell migration 
by 40%, while inducing the negative control expression 
system produced no difference in cell migration (Figure 
6A-6C). Similarly, CD9 induction inhibited invasion 
capacity by 40%, while inducing the negative control 
expression system again had no effect (Figure 6D-6F). 
We next evaluated whether our in vitro findings were also 
applicable in the in vivo chicken embryo chorioallantoic 
membrane metastasis assay. The number of BE(2)-C cells 
that metastasized from the chorioallantoic membrane 
to the chicken embryonic bone marrow was strongly 
reduced by enforced CD9 expression compared with 
empty vector-transfected control cells (Figure 6G). SH-
EP cells, which do not metastasize in the chicken embryo 
chorioallantoic membrane metastasis assay, were not 
investigated. Transient enforced expression was applied in 
BE(2)-C cells as inducible gene expression by tetracycline 
addition is technically not feasible in the chicken embryo 
chorioallantoic membrane metastasis assay. Taken 
together, our data supports a mode of action by CD9, in 
which high-level expression in neuroblastoma cells exerts 
an antitumoral effect by inhibiting several different steps 
in the invasion-metastasis cascade (schematic model 
shown in Figure 7).

DISCUSSION

This study identified CD9 as a critical and indirectly 
druggable node in the neuroblastoma invasion-metastasis 
cascade. This is of particular interest since widespread and 
extensive metastatic burden causes most neuroblastoma-
related deaths, mirroring the perception that activating 
invasion and metastasis belongs to the cancer hallmarks 
acquired during the multistep development of human 
tumors [26]. Suppressing neuroblastoma metastasis would, 
taken in this light, be a top priority to improve survival 
of high-risk disease with targeted therapeutic approaches. 

Neuroblastoma originates from aberrant neural 
crest progenitor cells, which physiologically give rise 
both to sympathetic neurons and chromaffin cells of 
the adrenal glands [1, 2] . A review of the literature 
indicates that CD9 is expressed in early neural crest-
derived embryonic rat sympathetic neurons and adrenal 
chromaffin cells. CD9 expression is also sustained 
throughout adulthood, localized to the surface of nerve 
cell bodies, axons and growth cones [27]. Yet, so far, 
no role for CD9 has been described in neuroblastoma 
pathogenesis. We detected low-level CD9 expression in 
primary neuroblastomas that correlated with metastasized 
high-risk disease, low probability of patient survival and 
established clinical and molecular markers for unfavorable 
disease including MYCN amplification in the tumor. 
High-level CD9 expression in primary neuroblastomas 
served as an independent favorable prognostic marker. 
Patients stratified into subgroups based on different CD9 
expression levels in the tumors also segregated known 
prognostic markers such as age at diagnosis ( ≤ or > 18 
months), and INSS tumor stages 3 or 4 versus stages 1, 2 
or 4S. The major strength of CD9 tumor expression as a 
novel prognostic marker may be its potential for predicting 
disease progression in neuroblastoma patient subgroups. 

Using functional assays, we demonstrated that 
CD9 suppresses neuroblastoma cell migration and 
invasion. This is in line with evidence from studies 
with ovarian [28] and bladder carcinoma cell lines 
[29] that low-level CD9 expression triggers tumor cell
motility and invasiveness. On a molecular level, CD9
is known to inhibit integrin-mediated motility and
associate with the platelet aggregation-inducting factor
podoplanin, thereby preventing platelet aggregation and,
consequently, a tumor-cell protective microenvironment
(reviewed in [30]). We moved beyond in vitro assays
for invasion and metastasis, to an in vivo model where
human neuroblastoma cells explanted to the chicken
chorioallantoic membrane invade the chicken embryo bone
marrow, thus, reflecting human neuroblastoma metastatic
behavior. Enforced CD9 expression strongly inhibited the
number of neuroblastoma cells metastasized to the chicken
bone marrow demonstrating that CD9 acts to inhibit the
invasion-metastasis cascade in an in vivo neuroblastoma
model. These data indicate that pharmacological strategies
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to raise CD9 expression in the tumor could potentially 
prevent an increasing burden of metastatic colonization in 
high-risk neuroblastoma patients. 

Here we identified GRHL1 as a transcriptional 
activator of the CD9 gene and showed that MYCN and 
HDAC5 transcriptionally repress CD9 in neuroblastoma. 
Our experiments with histone deacetylase inhibitors 
demonstrated the potential indirect druggability of 
CD9. Statistical models identified the synergistic 
effect of combining an HDAC inhibitor and the DNA 
methyltransferase inhibitor, 5′-azadeoxycytidine, 
supporting the observation that epigenetic events can be 
remodeled by pharmacological intervention. Previous 
investigations by us and others [31-35] have delineated 
and deciphered specific functions of single HDACs 
in neuroblastomas with defined molecular profiles. 
We showed that HDAC2 cooperates with MYCN to 
suppress apoptosis mediated by miR-183 [36], and 
that HDAC3 interacts with MYCN to transcriptionally 
repress the GRHL1 transcription factor, which exerts 
tumor suppressive effects in neuroblastoma [19]. We 
demonstrated that HDAC8 inhibits neuroblastoma cell 
differentiation [37] and HDAC10 promotes autophagy-
mediated neuroblastoma cell survival [38]. We detected 
elevated levels of HDAC11 expression in neuroblastomas 
and several carcinomas compared to corresponding 
healthy tissues, and showed that HDAC11 depletion 
was sufficient to cause apoptosis and inhibit metabolic 
activity in different cancer cell lines, representing major 
oncological indications for industrial drug development 
programs [39]. Beyond the previously described 
specific and non-redundant oncogenic functions of 
HDAC2, HDAC3, HDAC8, HDAC10 and HDAC11 in 
neuroblastoma pathophysiology, this study defines a role 
for HDAC5 in triggering the invasion-metastasis cascade 
in neuroblastoma. 

As we are only at the beginning of understanding 
the potential therapeutic use of HDAC inhibition 
strategies and their combination within complex rationales 
utilizing several epigenetic-cancer therapies, further 
studies are required to define how to best construct drug 
strategies targeting epigenetic players such as HDACs 
and bromodomain and extra-terminal domain (BET) 
protein family members. Taken together, the present 
study (i) identifies low-level CD9 expression as a novel 
prognostic marker in high-risk neuroblastoma patient 
subgroups, (ii) exposes CD9 transcriptional activation 
by GRHL1 and its repression by MYCN and HDAC5, 
(iii) defines the potential of high-level CD9 expression
to interrupt the neuroblastoma invasion-metastatic
cascade and (iv) demonstrates the indirect druggability
of CD9 by combined inhibition of HDAC5 and DNA 
methyltransferase inhibitors.

MATERIALS AND METHODS

Tumor samples and cell culture

Formalin-fixed, paraffin-embedded samples 
from 20 primary neuroblastomas (13 localized or 
stage 4S and 7 stage 4, 3 of which harboring MYCN 
amplifications) available from patients in the NB2004 
trial (informed consent available) were selected for CD9 
immunohistochemistry. Authenticated neuroblastoma cell 
lines and models were maintained under standard cell 
culture conditions. Details are supplied in Supplementary 
Materials and Methods. 

Quantitative reverse-transcriptase real-time PCR 
(qRT-PCR)

Total RNA was isolated from cell lines using 
the RNeasy Mini Kit (Qiagen). The Thermo Scientific 
First Strand cDNA Synthesis Kit was used to transcribe 
cDNAs for qRT-PCR analysis. Relative gene expression 
was measured in qRT-PCR using SYBR Green Dye 
(Eurogentec) and primers (Supplementary Table S1) on 
an ABI Prism 7500 thermal cycler (Perkin-Elmer Applied 
Biosystems), and normalized to the averaged expression of 
ACTB and 18S rRNA or the averaged expression of SDHA 
and HPRT1, a gene pair that is consistently expressed in 
stage 4 and 4S neuroblastomas [40]. Data were analyzed 
using Applied Biosystems 7500 software v2.0.5, and 
changes in expression were calculated using the ΔΔCt 
method [41]. 

In vitro cell migration and invasion

Migration and invasion of cells was measured 
using the CIM-Plate 16 Boyden chamber system (ACEA 
Biosciences) and the xCELLigence Real-Time Cell 
Analyzer (ACEA Biosciences) [42, 43]. Boyden chambers 
were prepared for invasion assays by adding 160µl FCS-
containing medium to the lower chamber and successively 
adding 50µl serum-free medium, 20µl Matrigel diluted 
1:40 in serum-free medium followed by 4h at 37°C, 5% 
CO2 and 30µl serum-free medium above the Matrigel to 
the upper chamber. After 24h in serum-free medium, 6x104 
cells were seeded into the upper chamber, and migrating/
invading cells were monitored by serial impedance 
measurements [42, 43]. Assays were performed in 
quadruplicate and repeated three times. Cell migration and 
invasion were calculated using RTCA Software version 
2.0 (ACEA Biosciences). 
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TaqMan®-based chicken embryo metastasis assay

Fertilized patho gen-free leghorn eggs (Charles 
River) were incubated at 37ºC in 60% humidity with 
rotation in a Marsh Incubator (Lyon Electric). The 
allontoic vein was localized at day 10, over which a 
window was cut in the shell using a miniaturized rotating 
electric saw (Dremel) after removing air from the natural 
air space under mild vacuum pressure. Single-cell 
suspensions of empty vector- or CD9 plasmid-transfected 
BE(2)-C cells were prepared in serum-free medium, 2x106 
cells inoculated onto each chorioallantoic membrane 
and the windows sealed with cellotape. Embryos were 
sacrificed on day 17 (n = 18 per study group), and bone 
marrow was isolated and snap frozen for preparation of 
genomic DNA. The TaqMan-based ALU assay takes 
advantage of the abundantly present ALU family of short 
interspersed repeated DNA elements in the human genome 
to identify human DNA [44]. PCR reactions were carried 
out as described [45] using 2x qRT-PCR MasterMix 
(Eurogentec) and primers for YB8-ALU-S68, YB8-ALU-
AS244 and YB8-ALU-167 (Supplementary Table 1). A 
standard curve was generated from DNA samples from 
10,000, 1000, 100, 10 and 0 BE(2)-C cells mixed with 
1µg of chicken liver genomic DNA each to quantify the 
BE(2)-C cells metastasized to the chicken bone marrow. 

TH-MYCN neuroblastoma progression model

TH-MYCN+/+ mice [46] were sacrificed at day 7 
(n = 4) and day 14 (n = 4) of life to harvest sympathetic 
ganglia containing hyperplastic neuroblast foci, and at 
week 6 of life to harvest advanced neuroblastic tumors 
(n = 4). Sympathetic ganglia were also dissected from 
TH-MYCN-/- mice at day 7 (n = 4), day 14 (n = 4) and 
week 6 (n = 4) of life to assess gene expression changes 
during normal development. Total RNA was isolated using 
the miRNeasy Mini Kit, and samples profiled on Agilent 
SurePrint G3 Gene Expression Microarrays according to 
the manufacturers’ protocols. Data were summarized and 
normalized with the vsn method [47] in the R statistical 
programming language [48] using the limma package 
[49]. Linear regression analysis was performed to evaluate 
differential temporal expression in ganglia from wildtype 
mice and ganglia and tumors from transgenic mice. 
Subcutaneous BE(2)-C xenograft tumor model in 
CB17-SCID mice

BE(2)-C cells were transfected for 24h with 
LacZ- or CD9-vectors in culture, then 2x 106 viable 
cells suspended in 200µl Matrigel (BD Biosciences) 
were subcutaneously implanted in the flanks of 6-week 
old female CB17-SCID mice (n = 12 per study group). 
Animals were sacrificed 13 days after grafting. Tumor 
size was measured daily with a caliper, and volume 

calculated by π/6(w1×w2×w2), where w1 equals largest 
tumor diameter, and w2 equals smallest tumor diameter. 
Experiments conformed to regulatory standards and were 
approved by the local ethics committee.

Data analysis

CD9 mRNA expression values were calculated 
using existing whole-genome expression profiles from 
476 primary neuroblastomas [21], and validated using 
whole-genome expression profiles from 122 further 
neuroblastomas [22]. Kaplan-Meier curves were 
generated for the 476 neuroblastoma cohort using the R 
Survival package and compared using log-rank testing. 
The CD9 probesets with the highest average signal were 
selected for analysis. Relapse, progression and death from 
disease were considered events for calculation of event-
free survival. Both overall and event-free survival were 
calculated from the time of diagnosis to death, event or 
last examination. Optimal cut-offs for overall and event-
free survival analyses were calculated using the R Maxstat 
package according to the method defined by Lausen and 
Schumacher [50] determining the expression value best 
separating outcome into two groups using a maximally 
selected two-sample log-rank statistic. Optimal cut-offs 
were 4774.47 (overall survival) and 5330.71 (event-free 
survival). Results were corrected for multiple testing. 
CD9 expression between two patient subgroups were 
compared using the Mann-Whitney U test. Univariate 
and multivariate analyses were performed for overall 
and event-free survival using Cox proportional hazards 
regression models using SPSS (IBM, 20.0.0 release) 
or R (version 3.0.1). The R2 platform (http://r2.amc.
nl) was used to generate Kaplan-Meier survival curves 
and box plots of CD9 expression comparisons for the 
122-neuroblastoma cohort [22]. CD9 gene methylation
status was derived from existing methyl-CpG-binding
domain sequencing data from 60 internationally collected
primary neuroblastoma samples [24, 25]. Single values
from cell culture experiments were compared using
the one-sample t-test in GraphPad Prism version 5.0
(GraphPad Software Inc., La Jolla, CA). CD9 expression
in cell groups transfected with either of two negative
controls or either of two HDAC-specific siRNAs were
compared using a mixed linear model with fixed-factor
treatment and random intercept for each siRNA using SAS
PROC MIXED, Version 9.2 (SAS Institute Inc., Cary, NC,
USA). Delta-Ct values were evaluated by a two-factorial
mixed linear model with interaction and random effect
for each experimental run to assess potential synergistic
effects of combined HDAC inhibitor/5-aza-cytidine
treatment on CD9 expression. P values below 0.05 were
considered significant.
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ABSTRACT
Background: TP53 mutations are frequent in breast cancer, however their clinical 

relevance in terms of response to chemotherapy is controversial.
Methods: 450 pre-therapeutic, formalin-fixed, paraffin-embedded core biopsies 

from the phase II neoadjuvant GeparSixto trial that included HER2-positive and triple 
negative breast cancer (TNBC) were subjected to Sanger sequencing of exons 5-8 of 
the TP53 gene. TP53 status was correlated to response to neoadjuvant anthracycline/
taxane-based chemotherapy with or without carboplatin and trastuzumab/lapatinib 
in HER2-positive and bevacizumab in TNBC. p53 protein expression was evaluated 
by immunohistochemistry in the TNBC subgroup.

Results: Of 450 breast cancer samples 297 (66.0%) were TP53 mutant. Mutations 
were significantly more frequent in TNBC (74.8%) compared to HER2-positive cancers 
(55.4%, P < 0.0001). Neither mutations nor different mutation types and effects 
were associated with pCR neither in the whole study group nor in molecular subtypes 
(P > 0.05 each). Missense mutations tended to be associated with a better survival 
compared to all other types of mutations in TNBC (P = 0.093) and in HER2-positive 
cancers (P = 0.071). In TNBC, missense mutations were also linked to higher numbers 
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INTRODUCTION

TP53 is the prototype of a tumor-suppressor gene 
and TP53 mutations emerged as a core component of 
cancer development since its discovery in 1979 [1]. It is 
by far the most frequently mutated gene in human cancer 
with varying mutation rates across entities and in entity 
subtypes [2, 3]. While for example in ovarian serous high-
grade carcinoma mutation rates approach 100% [4], they 
are low (<5%) in leukemias, sarcomas or cervical cancer 
[2]. In breast cancer, TP53 mutations have been shown to 
be most prevalent in the poor-prognosis basal-like or triple 
negative breast cancer (TNBC) subtype (80%), followed 
by HER2-positive cancers (72%), while mutation rates in 
the lower proliferative, less aggressive luminal carcinomas 
are rather low (12-29%) [5]. Mutations result either 
in the loss of function of TP53 as the central regulator 
of proliferation, apoptosis, as well as maintenance of 
genomic stability [1, 2], or in a gain-of-function that 
may contribute to tumor progression by conferring 
new oncogenic functions to the p53 protein resulting in 
enhanced proliferation, metastasis, and drug-resistance 
[6].

TP53 mutations in TNBC and HER2-positive 
cancers arise in a frequency that suggests that there could 
be an relevant connection between TP53 status and therapy 
response. However, available data on the predictive 
relevance of TP53 status are conflicting. Some groups 
reported TP53 status to be associated with improved 
response to chemotherapy [7], while others could not 
confirm this observation [8]. Variability of the composition 
of the study cohorts and the applied chemotherapy 
regimens, as well as use of different methods to determine 
TP53 mutations makes the interpretation of current data 
on this topic difficult. 

Based on these considerations, we aimed to 
determine whether mutational status of TP53 is predictive 
for pathological complete response (pCR) in the two 
molecular breast cancer subtypes with the highest TP53 
mutations rates, namely TNBC and HER2-positive 
disease. We analyzed prospectively collected pre-
therapeutic core biopsies from the phase II randomized 
neoadjuvant GeparSixto trial that investigated intense 
anthracycline/taxane-based chemotherapy with or without 
carboplatin together with targeted agents (bevacizumab in 
TNBC or trastuzumab/lapatinib in HER2-positive disease) 
[9].

RESULTS

Distribution of TP53 mutations in TNBC and 
HER2-positive carcinomas

Of 598 available core biopsies, 548 passed 
histological QC, and after exclusion of samples with 
insufficient DNA quality or technically insufficient 
sequencing results informative data were available from 
450 patients randomized to the GeparSixto study (75.2%, 
Figure 1). Based on central ER/PR/HER2 determination, 
246 carcinomas were TNBC (54.7%) and 204 were 
HER2-positive (45.3%). 231 patients were subjected 
to a Carboplatin-containing chemotherapeutic regime 
(51.3%), and 219 received anthracycline/taxane-based 
neoadjuvant chemotherapy (48.7%). pCR rate (ypT0 
ypN0) in the total study group was 38% (n = 178). The 
distribution of clinico-pathological features is given in 
Table 1. 297 tumors in the total study group harbored 
a non-synonymous mutation and were classified as 
“mutant” (66.0%). Of the remaining 153 tumors classified 
as “wildtype”, 20 had a silent (synonymous) mutation. 
Mutations were evenly distributed among exons 5-8 
(mutations rates 21.5%-25.3%), and 12 tumors (4% of 
mutated tumors) had mutations in more than one exon. 
Missense mutations were predominant (n = 199, 67.2%), 
followed by frameshift (15.2%) and nonsense mutations 
(11.5%). Most mutations were predicted to be deleterious 
(96.5%). In 14 tumors (3.1%), splice-site disrupting 
mutations in introns covered by our sequencing approach 
were detected and were also classified as “mutated”. The 
distribution of mutation types and effects is shown in 
Table 2 and Figure 2. 

Association of TP53 mutations with molecular 
tumor type and clinico-pathological factors

TP53 mutations were significantly more frequent 
in TNBC (74.8%) than in HER2-positive carcinomas 
(55.4%, p<0.0001; Figure 3A). TP53 mutations were also 
more frequent in poorly differentiated (G3) carcinomas 
(p = 0.016) but were not associated with age, tumor size 
(cT), nodal stage (cN), histological subtype, or PIK3CA 
mutational status (p > 0.05 each). Within the HER2-
positive subtype no association between TP53 status and 
hormone receptor expression was seen (p = 0.252). In 
both subtypes there were also no significant links between 

of tumor-infiltrating lymphocytes (TILs, P = 0.028). p53 protein overexpression was 
also linked with imporved survival (P = 0.019).

Conclusions: Our study confirms high TP53 mutation rates in TNBC and 
HER2-positive breast cancer. Mutations did not predict the response to an intense 
neoadjuvant chemotherapy in these two molecular breast cancer subtypes.
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Figure 1: Consort diagram
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TP53 and clinico-pathological factors or PIK3CA status 
(p > 0.05 each). 

Link to immunological features of TNBC and 
HER2-positive breast cancer

TP53 status in general (mutated vs not mutated) was 
not linked to LPBC subtype or density of TILs determined 
as a continuous variable, neither in the total study group, 
nor in TNBC and HER2-positive subtypes (p > 0.05 each). 
However, we found that missense TP53 mutations were 
significantly associated with higher levels of stromal TILs 
in TNBC (p = 0.028, suppl. Figure S1A). Interestingly, 
we did not see significant differences in TILs levels in 
HER2-positive disease by TP53 mutation type neither in 
the total HER2-positive group (p = 0.891, suppl. Figure 
S1B), nor in hormone receptor-positive or hormone-
receptor-negative subgroup (not shown). We also studied 
whether there was a link between TP53 status and the 
expression of various immune-related genes assessed in 
a previous project [10], and the only significant positive 

association was seen for missense mutations as compared 
to other mutations and CD8A gene expression in TNBC (p 
= 0.020; not shown). 

The increased TILs levels in tumors with p53 
missense mutations might be due to p53 protein 
overexpression and accumulation, which could attract 
TILs due to elevated neoantigen presentation. To further 
investigate this hypothesis we determined p53 protein 
status (n = 185 informative cases, suppl. Figure S2A-C) as 
well as MHC1 expression, an important component of the 
antigen-presenting machine (n = 194 informative cases; 
suppl. Figure S2E, F), by IHC. p53 protein expression 
was significantly associated with TP53 mutation groups 
(suppl. Table S1). Protein overexpression was a rather 
good surrogate marker for TP53 missense mutations 
as 80% of p53 overexpressing tumors actually had a 
missense mutation. Protein loss on the other hand was seen 
frequently in the “other” mutations group (45.1%), and in 
cases with TP53 wildtype genomic status (48.4%). Tumors 
with a wildtype p53 protein expression pattern were 
wildtype on the genomic level in only 31.7% of cases. 

Table 1: Characteristics of the study group

characteristic GeparSixto, p53 study cohort 
n (%)

no. of samples 450 (100%)
age group
< 50 years
≥ 50 years

265 (58.9%)
158 (41.1%)

histological type
ductal/other
lobular

443 (98.4%)
7 (1.6%)

tumor grade
G1-G2
G3

154 (34.2%)
296 (65.8%)

ER/PR status (central IHC)
ER-/PR-
ER+ and/or PR+

327 (72.7%)
123 /27.3)

receptor status combined (central IHC/SISH)
HER2- & ER/PR- (=TNBC cohort)
HER2+ (=HER2+ cohort)
   HER2+ & ER/PR-
   HER2+ & ER+ and/or PR+

246 (54.7%)
204 (45.3%)
81 (39.7%)
123 (60.3)

clinical tumor stage
cT1-2
cT3-4
missing

383 (85.3%)
66 (14.7%)
1

clinical nodal status
cN0
cN+
missing

254 (57.6%)
187 (42.4%)
9

type of chemotherapy
with carboplatin (PM+Cb)
without carboplatin (PM)

231 (51.3%)
219 (48.7%)

pathological complete response 
(ypT0ypN0)
no pCR
pCR

279 (62.0%)
178 (38.0%)
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As a reflection of the moderate association between TP53 
genomic and p53 protein status, there was a trend toward 
higher TILs levels in TNBC with p53 overexpression as 
compared to cases with protein loss, however, this was 
not statistically significant (p = 0.199, suppl. Figure 
S1C). p53 protein status was not significantly associated 
with mRNA immune markers (not shown). High MHC1 
expresion was seen in 157 TNBC (80.9%). Confirming its 
role as a regulator of anti-tumoral immune activiation high 
MHC1 expression was significantly associated with high 
TILs (p = 0.004, suppl. Figure S1D) and with 7 mRNA-
based immune markers (CCL5, CXCL13, PDL1, CTLA4, 
FOXP3, IDO1, CD80; not shown). There was however, 
no significant association between MHC1 expression and 
TP53 genomic or p53 protein status (not shown).

Impact of TP53 mutations on response to 
neoadjuvant chemotherapy

The distribution of TP53 mutations in the total study 
group was the same in patients with and without a pCR (p 
= 1.0; Figure 3B). Similarly, no impact of TP53 status on 

pCR was seen within the subtypes of TNBC and HER2-
positive disease (Figure 3C, D). In TNBC, smaller tumor 
size (cT1-2) and carboplatin-containing chemotherapy 
were significantly linked to pCR, and in HER2-positive 
cancers, only negative hormone receptor status was 
predictive for a pCR (Table 3). Moreover, we investigated 
associations between pCR in TNBC and HER2-positive 
tumors and TP53 mutational status including the type and 
effects of TP53 mutations (affected exon, mutation effect, 
transactivation class, SIFT class, residue function and 
gain-of-function), but did not observe a significant impact 
(p > 0.05 each). We also studied the link between TP53 
status and pCR in TNBC and HER2 cancers stratified 
for the type of chemotherapy (carboplatin-containing 
vs control) as well as clinico-pathological factors (age, 
grade, cT, cN, hormone receptor status in HER2-positive 
disease), PIK3CA mutations, and LPBC subtype. Again, 
no significant results were obtained (p > 0.05 each). 
Based on reports on a potential biological relevance 
of silent TP53 mutations in breast cancer [11], we 
exploratorily added the 12 tumors in our cohort harboring 
a silent mutation to the “mutated” category and tested for 

Table 2: Type of detected mutations
n (%)

p53 status
wildtype
   silent
mutated
   exon 5
   exon 6
   exon 7
   exon 8

> one exon
intron

153 (34.0%)
20 (13.1% of wt)
297 (66.0%)
75 (25.3% of mt)
65 (21.9% of mt)
64 (21.5% of mt)
69 (23.2% of mt)
12 (4.0% of mt)
12 (4.0% of mt)

mutation effect
missense
nonsense
frameshift
slice site disruption
other (in frame deletions/insertions)

199 (67.2%)
34 (11.5%)
45 (15.2%)
14 (4.7%)
4 (1.4%)

transactivation class
non-functional
functional
partially functional
supertrans
not applicable
no data

175 (87.9%)
9 (4.5%)
14 (7.0%)
1 (0.5%)
46
52

effect on protein sequence 
deleterious
neutral
no data

274 (96.5%)
10 (3.5%)
13

residue function
DNA-binding
buried
exposed
partially exposed
Zn binding
not applicable
no data

43 (14.5%)
139 (46.8%)
9 (3.0%)
16 (5.4%)
19 (6.4%)
18
53
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associations with pCR, however, with no significant result 
(p > 0.05 each). Using a less stringent pCR definition 
including tumors with residual ductal carcinoma in situ 
(ypT0/ypTis), we obtained the same negative results for 
all analyses. p53 protein status and MHC1 expression in 
TNBC were also not significantly linked to response to 

neoadjuvant chemotherapy (not shown).

Table 3: Associations with pCR
TNBC subgroup

n events % pCR OR 95% CI p
p53 status
wildtype
mutated

62
184

26
80

41.9
43.5

1
1.07

-
0.60-1.91 0.83

age
< 50 years
>= 50 years

144
102

64
42

44.4
41.1

1
0.88

-
0.52-1.46 0.61

histological type
ductal/others
lobular

241
5

106
0

44.0
0.0

1
n.a.

-
n.a. 0.999

tumor grade
G1-2
G3

63
183

21
85

33.3
46.4

1
1.74

-
0.95-3.16 0.071

clinical tumor stage
cT1-2
cT3-4

221
25

101
5

45.7
20.0

1
0.30

-
0.11-0.82 0.019

clinical nodal status
cN0
cN+

148
91

88
24

59.5
26.4

1
0.33

-
0.19-0.58 0.330

type of chemotherapy
without carboplatin (PM) 
with carboplatin (PM+Cb)

120
126

36
70

30.0
55.6

1
2.92

-
1.73-4.93 <0.0001

HER2+ subgroup

n events % pCR OR 95% CI p
p53 status
wildtype
mutated

91
113

32
33

35.2
29.2

1
0.76

-
0.42.1.37 0.364

ER/PR status (central IHC)
ER-/PR-
ER+ and/or PR+

81
123

37
28

45.7
22.8

1
0.35

-
0.19-0.64 0.001

age
< 50 years
>= 50 years

121
83

36
29

29.8
34.9

1
1.27

-
0.67-2.30 0.435

histological type
ductal/others
lobular

202
2

64
1

31.7
50.0

1
0.46

-
0.03-7.53 0.589

tumor grade
G1-2
G3

91
113

25
40

27.5
35.4

1
1.45

-
0.79-2.64 0.228

clinical tumor stage
cT1-2
cT3-4

162
41

50
14

30.9
34.1

1
1.16

-
0.56-2.40 0.686

clinical nodal status
cN0
cN+

106
96

34
30

32.1
31.2

1
0.96

-
0.53-1.74 0.900

type of chemotherapy
with carboplatin (PM+Cb)
without carboplatin (PM)

105
99

30
35

28.6
35.4

1
0.73

-
0.41-1.32 0.299
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Association with survival

TP53 mutational status was further tested for its 
impact on patient survival. However, no significant 
impact was seen according to overall, disease-free, distant 
disease-free, or local recurrence-free survival, neither 
in the total study group (Figure 4A, B), nor in HER2-
positive disease (Figure 4C, D) or TNBC (Figure 4E, F). 
Interestingly, there was a trend towards a prognostic effect 
of mutation types: In TNBC, the missense mutations group 
showed a better survival than the group with other (non-
missense) TP53 mutations (p = 0.093), while the latter 
group was not significantly different from the wildtype 
group (p = 0.734; suppl. Figure S3A). In HER2-positive 
disease, a similar trend towards a better survival of the 
missense group as opposed to tumors with other mutation 
types was evident (p = 0.071), however here, tumors with 
a wildtype TP53 status had the best survival, and the 
difference between the wildtype and the other mutations 
group was significant (p = 0.011; suppl. Figure S1D). 

Quite similarly to the relevance of TP53 
genomic status for survival, TNBC with a p53 protein 
overexpression showed longer DSF as compared to 
tumors with protein loss (p = 0.019) and no difference 
was seen between tumors with protein loss and a wildtype 
expression pattern (p = 0.365; suppl. Figure S3C). MHC1 
expression was no significant prognostic factor (not 
shown).

DISCUSSION

We provide a systematic investigation of the clinical 
relevance of TP53 mutations in TNBC and HER2-
positive breast cancers treated with modern neoadjuvant 
chemotherapy regimens. Our data show that in these breast 
cancer subtypes TP53 status does not have an impact on 
response to chemotherapy, neither for standard nor for 
carboplatin-containing regimes. 

Available data on the predictive value of TP53 
mutations are conflicting. The phase III prospective 
EORTC 10994/BIG 1-00 trial comprising 1.486 
patients investigated the hypothesis, derived from pre-
clinical investigations [12], that specific TP53 might be 
associated with resistance to doxorubicin [8]. The results 
of this translational study are in line with our data as both 
pCR and complete clinical response to anthracycline 
or taxane-based neoadjuvant chemotherapy were not 
impacted by TP53 status. However, the findings of the 
group of Bertheau reported that TP53 might be predictive 
for chemotherapy response in a particular setting: In a 
pooled analysis of 144 breast cancers from three series 
this group found that pCR rates in TP53 mutant tumors 
depended strongly on the type of chemotherapy, and were 
significantly higher after high-dose cyclophosphamide 
(36%) as opposed to standard-dose (4%) or no 
cyclophosphamide (12%) [7]. The effect was most 
pronounced in ER negative tumors, where the pCR rate 
after high-dose (not lower dose) cyclophosphamide among 
TP53 mutant cased reached 71%. 11 of 21 tumors in this 
subgroup were TNBC. In two previous projects of the same 

Figure 2: A. Distribution of mutations among exons. B. Distribution of mutation effects.
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group a similar strong impact of TP53 status on response 
to high-dose/dose-dense neoadjuvant cyclophosphamide 
was seen [13, 14]. However, this analysis was not stratified 
according to molecular subtypes and GeparSixto did not 
contain cyclophosphamide, which makes the comparison 
of Berteau´s findings with our data difficult. Taking 
together the currently available data, it is conceivable that 
the role of TP53 mutations in therapy response might be 
dependent on the chemotherapy regimen and components 
applied. A potential explanation of the described effect of 
TP53 status and response might be that in TP53 mutant 
tumors, chemotherapy might induce a higher frequency 
of genetic defects than in TP53 wildtype tumors leading 
to a better response [15]. This might only become evident 
under dose-dense chemotherapy with a potential particular 
importance of cyclophosphamide. Furthermore, due to the 
fact that TP53 mutations are quite differentially distributed 
among breast cancer molecular subtypes the results of 
studies investigating the predictive impact of TP53 status 
seem to be very much affected by the composition of the 
study group. Our analysis of TNBC and HER2-positive 
carcinomas as separate entities however does not reveal 
an impact of TP53 status on response.

In a recent report, Carey et al. described that in the 
CALGB 40601 trial the p53 signature was independently 
associated with high pCR rates in 305 patients with 
HER2-positive breast cancer [16]. This p53 signature was 
based on RNA expression levels of 52 genes associated 
with TP53 mutation or loss [17]. While this approach 
provides a broad read-out of the biological effects of 
TP53 mutations also covering any other defect within the 
p53 signaling cascade it does not directly measure mutant 
TP53. This might explain why in HER2-positive disease, 
the p53 gene signature was a predictive factor (in CALGB 
40601) while TP53 mutations (in GeparSixto) were not.

There are further previous studies on the predictive 
effect of TP53 status in breast cancer that were 
summarized in a meta-analysis by Chen (2012) [18]. 
Investigating 26 studies comprising 3.476 cases, the 
authors concluded that TP53 aberrations were associated 
with a higher response to neoadjuvant chemotherapy, 
particularly for anthracycline-based regimes. However, 
studies using different methods of TP53 assessment (IHC 
and gene sequencing) were pooled and the analysis was 
not stratified for molecular subtype, so that again the 
comparison with our data is not straightforward. 

Figure 3: A. Associations of mutations with molecular tumor type. p value: chi square B. Association with pCR in the total study group. 
C. Association with pCR in the HER2-positive group. D. Association with pCR in the TNBC group. B-D) p values: univariate logistic
regression
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In our study TP53 status in general (mutated vs not 
mutated) was not associated with survival, while previous 
reports describe it as an unfavorable prognostic factor in 
unselected breast cancer cohorts. The prognostic effect of 
TP53 status however seems to be restricted to the luminal 
or ER positive subgroup, which has not been included 
into GeparSixto. This view is supported by the analysis 
of the METABRIC cohort, which provides high-level 
evidence of the clinical importance of TP53 in defined 
molecular subtypes of breast cancer [19]. Here all exons 
of TP53 in 1.420 breast cancers were investigated by 
Sanger sequencing. TP53 mutations were associated with 
worse prognosis in ER positive cancer in general and in 
luminal B, as well as HER2-enriched cancers (not totally 
overlapping with HER2-positive disease by IHC/in-situ-
hybridization). Interestingly, we found a tendency towards 
a better survival in patients with TP53 missense mutations 
compared to other mutation types. The structural nature 
of TP53 mutations thus seem to be relevant in term of 
clinical outcome, an issue which has also been reported by 
Seagle et al. (2015) who focused on the impact of various 
structurally-grouped missense mutations in the TCGA 
ovarian and breast cancer cohorts [20]. It should be noted 
however, that the significance of our survival analysis is 
limited because GeparSixto was powered for pCR, not 
survival and because the current follow-up period is rather 
short.

One interesting finding of our project was that in 
TNBC missense mutations as opposed to other mutations 

were significantly linked to higher numbers of TILs and 
higher CD8A gene expression levels. It is known that 
different TP53 mutations are associated with varying 
levels of function and protein expression- for example, 
missense mutations generally have higher protein levels 
and frameshift or nonsense mutations cause loss of protein 
[2, 3], and we could reproduce this by applying p53 IHC 
to our TNBC subcohort, although the correlation between 
genomic and protein status was not perfect. This can be 
due to several reasons, e.g. not all missense mutations 
actually cause protein accumulation, and on the other hand 
alterations of the protein status, e.g. protein loss can also 
be due to epigentic or post-translational modifications. 
Finally, the p53 IHC evaluation using TMAs constructed 
out of core biopies is limited by the comparably small 
tumor areas. Particulary the distinction between a wildtype 
pattern and an overexpression might be difficult in this 
setting. The moderate correlation between genomic and 
protein status might explain why the link between p53 
protein overexpression and TILs was not significant, 
however visible in trend. One possible explanation for 
our findings is that mutations that generally result in 
increased expression of mutant p53 protein ( = missense 
mutations) as opposed to loss of expression could produce 
neoantigens as an immune stimulus. This could also 
explain why TP53 mutations per se were not associated 
with immune parameters in GeparSixto. The link between 
missense mutations and an activated immune response 
might also be related to the effect of missense mutations 

Figure 4: Overall and disease-free survival in dependence from PT53 mutational status in the total study group (A, B), 
HER2-positive breast cancer (C, D), and TNBC (E, F).
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as well as p53 overexpression on longer survival that we 
detected in GeparSixto. The strong connection between 
MHC1 expression and immune activation we observed in 
the GeparSixto TNBC subcohort argues for the relevance 
of antigen presentation in the context of an anti-tumoral 
immune response. Although our findings suggest a role 
of TP53 mutations in immune regulation in TNBC, an 
exhausting elucidation of potential mechanisms underlying 
this effect, e.g. the analysis of p53-associated neoantigen 
expression and of respective reactive T cell clones, is 
not feasible within the scope of this paper, but would be 
a highly attractive subsequent project. The METABRIC 
study provided also evidence of a connection of TP53 
aberrations and the immune response in breast cancer: ER 
negative cancers with wildtype TP53 and a severe TILs 
infiltrate had a better prognosis [19]. In a subsequent, more 
extensive analysis of this topic, the authors found that in 
basal-like cancers and/or in integrative cluster 10 tumors 
(basal-like with genomic instablility) TP53 wild type 
status was positively associated with T-cell activation and 
a good prognosis [21]. Small sample sizes in subgroups 
prohibit a valid reproduction of the METABRIC findings 
in GeparSixto, however the results of both studies strongly 
encourage the further investigation of the interaction 
between the immune response and particular classes 
of TP53 mutations in terms of survival in independent 
cohorts.

Our study has several strengths and weaknesses. 
In our analysis of TP53 we focused on the mutational 
hotspots in exons 5-8, where approximately 80% of 
reported TP53 mutations are found [2]. However, by this 
approach we may have missed mutations in other exons. 
Furthermore, while the specificity of Sanger sequencing 
is high, the method has a lower sensitivity in detecting 
mutations when compared to novel methods such as next-
generation sequencing (NGS). However, we assume that 
founder mutations such as those in TP53 are present in 
the majority of tumor cells, so that allelic frequencies 
are high enough to be detected by Sanger sequencing. 
Furthermore, the clinical impact of TP53 mutations in 
subclones resulting in rather low allelic frequencies, 
which can only be detected by NGS but not by Sanger 
sequencing is doubtful. Matching these considerations, a 
recent study comparing Sanger with NGS in breast cancer 
showed that the additional TP53 mutations detected by 
NGS had no additional impact on the clinical information 
that was already provided by Sanger sequencing [22]. 

Taken together, we conclude from our study that 
TP53 mutations have no predictive value in patients 
treated with an intense anthracycline/taxane/targeted 
agents-based neoadjuvant chemotherapy with or without 
Carboplatin within TNBC and HER2-positive tumors. 
Therefore we cannot confirm a previously proposed 
impact of TP53 mutations on chemotherapy response in 
our large clinical trial. Novel predictive factors for TNBC 
and HER2-positive disease, particularly for the response to 

platinum-containing chemotherapy are still needed.

MATERIALS AND METHODS

Study population

In GeparSixto (clincaltrials.gov NCT01426880) [9], 

patients with centrally confirmed HER2-positive breast 
cancer or TNBC were treated for 18 weeks with paclitaxel 
80 mg/m2 once every week and non-pegylated liposomal 
doxorubicin 20 mg/m2 once every week. Patients were 
randomly assigned at a 1:1 ratio to receive simultaneously 
carboplatin at a dose of 1.5 (initially 2.0) area under curve 
once every week for 18 weeks or not. Patients with TNBC 
received additional bevacizumab 15mg/kg once every 2 
weeks, and patients with HER2-positive disease received 
additional trastuzumab 6 mg/kg (loading dose 8 mg/kg) 
once every 3 weeks and lapatinib 1000 (after amendment 
750) mg daily simultaneously. Pre-therapeutic formalin-
fixed paraffin-embedded core biopsies were collected after
written informed consent. Hormone receptor positivity
was defined as estrogen (ER) and/or progesterone receptor
(PR) expression in at least 1% of tumor cells by central
immunohistochemistry (IHC). Ethical approval was
obtained for all clinical centers and from the institutional
review board of the Charité Berlin. pCR was defined as
the absence of residual invasive or non-invasive tumor
cells in breast and lymph nodes (ypT0 ypN0). Data on
overall, disease-free, distant disease-free, as well as local
recurrence-free survival were available with a median
survival of 31 months (maximum 45 months). Tumor-
infiltrating lymphocytes (TILs) were investigated centrally
according to the study protocol as a secondary endpoint.
Lymphocyte-predominant breast cancer (LPBC) was
defined as a dense lymphocytic infiltration of at least 60%
of the tumor stroma [10]. PIK3CA mutations in exon 9
and exon 20 had been assessed by Sanger Sequencing in a
previous project [23].

Determination of TP53 mutational status

Histopathological quality control was performed 
prior to DNA isolation. Only core biopsies with an 
invasive tumor area ≥20% were eligible. 

DNA was isolated from formalin-fixed and paraffin 
embedded tissue (FFPE) by automated DNA-extraction 
via QIAsymphony (Qiagen, Hilden, Germany). Exons 
5-8 of the TP53 gene were amplified using Fidelity-taq
polymerase (Affymetrix, Santa Clara, CA, USA) and the
following primers: Exon 5-forward: ttt caa ctc tgt ctc ctt
cct ctt; Exon 5-reverse: agc cct gtc gtc tct cca g; Exon
6-forward: cag gcc tct gat tcc tca ct; Exon 6-reverse: ctt
aac ccc tcc tcc cag ag; Exon 7-forward: ctt ggg cct gtg
tta tct cc; Exon 7-reverse: ggg tca gag gca agc aga. Exon
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8-forward: gcc tct tgc ttc tct ttt cc; Exon 8-reverse: taa
ctg cac cct tgg tct cc. Purification of PCR products was
performed by ExoSapit (Affymetrix, Santa Clara, CA,
USA).

Direct sequencing of the PCR amplicons was carried 
out for both strands on an 3500 Genetic Analyzer (Applied 
Biosystems by Life Technologies Corporation, Darmstadt, 
Germany) using the BigDye® Terminator v1.1 Cycle 
Sequencing Kit (Applied Biosystems by Life Technologies 
Corporation, Darmstadt, Germany).

Classification of TP53 variants

Point mutations were uploaded into the IARC 
P53 Database (version R17, November 2013) [24] 

and the following parameters were assessed: effect on 
DNA structure, effect on protein structure and function 
(transactivation class, SIFT class), potential gain-of-
function. Significance of mutations (effect on protein 
structure and function) that were not listed in the IARC 
P53 Database (most often frameshift mutations, in-frame 
indels) was determined by analysis of the affected domain 
and the secondary structure of the respective protein.

Immunohistochemistry

p53 as well as MHC1 protein expression was 
evaluated in the TNBC subgroup, for which a tissue 
microarray (TMA) constructed from pre-operative punch 
biopsies was available. A mouse monoclonal antibody 
directed against p53 protein (clone DO-7; DAKO; 
Glostrup, Denmark) was used in 1:50 dilution on a Ventana 
Benchmark autostainer (Ventana, Tucson, AZ, USA). A 
mouse monoclonal antibody directed against HLA-A/B/C 
(clone EMRE 8-5; MBL, Woburn, MA, USA) was used in 
a 1:6.000 dilution on a Ventana Discovery XT autostainer 
(Ventana). Diaminobenzidine was used as a chromogen. 
Stained TMA sections were digitized and evaluated on 
screen by an experienced pathologist (SDE), supported by 
the VM Slide Explorer 2.2 software (VM Scope GmbH, 
Berlin, Germany). p53 staining was scored as “wildtype 
pattern” when tumor cell nuclei showed variable and 
weak staining intensity, , as “overexpression” when at 
least 60% of tumor cell nuclei were uniformly strongly 
or moderately stained, as “loss” when tumor cell nuclei 
were completely negative but p53 staining was evident 
in non-neoplastic cells in the tissue core (suppl. Figure 
S1A-C). For MHC1 expression both staining intensity and 
percentage of stained tumor cells were determined and 
combined to an immunoreactivity score (IRS), which has 
been described before [25]. Cases with negative or low 
expression (IRS0-3) were separated from highly positive 
cases (IRS4-12; suppl. Figure S1C-F).

Statistical evaluation

Statistical analysis was performed using IBM 
SPSS Statistics 22 (IBM Corporation, Somers, NY, 
USA). Associations between TP53 mutations or TP53 
mutation types and effects as well as clinico-pathological 
parameters, PIK3CA mutations and LPBC were 
investigated with Chi square tests. Associations between 
TP53 status and immune gene expression were assessed 
by the Mann-Whitney test. Impact on survival using 
the Kaplan-Meier method. Odds ratios (ORs) and 95% 
confidence intervals with two-sided p values were used. 
A p value < 0.05 was considered statistically significant. 
Univariable logistic regression for connections of TP53 
status with pCR was performed in the complete cohort as 
well as separately for the TNBC and the HER2-positve 
subcohort. For each of the three cohorts, the the analysis 
was stratified for the following parameters: therapy arm 
(PM vs PMC); age (<50 vs > = 50 years); tumor size 
(cT1-2 vs cT3-4); nodal stage (cN0 vs cN+); grading (G1-
2 vs G3); hormone receptor expression groups (HR+ vs 
HR-; HER2+ only); LPBC groups (LPBC vs no LPBC); 
PIK3CA mutation groups (PIK2CAmt vs PIK3CAwt).
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ABSTRACT

Background: Regulatory T (Treg) cells, a subset of CD4+ T lymphocytes, are 
mediators of immunosuppression in cancer, and, thus, variants in genes encoding 
Treg cell immune molecules could be associated with ovarian cancer.

Methods: In a population of 15,596 epithelial ovarian cancer (EOC) cases and 
23,236 controls, we measured genetic associations of 1,351 SNPs in Treg cell pathway 
genes with odds of ovarian cancer and tested pathway and gene-level associations, 
overall and by histotype, for the 25 genes, using the admixture likelihood (AML) 
method. The most significant single SNP associations were tested for correlation with 
expression levels in 44 ovarian cancer patients. 

Results: The most significant global associations for all genes in the pathway 
were seen in endometrioid (p = 0.082) and clear cell (p = 0.083), with the most 
significant gene level association seen with TGFBR2 (p = 0.001) and clear cell EOC. 
Gene associations with histotypes at p < 0.05 included: IL12 (p = 0.005 and p = 
0.008, serous and high-grade serous, respectively), IL8RA (p = 0.035, endometrioid 
and mucinous), LGALS1 (p = 0.03, mucinous), STAT5B (p = 0.022, clear cell), TGFBR1 
(p = 0.021 endometrioid) and TGFBR2 (p = 0.017 and p = 0.025, endometrioid and 
mucinous, respectively). 

Conclusions: Common inherited gene variation in Treg cell pathways shows some 
evidence of germline genetic contribution to odds of EOC that varies by histologic 
subtype and may be associated with mRNA expression of immune-complex receptor 
in EOC patients.

doi: 10.18632/oncotarget.10215
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INTRODUCTION

Ovarian cancer is the leading cause of death due to 
gynecological cancers in the United States [1]. Although 
two-thirds of ovarian cancer patients initially respond 
to surgical debulking and chemotherapy [2], a majority 
eventually relapse [3, 4]. The five-year survival rate of 
ovarian cancer varies significantly across clinical stages, 
with almost 90% of stage I patients surviving, to just a 
little over 20% of advanced-stage patients surviving [5]. 

In recent years, host tumor immunosuppression has 
attracted research in ovarian cancer in hopes of identifying 
underlying biological mechanisms that determine 
the development and progression of ovarian cancer. 
Ovarian tumors have been found to induce migration 
of immunosuppressive cells into tumor tissue [6]. Thus, 
exploring molecular pathways underlying suppression 
of immune responses in ovarian cancer to identify novel 
targets for immunotherapy and/or to identify markers 
that can predict the risk of ovarian cancer may be a 
route to both treating this deadly disease and/or earlier 
identification. 

 An important pathway to consider in immune 
function is suppression of host immune response by 
regulatory T (Treg) cells, a subset of CD4+ T cells that 
maintain immune tolerance and inhibit the development of 
an antitumor immune response. In fact, higher prevalence 
of Treg cells has been found in various cancers [7-12], 
including ovarian cancer [13-16], compared to controls. 
Treg cells have been detected in ovarian tumors [15], as 
well as in malignant ascites [13] and peripheral blood 
[16] of ovarian cancer patients. Further, an association
of ovarian cancer outcomes with genetic variation in
Treg-related genes specific to induction, trafficking, or
immunosuppressive function of Treg cells, also suggests
a role for the Treg cell phenotype in ovarian cancer [17].
Given the importance of inherited factors in both ovarian
cancer and Treg cells, we sought to characterize their role
in ovarian cancer etiology. We conducted a comprehensive
epidemiological study in which we investigated the
significance of single nucleotide polymorphisms (SNPs)
in the Treg cell pathway and mRNA expression profiles in
epithelial ovarian cancer (EOC) etiology.

RESULTS

The descriptive characteristics of the study 
population are presented in Table 1. The majority of 
EOC patients (n = 9,330) were of the serous histology. 
Compared to controls, cases were significantly older 
and more likely to report a family history of breast or 
ovarian cancer and a personal history of endometriosis. 
Conversely, pregnancy, tubal ligation, breastfeeding, and 
use of oral contraceptives (OCs) were more likely to be 
reported by controls. 

Association of genetic variation by histotype

P-values for the gene burden test for each gene
in the pathway and the Treg cell pathway (all SNPs 
analyzed together) by histotype (serous, high-grade 
serous, endometrioid, clear cell, invasive mucinous) are 
presented in Table 2. The most significant burden test (p = 
0.001) was seen with TGFBR2 and clear cell EOC. Other 
gene associations with histotypes at p < 0.05 included: 
IL12B (p = 0.005 and p = 0.008, serous and high-grade 
serous, respectively), IL8RA (p = 0.035, endometrioid 
and invasive mucinous), LGALS1 (p = 0.03, invasive 
mucinous), STAT5B (p = 0.022, clear cell), TGFBR1 (p 
= 0.021, endometrioid) and TGFBR2 (p = 0.017 and p = 
0.025, endometrioid and invasive mucinous, respectively). 
The most significant global associations for all genes in 
the Treg cell pathway were seen in endometrioid (p = 
0.082) and clear cell (p = 0.083) EOC.

Single SNP associations for each gene are shown 
in Supplemental Table 1. The effective number of 
independent SNPs tested was 370; applying a bonferroni 
correction for testing 370 SNPs across 5 groups, yields 
p < 2.7 x 10-5 as the significance threshold. No single 
SNPs remains significant after correction for multiple 
testing within histotype. The most single SNP association 
was seen with TGFBR2 and clear cell; the T allele in 
rs3773636 was associated with a 21% increased risk of 
clear cell ovarian cancer (OR = 1.21, 95% CI = 1.10-1.33, 
p = 0.0001).

eQTL in TGFBR2 associate with FCGR2B 
expression

TGFBR2 contained the SNP with the most 
significant association with risk of clear cell EOC and 
also contained several additional SNPs with suggestive 
associations with clear cell and mucinous EOC. 
Thus, SNPs in TGFBR2 were correlated with mRNA 
expression levels as measured by the 9,634 probes 
passing quality control (QC) and showing expression 
above the background in at least 25% of the samples 
[18]. Regression analyses showed the most significant 
association between rs1808602 and FCGR2B (PFDR < .05) 
with an adjusted r2 = 0.51 for a model including both SNP 
and histology; the variation attributable to the SNP alone 
was r2 = 0.45. Each additional copy of the minor (G) allele 
(minor allele frequency (MAF) = 42.4%) was associated 
with an increase in mRNA expression level of 0.51 in 
FCGR2B (Figure 1). This SNP-gene association was the 
only association significant after correction for multiple 
testing. 

DISCUSSION

Treg cells have been shown to suppress tumor 
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Figure 1: Association of variant alleles in TGFBR2 with circulating mRNA expression levels in FCGR2B. FCGR2B 
mRNA expression levels (y-axis) versus rs1808602 (x-axis). Each additional copy of the variant allele (G) in rs1808602 was associated 
with a significant increase in mRNA expression level after adjusting for age and histology.

Figure 2: Linkage disequilibrium structure and regional association map of TGFBR2  with risk of clear cell ovarian 
cancer. Each dot indicates a SNP, with the corresponding region on Chromosome 3 (x axis) and negative log10 p-value (y axis) associated 
with the SNP; color-coding reflects pairwise linkage disequilibrium. The purple dot is rs3773636, the most significant genetic association 
with clear cell ovarian cancer (p = 0.0001). It is located on Chromosome 3 at 30,690,658 bp (hg19) in TGFBR2.
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Table 1: Descriptive characteristics of 15,596 ovarian cancer cases and 23,236 controls from the Ovarian Cancer 
Association Consortium (OCAC)
Variable Case N = 15596 Control N = 23236 P value
Age1 57.36 (11.70) 55.61 (11.90) <0.0001
Ethnicity2

Non-Hispanic 13847 (99.6) 21539 (99.7) 0.03
Hispanic 56 (.4) 59 (.3)
Missing 1693 1638
Family history of ovarian cancer2

No 5891 (91.6) 7643 (95.7) <0.0001
Yes 543 (8.4) 343 (4.3)
Missing 9162 15250
Height1 1.64 (0.07) 1.63 (0.06) <0.0001
Missing 4571 6596
Weight1 57.2 (9.80) 56.4 (8.71)
Missing 6600 9277 <0.0001
Body Mass Index (BMI)1 21.29 (3.43) 21.18 (3.06) 0.01
Missing 6642 9311
Age at menarche1 12.8 (1.60) 12.9 (1.68) 0.02
Missing 4914 7195
Total number of pregnancies1 2.37(1.80) 2.63(1.74) <0.0001
Missing 4879 7066
Breast feeding2

No 3070 (40.5) 4078 (30.2) <0.0001
Yes 4502 (59.5) 9426 (69.8)
Missing 8024 9732
Menopausal status2

Pre/perimenopausal 3585 (32.4) 4519 (28) <0.0001
Post-menopausal 7491 (67.6) 11640 (72.0)
Missing 4520 7077
HRT2

No 2675 (44.3) 3237 (44.6) 0.73
Yes 3366 (55.7) 4025 (55.4)
Missing 9555 15974
OC use2

Never 4465 (41.9) 6054 (37.4) <0.0001
Ever 6191 (58.1) 10152 (62.6)
Missing 4940 7030
OC use in months1 38.21 (59.83) 49.40( 69.27) <0.0001
Missing 5164 7209
Tubal ligation2

No 8420 (84.4) 8278 (76.7) <0.0001
Yes 1562 (15.7) 2514 (23.3)
Missing 5614 12444
Endometriosis2

No 7435 (90.8) 10030 (93.2) <0.0001
Yes 755 (9.2) 731 (6.8)
Missing 7406 12475
Hysterectomy2

No 7352 (68.3) 13103 (81.2) <0.0001
Yes 3413 (31.7) 3025 (18.8)
Missing 4831 7108



Oncotarget      576www.impactjournals.com/oncotarget

antigen specific immunity in ovarian cancer, in vitro and 
in vivo [13]. However, the role of Treg cells in the etiology 
of ovarian cancer is not well established. We attempted to 
evaluate robust genetic biomarkers associated with Treg 
cells in relation to EOC in a large sample pooled from 
the Ovarian Cancer Association Consortium (OCAC). We 
hypothesized that SNPs in genes that regulate the function 
of Treg cells could potentially be associated with variation 
in immune response to ovarian tumors. Hence, in this 
study we evaluated SNPs in 25 genes thought to govern 
the function of Treg cells to determine their association to 
EOC. We found a modest association between TGFBR2 
and invasive clear cell EOC. SNPs in this gene have been 
found to be associated with other pathological conditions, 
including gastric and colorectal cancer [19, 20]. The 
TGF-β family of cytokines plays an important role in 
proliferation, differentiation, and apoptosis of many cell 
types [21]. However, some tumors, such as ovarian tumors, 
evade the anti-proliferative effects of TGF-β by acquiring 
mutations in TGF-β signaling pathway [22]. Furthermore, 
the TGF-β signaling pathway plays a paradoxical role in 
tumorigenesis, initially suppressing and later promoting 
tumor growth and metastasis [23]. 

 The significant association of rs1808602 in 
TGFBR2 with lymphoblastoid cell line (LCL) mRNA 
expression of FCGR2B (FcγRIIB) adds evidence for 
an immune component in ovarian carcinogenesis. 
FCGR2B binds to the Fc component of the antigen-
IgG immune complex, suppressing immune response 

through several mechanisms, including inhibition 
of antigen presentation to T lymphocytes as well as 
reduced phagocytosis by neutrophils [24]. The only 
inhibitory receptor among members of the FcGR family 
in humans, FCGR2B, expressed on B lymphocytes [25] 
and follicular dendritic cells, is thought to be critical for 
maintenance of humoral immune response [26, 27]. The 
modest correlation between the TGFBR2 polymorphism 
and mRNA expression of FCGR2B observed suggests 
that TGF-β cytokine signaling pathway may, directly or 
indirectly through Treg cells, regulate the expression of 
FcGR, thereby potentially altering the balance between 
pro-inflammatory and anti-inflammatory immune 
response. Furthermore, the downstream inhibitory effect 
of FCGR2B expression is not limited to immune cells. 
Experimental models have demonstrated the potential of 
FCGR2B to promote tumorigenesis when expressed on 
non-lymphoid tumor cells [28, 29]. FCGR2B expression 
is thought to be a mechanism of immune escape by tumor 
cells [30]. Thus, our findings indicate that polymorphisms 
in TGFBR2 may potentially affect inter-individual 
variation in anti-tumor immune response through FcG 
receptor modulation. Additional evidence for Treg-cell-
related eQTL SNPs has been seen with survival in ovarian 
cancer [31, 32]. Specifically, genetic variation in CD80 
was associated with poorer survival of endometrioid cases 
and with increased tumor CD80 expression. The above 
findings suggest that inherited factors contributing to 
ovarian cancer etiology and outcome may, in part, drive 

Clinical characteristics Histology2

Serous 9330 (59.8)
Mucinous 1592 (10.2)
Endometrioid 2099 (13.5)
Clear cell 1033 (6.6)
Mixed Cell 505 (3.2)
Other 1037 (6.7)
Behavior2

LMP 1724 (11.1)
Invasive 13872 (88.9)
FIGO stage2 
1 3488 (31.7)
2 1147 (10.4)
3 5412 (49.2)
4 954 (8.7)
Grade2

Well differentiated 1240 (12.5)
Moderately differentiated 2427 (24.4)
Poorly differentiated 5591 (56.2)
Undifferentiated 699 (7.0)
Missing 5639  

1Mean (standard deviation), 2N(%), CI = Confidence interval, BMI = body mass index, HRT = hormone replacement therapy, 
OC = oral contraceptive, LMP = low malignant potential
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the expression of important immune-related genes.
 Further evaluation of the structure of TGFBR2 

showed that the rs3773636 SNP is in strong linkage 
disequilibrium (r2 = 1) with a SNP (rs995435) that is 
thought to likely affect binding of proteins such as HNF4A, 
EP300, and GATA2, all associated with the balance of 
cell differentiation [33] (Figure 2). This SNP resides in 
SMAD4 and ELF5 (an ETS-related transcription factor) 
motifs in a relatively important position. In addition, we 
find that rs1463535 in TGFBR2, ~2 Mb from rs3773636 
and independent of rs3773636, is associated (p < 8e-05) 
with expression of TGFBR2 in lymphoblastoid cell lines 
(p < 8e-05) [34]. 

Although we find relatively weak associations 
between SNPs in the Treg cell pathway and EOC etiology, 
we do see modest evidence that TGFBR2 contains an 
eQTL that is perhaps modulating expression of inhibitory 

immune-complex receptor genes. Thus, the Treg cell 
genetic hypothesis perhaps merits further investigation in 
a larger, more diverse population.

MATERIALS AND METHODS

SNP selection

An extensive literature review of studies examining 
the role of regulatory T cells in immune response was 
conducted in 2010, and genes relevant to the function of 
Treg cells were identified. Tag SNPs in 25 genes (MAF ≥ 
0.05),were selected using the SNP database on Genome 
Variation Server [35]. SNP selection parameters included 
an r2 > = 0.8 and the Centre d'Etude du Polymorphisme 

Table 2: Admixture maximum likelihood gene burden p-values for each gene in the Treg cell  pathway and overall 
considering all genes

Gene Serous (n = 9,330) High-grade serous 
(n = 5,792)

Endometrioid 
(n = 2,060)

Clear cell 
(n = 1,021)

Invasive Mucinous
(n = 933)

CTLA4 0.612 0.984 0.337 0.471 0.178
FCRL3 0.426 0.388 0.464 0.546 0.110
FOXP3 0.362 0.254 0.630 0.525 0.287
GZMB 0.484 0.203 0.220 0.931 0.847
HDAC9 0.679 0.864 0.212 0.398 0.990
IL12B 0.005 0.008 0.127 0.915 0.088
IL17RA 0.269 0.243 0.974 0.831 0.652
IL23A 0.137 0.111 0.990 0.431 0.561
IL23R 0.423 0.903 0.470 0.101 0.221
IL2RA 0.948 0.960 0.153 0.281 0.148
IL7 0.915 0.933 0.339 0.822 0.670
IL7R 0.558 0.562 0.296 0.459 0.670
IL8RA 0.118 0.084 0.035 0.344 0.035
LGALS1 0.222 0.054 0.841 0.520 0.030
LGALS9 0.958 0.949 0.649 0.885 0.081
PRKCQ 0.511 0.862 0.879 0.528 0.729
STAT5A 0.283 0.463 0.556 0.117 0.442
STAT5B 0.721 0.873 0.412 0.022 0.297
TGFB1 0.864 0.908 0.864 0.966 0.168
TGFB2 0.739 0.418 0.481 0.087 0.672
TGFB3 0.335 0.250 0.139 0.354 0.438
TGFBR1 0.378 0.398 0.021 0.504 0.493
TGFBR2 0.644 0.242 0.017 0.001 0.025
TGFBR3 0.068 0.256 0.446 0.295 0.366
TNFSF14 0.742 0.521 0.964 0.981 0.848

Treg cell gene pathway 0.444 0.719 0.082 0.083 0.632
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Humain (CEPH) reference population. The genomic 
region was expanded upstream and downstream (5 Kb) 
of each gene using linkage disequilibrium block structure 
to capture tag SNPs in regulatory regions. Tag SNPs were 
then assessed for design scores using Illumina’s Assay 
Design Tool for Infinium, and SNPs with a design score 
< 0.4 were excluded. SNPs were also excluded if the 
call rate was < 95%, if the test for deviation from Hardy 
Weinberg equilibrium proportions in controls was p < 10-

4, or if greater than 2% discordance in duplicate pairs was 
observed. Of the 1,358 SNPs from the Treg cell pathway 
that were included for genotyping, a total of 1,351 passed 
QC and were included in the analysis presented in this 
paper (Supplemental Table 2).

Study population, genotyping, and quality control

Germline DNA (250 ng genomic or 750 ng whole-
genome amplified) from a total of 15,596 ovarian cancer 
cases and 23,236 controls from 40 studies in the OCAC 
(Supplemental Table 3) was genotyped on a custom 
Illumina iSelect BeadArray. OCAC is an international, 
multidisciplinary consortium, comprising population-
based, hospital-based and nested case-control, and case-
only studies of ovarian cancer, conducted in the United 
States, Europe, Asia, and Australia. Genotype calling and 
quality control procedures were described previously [36, 
37]. Samples with a genotype call rate of < 95% were 
excluded. Hap Map samples from European (CEU, N = 
60), African (YRI, N = 53), and Asian (JPT+CHB, N = 
88) populations were used to estimate intercontinental
ancestry for each individual using the Local Ancestry in
Admixed Population (LAMP) program [38], and variation
in population substructure was estimated using principal
components (PCs). Only individuals with a LAMP score
greater than 90% European ancestry were included in the
present analyses.

Statistical analyses

Logistic regression analyses in PLINK were used 
to test for evidence of additive associations of SNPs by 
histotype and restricted to invasive tumor behavior [39]. 
Evaluation of the scree plot of eigenvectors, derived 
using Eigenstrat, revealed that five PCs explained most 
of the variation in population substructure; the logistic 
regression models were adjusted accordingly for PCs, 
along with age. PC analysis was done using an in-house 
program written in C++ using the Intel MKL libraries 
for eigenvectors (available at http://ccge.medschl.cam.
ac.uk/software/) [40]. We used the approach of Li et al. to 
calculate the effective number of independent SNPs tested, 
and this value was then used in a Bonferroni correction 
to determine single SNP significance [41, 42]. Regional 

association plots for SNPs with significant associations 
were constructed using LocusZoom software [43]. 

Both gene-level tests of association and global 
Treg cell pathway analyses by ovarian cancer histotypes 
were conducted using the admixture likelihood (AML) 
method [40, 44]. The AML method assumes a proportion 
of variants in each gene or pathway (α) is associated 
with outcome. The effect size of each SNP is assumed 
to be on a non-central χ2 distribution with non-centrality 
parameter η, which approximately captures that SNP’s 
contribution to the total genetic variance of the outcome. 
To accommodate the correlation between SNPs in each 
gene, AML uses a pseudo-maximum likelihood method 
to estimate the α and η. For each gene-level and pathway-
level test, we performed 1,000 simulations, assuming that 
the maximum proportion of associated SNPs in each gene 
or pathway was 0.20. We report p-values for the AML 
trend test. 

Expression quantitative trait loci (eQTL) analysis 
in ovarian cancer patients

We measured trans and cis genotype associations 
with mRNA expression levels in LCL collected pre-
treatment from unrelated EOC cases enrolled in the 
Gilda Radner Ovarian Family Cancer Registry (GRR) 
at Roswell Park Cancer Institute (RPCI), a part of 
the larger OCAC study described above. Microarray-
based gene expression was assayed using the Illumina 
HumanHT-12v3 Gene Expression Beadchip, with almost 
50,000 probes derived from the National Center for 
Biotechnology Information Reference Sequence (NCBI) 
RefSeq (Build 36.2, Rel 22) and the UniGene (Build 
199) databases [45]. Beadscan was used to scan and
extract the raw intensity and the data corrected by local
background subtraction in GenomeStudio module. A
quantile normalization algorithm in the lumi package in
the R-based Bioconductor Package was used to normalize
the log2 transformed intensity data. For data QC, we
excluded the probes with detection P value > 0.05 (the P
values were generated in BeadStudio software) in at least
25% of the samples, yielding 9,634 genes (18). Both LCL
mRNA levels and genotype data were available on 44
patients with EOC from the GRR. Genes containing the
SNPs most significantly associated with risk of EOC were
selected for SNP-mRNA expression level analyses using
linear regression adjusted for patient age and histotype. All
analyses were corrected for multiple testing [46].

ACKNOWLEDGMENTS

The Australian Ovarian Cancer Study Management 
Group (D. Bowtell, G. Chenevix-Trench, A. deFazio, D. 
Gertig, A. Green, P. Webb) and ACS Investigators (A. 



Oncotarget      579www.impactjournals.com/oncotarget

Green, P. Parsons, N. Hayward, P. Webb, D. Whiteman) 
thank all the clinical and scientific collaborators (see http://
www.aocstudy.org/) and the women for their contribution. 
The Belgian Ovarium Cancer Study wished to thank 
Gilian Peuteman, Thomas Van Brussel and Dominiek 
Smeets for technical assistance. The German Ovarian 
Cancer Study (GER) thanks Ursula Eilber and Tanja 
Koehler for competent technical assistance. The Helsinki 
Ovarian Cancer Study study was supported by the Helsinki 
University Central Hospital Reseaarch Fund. The Mayo 
Clinic Ovarian Cancer Case-Control Study, for iCOGS 
thanks C. Hilker, S. Windebank, and J. Vollenweider for 
iSelect genotyping. The Nurses Health Study and Nurses 
Health Study II thank the following state cancer registries 
for their help: AL, AZ, AR, CA, CO, CT, DE, FL, GA, ID, 
IL, IN, IA, KY, LA, ME, MD, MA, MI, NE, NH, NJ, NY, 
NC, ND, OH, OK, OR, PA, RI, SC, TN, TX, VA, WA, 
and WY. The Study of Epidemiology and Risk Factors in 
Cancer Heredity (SEARCH) thanks the SEARCH team, 
Craig Luccarini, Caroline Baynes, Don Conroy. Thanks 
to all members of Scottish Gynaecological Clinical Trails 
group and SCOTROC1 investigators. United Kingdom 
Ovarian cancer Population Study thanks I. Jacobs, 
M.Widschwendter, E. Wozniak, A. Ryan, J. Ford and
N. Balogun for their contribution to the study. The UK
Familial Ovarian Cancer Registry thanks Carole Pye.

CONFLICTS OF INTEREST

D. Cramer reports a financial relationship with
Beasley Allen Crow. E. Goode reports a relationship 
with Johnson & Johnson. M.T. Goodman is a consultant/
advisory board member for Johnson & Johnson. No 
additional conflicts of interest were reported.

FINANCIAL SUPPORT

This study was supported by funding from several 
sources including the Ovarian Cancer Research Fund 
thanks to donations by the family and friends of Kathryn 
Sladek Smith (PPD/RPCI.07); the Genetic Associations 
and Mechanisms in Oncology (GAME-ON): a NCI 
Cancer Post-GWAS Initiative (U19-CA148112 and U19-
CA148537); the European Community's Seventh 
Framework Programme under grant agreement n° 223175 
(HEALTH-F2-2009-223175); the Canadian Institutes for 
Health Research (CIHR) MOP-86727 and the CIHR Team 
in Familial Risks of Breast Cancer; the American Cancer 
Society (CRTG-00-196-01-CCE); the California Cancer 
Research Program (00-01389V-20170, N01-CN25403, 
2II0200); Cancer Council Victoria; Cancer Council 
Queensland; Cancer Council New South Wales; Cancer 
Council South Australia; Cancer Council Tasmania; 
Cancer Foundation of Western Australia; the Cancer 
Institute of New Jersey; Cancer Research UK (C490/

A6187, C490/A10119, C490/A10124, C536/A13086, 
C536/A6689, C1287/A10118, C1287/A 10710, C12292/
A11174, C5047/A8384, C5047/A15007, C5047/A10692); 
the Celma Mastry Ovarian Cancer Foundation; the Danish 
Cancer Society (94-222-52); the ELAN Program of the 
University of Erlangen-Nuremberg; the Eve Appeal; the 
Helsinki University Central Hospital Research Fund; 
Helse Vest; Imperial Experimental Cancer Research 
Centre (C1312/A15589); the Norwegian Cancer Society; 
the Norwegian Research Council; the Ovarian Cancer 
Research Fund; Nationaal Kankerplan of Belgium; the L. 
& S. Milken Foundation; the Polish Ministry of Science 
and Higher Education; the US National Institutes of 
Health/National Center for Research Resources/General 
Clinical Research Center grant MO1-RR000056; the US 
National Cancer Institute (RPCI-UPCI Ovarian Cancer 
SPORE P50CA159981-01A1, K07-CA095666, K07- K07-
CA80668, CA143047, K22-CA138563, N01-CN55424, 
N01-PC067010, N01-PC035137, P01-CA017054, 
P01-CA087696, P20-GM103418, P30-CA072720, 
P30-CA15083, P30-CA168524, P30-CA008748, 
P50-CA105009, P50-CA136393, R01-CA014089, 
R01-CA016056, R01-CA017054, R01-CA049449, 
R01-CA050385, R01-CA054419, R01-CA058598, 
R01-CA058860, R01-CA061107, R01-CA061132, 
R01-CA063682, R01-CA064277, R01-CA067262, 
R01-CA071766, R01-CA074850, R01-CA076016, 
R01-CA080742, R01-CA080978, R01-CA128978, 
R01-CA083918, R01-CA087538, R01-CA092044, 
R01-095023, R01-CA106414, R01-CA122443, 
R01-CA61107, R01-CA112523, R01-CA114343, 
R01-CA126841, R01-CA136924, R01-CA149429, 
R03-CA113148, R03-CA115195, R21-GM86689, 
R37-CA070867, R37-CA70867, U01-CA069417, 
U01-CA071966, CA58860, CA92044, PSA042205, 
UM1-CA186107, P01-CA87969, R01-CA49449, UM1-
CA176726, R01-CA67262 and Intramural research 
funds); National Institute of Environmental Health 
Sciences (T32ES013678); the US Department of Defense 
Ovarian Cancer Research Program (W81XWH-07-0449); 
the US Army Medical Research and Material Command 
(DAMD17-98-1-8659, DAMD17-01-1-0729, DAMD17-
02-1-0666, DAMD17-02-1-0669, W81XWH-10-1-0280,
W81XWH-10-1-0341); the National Health and Medical
Research Council of Australia (199600, 400413, and
400281); the German Federal Ministry of Education and
Research of Germany Programme of Clinical Biomedical
Research (01 GB 9401); the state of Baden-Württemberg
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ABSTRACT
Accurate modeling of angiogenesis in vitro is essential for guiding the 

preclinical development of novel anti-angiogenic agents and treatment strategies. 
The formation of new blood vessels is a multifactorial and multi-stage process 
dependent upon paracrine factors produced by stromal cells in the local 
microenvironment. Mesenchymal stem cells (MSCs) are multipotent cells in adults 
that can be recruited to sites of inflammation and tissue damage where they aid in 
wound healing through regenerative, trophic, and immunomodulatory properties. 
Primary stromal cultures derived from human bone marrow, normal prostate, or 
prostate cancer tissue are highly enriched in MSCs and stromal progenitors. Using 
conditioned media from these primary cultures, a robust pro-angiogenic response 
was observed in a physiologically-relevant three-dimensional fibrin matrix assay. 
To evaluate the utility of this assay, the allosteric HDAC4 inhibitor tasquinimod and 
the anti-VEGF monoclonal antibody bevacizumab were used as model compounds 
with distinct mechanisms of action. While both agents had a profound inhibitory 
effect on endothelial sprouting, only bevacizumab induced significant regression 
of established vessels. Additionally, the pro-angiogenic properties of MSCs derived 
from prostate cancer patients provides further evidence that selective targeting of 
this population may be of therapeutic benefit.

INTRODUCTION

Angiogenesis is an essential event in a diverse 
array of physiologic and pathologic processes, including 
organogenesis, wound healing, and cancer. Tumors are 
dependent on angiogenesis to supply needed oxygen and 
nutrients as they expand and outstrip local resources. 
Angiogenesis is a tightly controlled process regulated by 
a series of locally-produced positive and negative factors 
whose balance dictates vessel formation and stability 
[1]. The pro- and anti-angiogenic stimuli regulating this 
process are largely derived from stromal cells in the 
form of secreted cytokines, growth factors, extracellular 
matrix components and their proteolytic cleavage products 
[2–5]. The requirement for stromal-derived paracrine 
factors in the initiation and maturation of vessels has 
been demonstrated using primary stromal cultures in a 

three-dimensional (3D) in vitro fibrin matrix co-culture 
system [2–5]. This assay was originally developed by 
Hughes et al. and has several advantages over alternative 
methodologies to assess angiogenic potential in that it 
accurately recapitulates each of the major physiologic 
stages necessary for new vessel formation; ultimately 
resulting in a complex, multicellular capillary network of 
branched and interconnected lumens [3].

We have previously documented that primary 
stromal cultures initiated from benign or malignant 
prostate tissue are highly enriched in mesenchymal stem 
and/or progenitor cells (MSCs and/or MPCs, respectively; 
[6]). MSCs are multipotent cells that can functionally 
differentiate into a variety of mesenchymal lineages, 
including osteoblasts, adipocytes, chondrocytes, smooth 
muscle cells, and fibroblasts [6–10]. They are defined 
analytically based on the co-expression of CD73, CD90, 
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and CD105 in the absence of hematopoietic markers (e.g. 
CD14, CD20, CD34, CD45, and HLA-DR; [6, 11, 12]). 
MSCs seem to be present in perivascular niches in tissues 
throughout the body, but can also be recruited from the 
bone marrow to sites of tissue damage and inflammation 
in response to chemokine signals [7, 13–15]. At these 
sites of damage, MSCs contribute to tissue repair through 
their regenerative, trophic, and immunomodulatory 
properties [7, 8, 16]. These properties suggest MSCs 
play a significant role in promoting wound healing and 
tissue repair, processes that are closely associated with 
and dependent upon angiogenesis. Indeed, several studies 
have demonstrated that MSCs also promote angiogenesis 
via multiple mechanisms, including the secretion of pro-
angiogenic factors (e.g. VEGF, bFGF, and angiopoietin), 
in addition to expression of proteolytic enzymes (e.g. 
MMP-2, MMP-9, and MT1-MMP; [17–21]).

Herein, we demonstrate that primary stromal 
cultures enriched in MSCs and/or MPCs expanded from 
either human bone marrow, normal prostate, or prostate 
cancer tissue profoundly induce angiogenesis in a 
modified version of the previously described 3D in vitro 
assay. Using conditioned media from these cultures, the 
pro-angiogenic properties were confirmed to be the result 
of secreted, soluble factors. This experimental setup has 
the added advantage of being able to evaluate primary 
cultures associated with high proteolytic activity that 
are capable of degrading the fibrin matrix. Furthermore, 
we document this in vitro 3D assay represents a robust 
and tractable methodology to assess the effects of anti-
angiogenic agents with different mechanisms of action. 
For example, the allosteric HDAC4 inhibitor tasquinimod 
is shown to significantly suppress endothelial sprouting, 
but has no effect when administered during later stages 
of angiogenesis. In contrast, the anti-VEGF antibody 
bevacizumab (Avastin) has a profound inhibitory effect 
on both sprouting and established vessels, leading to 
regression of the latter. 

RESULTS

Defining the critical stages and kinetics of new 
vessel formation during angiogenesis

Angiogenesis is composed of multiple sequential 
steps, including sprouting, elongation, branching, and 
anastomosis. This process is commonly studied in tissue 
culture using human umbilical vein endothelial cells 
(HUVECs), including the previously described 3D assay 
in which cells attached to a gelatin-coated dextran bead are 
embedded in a fibrin matrix (Figure 1). The use of fibrin 
is important as this is a physiologically relevant substrate 
into which endothelial cells would typically invade in 
the context of angiogenesis and wound healing. Of note, 
HUVECs embedded in this fibrin matrix on gelatin-
coated beads do not sprout under conditions optimized 

for 2D growth – i.e. media supplemented with VEGF, 
bFGF, EGF, R3-IGF-1, ascorbic acid, hydrocortisone, 
heparin, and FBS. Supplementing these cultures with 
additional exogenous VEGF and bFGF also does not 
induce sprouting; however, the cells remain attached to the 
beads and viable. Though VEGF and bFGF are necessary 
for angiogenesis, these observations clearly demonstrate 
they are not sufficient. Thus, confirming the absolute 
dependence of this process on the previously mentioned 
stromal-derived paracrine factors to be described in greater 
detail in the discussion. 

Following addition of the required stromal factors 
via co-culture or conditioned media, sprouting and vessel 
formation can be observed in vitro over a 10 day assay 
period (Figure 2, Supplementary Movie S1). Over the first 
few days, multiple individual tip cells rapidly penetrate the 
surrounding fibrin matrix (Figure 2A, 2D). Several rounds 
of lamellipodia and filapodia extension are observed prior 
to sprout stabilization beginning on approximately day 2. 
This is followed by the elongation phase during which 
trunk cells proliferate and migrate over the remainder 
of the assay to form the growing vessel body behind the 
invading tip cell (Figure 2B, 2D). Lumen formation can 
be detected on approximately day 4–5 with branching 
beginning around day 6–7. Subsequently, proximal vessels 
can undergo anastomosis to form a capillary network of 
interconnected lumens (Figure 2C, 2D).

Importantly, these endothelial vessels [lectin-
positive (green)] produce a collagen IV-rich basement 
membrane [red, (Figure 1)]. Regression of these 
established vessels can subsequently be induced with an 
anti-VEGF agent, such as bevacizumab (Figure 3A, 3B); 
leaving behind an acellular, collagen-rich ‘sleeve’ or 
tunnel that serves as a track for vessel regrowth following 
removal of the anti-angiogenic agent [arrowhead, 
(Figure 3C)]. This is demonstrated by the migration 
of tip cells along these same basement membrane 
networks during the initial phases of vessel regrowth 
following drug washout [arrows, (Figure 3C)]; ultimately 
recapitulating the pre-existing capillary network to a large 
extent (Figure 3D). These observations demonstrate this 
is a robust model that can be used to follow dynamic 
responses to pro- and anti-angiogenic factors, including 
pharmaceutical agents, in real time. Further, these data 
indicate that although angiogenesis is a multifactorial 
process dependent upon multiple inputs, only one of 
these ‘necessary but not sufficient’ pathways needs to be 
targeted to produce a significant anti-angiogenic effect.

Primary human prostate stromal cultures 
enriched in MSCs and/or MPCs potently induce 
angiogenesis

Traditionally, normal human lung fibroblasts 
(NHLFs) are used as the source of stromal-derived pro-
angiogenic factors in this assay [2–5]. To determine 
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Figure 1: Immunofluorescent characterization of the in vitro 3D fibrin matrix assay used to evaluate angiogenesis. 
HUVECs are allowed to adhere overnight to gelatin-coated dextran beads and embedded in a fibrin matrix to simulate the wound healing 
microenvironment. In the presence of conditioned media from stromal cells, endothelial tip cells invade the surrounding matrix followed 
by proliferating trunk cells; eventually forming a complex, branched, multicellular capillary network replete with patent lumens. This can 
be visualized by lectin (green) staining to identify the endothelial cells, which also produce a collagen IV-rich (red) basement membrane. 
Nuclei are stained blue with DAPI, indicating the multicellular nature of the vessels

Table 1: Characterization of multipotent differentiation potential and MSC phenotypic markers 
in primary human stromal cultures derived from multiple tissue sources

Tissue 
Source Sample Donor Age 

(yrs)
Gleason 

Score Adipocyte Osteoblast Chondrocyte MSCs
(%)

Bone 
Marrow

BM-MSC-1 25 N/A + + + +
BM-MSC-2 25 N/A + + + +

Prostate 
Cancer

PrCSC-1 47 3 + 3 + + + +
PrCSC-2 59 3 + 4 - + + +

Normal 
Prostate

nPrSC-1 24 N/A - + + +
nPrSC-2 25 N/A - + + +

Normal 
Lung NHLF N/A - + + +

Adipogenesis was scored based on positive Oil Red O staining. Osteogenesis was scored based on positive Alizaren Red S 
staining. Chondrogenesis was scored based on positive Alcian Blue staining. The percentage of MSCs present in a culture 
was defined using flow cytometry as previously described (10, 16) based upon ≥ 60% of the population being CD73+/CD90+/
CD105+ triple-positive in the absence of hematopoietic lineage markers (CD14−, CD20−, CD34−, CD45−, and HLA-DR-).
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whether human prostate stromal cells can also induce 
angiogenesis in this assay, primary human prostate stromal 
cultures were initiated from young organ donors (< 25 yo) 
and radical prostatectomy patients, which represent 
benign and malignant tissue, respectively. Comparable 
primary prostate stromal cultures were previously shown 
to be enriched in MSCs and MPCs [6, 12]. Thus, their 
angiogenic potential was compared to that of canonical 

bone marrow-derived MSCs, in addition to utilizing 
NHLF cultures as positive controls to be consistent with 
established precedent. 

The multilineage differentiation potential of these 
primary stromal cultures was confirmed in addition to 
quantifying the percentage of MSCs present in each culture 
based on the previously described analytical markers using 
an optimized multiparameter flow cytometry assay [6, 12]. 

Figure 2: Defining the critical stages and kinetics of angiogenesis in vitro. (A) Sprouting, the initial phase, involves tip cells 
probing and invading the surrounding fibrin matrix. (B) This is followed by the elongation phase in which trunk cells proliferate and migrate 
to form the growing vessel body behind the invading tip cell. (C) A complex, multicellular branched capillary network with patent lumens 
can then form via anastomosis of proximal vessels. (D) The dynamics of this process can be observed over a 10 day assay period with 
sprouting initiated by the addition of the stromal-derived factors. Once these sprouts begin to stabilize over the first few days, the elongation 
phase begins, continuing for the remainder of the assay. Lumen formation can be detected on approximately day 4–5 with branching and 
anastomosis of proximal vessels taking place over the final days of the assay. Also see Supplemental Movie S1.
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Based on this assay, the majority of cells (> 60%) in all 
cultures were consistent with an MSC phenotype based on 
surface marker expression at the time of analysis [passage 
≥ 3, (Table 1)]. Consistent with previous observations  
[6, 12], stromal cells expanded from normal prostate tissue 
(i.e. nPrSCs) could generate osteoblasts and chondrocytes, 
but were unable to differentiate into adipocytes. Therefore, 
primary prostate stromal cells from young organ donors 
represent lineage-restricted MPCs as opposed to MSCs, 
which are characterized by a broader differentiation 
potential. In contrast and similar to bone marrow-derived 
MSCs, a subset of stromal cultures initiated from radical 
prostatectomy tissue (i.e. PrCSCs) retain their adipogenic 
differentiation potential (Table 1). Of note, NHLFs were 
also consistent with an MSC phenotype based on these 
analytical markers. However, like the nPrSCs, NHLFs 
were unable to differentiate into adipocytes, though 
they retained the ability to generate osteoblasts and 
chondrocytes (Table 1), suggested they also represent 
lineage-restricted MPCs.

Initially, cells from these primary stromal cultures 
were overlaid on the fibrin matrix to assess their 
angiogenic potential according to previously described 
methods [3]. However, this frequently resulted in 

degradation of the matrix due to the high proteolytic 
activity present in some of the cultures tested as evidenced 
by the presence of cells along the bottom of the tissue 
culture well following matrix collapse (Supplementary 
Figure S1). It should be noted that despite matrix 
degradation, a pro-angiogenic response was typically still 
observed. This further supports the role of MSCs and/
or MPCs in promoting tissue repair in a physiologically 
relevant setting that consists of a complex extracellular 
matrix with multiple different structural proteins, which 
are needed to provide mechanical support as the fibrin 
matrix is degraded during repair. However, fibrinolysis not 
only made the assay more variable, but also made accurate 
assessment difficult or impossible in many cases. 

Therefore, to standardize the assay and reduce 
variability, concentrated conditioned media was utilized 
in all subsequent experiments to assess the angiogenic 
potential of paracrine factors secreted from each of these 
cultures. As shown in Figure 4A, conditioned media 
from each of these primary cultures was able to induce 
a robust pro-angiogenic response equivalent to or even 
surpassing that of the NHLFs with regards to cumulative 
vessel length (Figure 4B) and sprout number (Figure 4C). 
Though all stromal cultures tested were able to promote 

Figure 3: Regression and regrowth of established vessels along pre-defined basement membrane tracts. (A) Regression 
of established vessels can be induced using an anti-VEGF treatment. (B) such as bevacizumab (10 μg/mL). (C) Regression of these 
vessels [lectin-positive, (green)] leaves behind an acellular [DAPI-negative, (blue)] basement membrane ‘tunnel’ defined by collagen IV 
(red) staining and indicated by the white arrowheads. Following drug wash out, tip cells indicated by white arrows can migrate along this 
basement membrane network to re-establish the pre-existing vessel network (D). 
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sprouting, it should be noted this is not a non-specific 
response as demonstrated by the lack of sprouting (sprout 
length < 100 pixels and sprouts per bead < 1) observed 
using conditioned media from multiple prostate cancer cell 
lines (CWR22Rv1, LNCaP, and PC3).

Targeting distinct phases of the angiogenic 
response with anti-angiogenic agents

To determine whether this assay could be utilized 
to determine which stage of the angiogenic response was 
being targeted by novel anti-angiogenic compounds, we 
utilized two drugs with known anti-angiogenic properties 
and distinct mechanisms of action. Tasquinimod is an 
orally-available allosteric inhibitor of HDAC4 that blocks 
its interaction with HIF-1α and consequently, downstream 
pro-angiogenic responses with an IC50 of ~0.5–1 μM 
and maximal responses achieved at 10 μM [22]. When 
administered upon assay initiation (i.e. day 0), tasquinimod 
(10 μM) clearly suppresses angiogenesis as demonstrated 

by a reduction in overall sprout number and length relative 
to untreated controls (Figure 5C). In contrast, no effect 
is observed on established vessels if they are allowed 
to sprout prior to administering tasquinimod on day 3  
(Figure 5E).

Like tasquinimod, bevacizumab (10 μg/mL), an 
anti-VEGF monoclonal antibody, significantly suppresses 
endothelial sprouting when administered on day 0 of the 
assay (Figure 5D). Unlike tasquinimod, however, it also 
induces significant vessel regression when applied during 
later stages (i.e. day 3) of the assay (Figure 5F). This is 
clearly demonstrated by the empty ‘tunnel’ left behind 
following regression that is demarcated by an acellular, 
collagen type IV-rich (red) basement membrane ‘sleeve’ 
(Figure 5G). A representative image of untreated cells is 
shown in Figure 1 for comparison. Quantification of these 
responses (i.e. cumulative vessel length and number of 
sprouts) are presented in Figure 5H and 5I, respectively. 
These observations suggest that bevacizumab is able to 
target both sprouting and established vessels; whereas, 

Figure 4: Primary human prostate stromal cultures enriched in MSCs and/or MPCs potently induce angiogenesis.  
(A) Conditioned media from primary stromal cultures derived from benign and malignant prostate tissue (nPrSCs and PrCSCs, respectively) 
induce robust vessel formation comparable to or surpassing that achieved using bone marrow-derived MSCs and normal human lung
fibroblasts (NHLFs), the positive control in this assay. The uninduced negative control includes fully supplemented EGM2 media, but no
stromal conditioned media was added. This response was quantified by measuring (B) cumulative vessel length and (C) the number of
sprouts per bead. Importantly, conditioned media from prostate cancer cell lines (CWR22Rv1, LNCaP, and PC3) were also unable to induce
sprouting in this assay (i.e. sprout length < 100 pixels, sprouts per bead < 1). All assays performed in triplicate. Ten beads analyzed per
condition. All statistical comparisons made relative to NHLFs. *p < 0.05. **p < 0.005.
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tasquinimod only has an effect during the initial stages of 
vessel development.

DISCUSSION

Several preclinical assays have been developed to 
study angiogenesis, including endothelial tube formation, 
chick chorioallantoic membrane (CAM), and aortic ring 
assays. Though commonly used, each of these assays has 
significant limitations that prevent robust and practical 
evaluation of novel compounds or fail to accurately 
model the angiogenic process in humans. For example, 
the matrigel tube or cord formation assay is frequently 
used as the gold standard in vitro angiogenesis assay. 
However, cord-like morphogenesis can not only be 
observed with non-endothelial cells [23], but was also 
found to be independent of transcription and translation 
[24]; questioning the ability of this assay to accurately 
reflect the complex biological processes associated with 
true angiogenesis. To overcome these limitations, Hughes 
et al. developed an in vitro 3D assay utilizing HUVECs 
attached to gelatin-coated dextran beads and embedded in 
a fibrin matrix [2–5]. 

Herein, we also demonstrate this is a robust assay 
for dissecting the effects of anti-angiogenic agents that 

may be predictive of anti-tumor responses in vivo. As 
examples, bevacizumab and tasquinimod were selected 
as model compounds with distinct mechanisms of action. 
Though both agents were able to suppress sprouting during 
the initial stages of vessel development, only bevacizumab 
was able to induce significant regression of established 
vessels. Bevacizumab is FDA-approved for clinical use 
in advanced stages of cervical, colorectal, lung, renal, 
and brain cancers. These approvals were largely based on 
increases in overall (OS) and progression-free survival 
(PFS) when used in combination with effective multi-
drug cytotoxic chemotherapy. In contrast, bevacizumab 
alone or in combination with single agent taxane-based 
chemotherapy has not proven effective in prostate 
cancer [25, 26]. As pointed out, however, bevacizumab 
was discontinued in the phase III trial at the time of 
PSA or radiographic progression resulting in a shorter 
duration of treatment, which may have compromised 
potential therapeutic benefits [25, 26]. This is supported 
by the quickly reversible effects of anti-VEGF therapy 
demonstrated herein by rapid vessel regrowth following 
drug washout, suggesting extended chronic exposure to 
bevacizumab is necessary to achieve sustained therapeutic 
effects. Tasquinimod is an investigational drug being 
evaluated in metastatic castration-resistant prostate cancer 

Figure 5: Targeting distinct phases of the angiogenic response using anti-angiogenic agents with distinct mechanisms of 
action. (A) The addition of conditioned media from NHLFs represents the positive control, while cultures containing fully supplemented 
EGM2 but no stromal-conditioned media represents the (B) negative control. Tasquinimod (10 μM), an allosteric inhibitor of HDAC4, 
significantly suppresses vessel sprouting when added upon assay initiation (C) but not when given on day 3 once the vessels have sprouted 
(E) Like tasquinimod, the anti-VEGF monoclonal antibody bevacizumab (10 μg/mL) profoundly inhibits sprouting when administered on
day 0 (D) in addition to inducing a significant regression of established vessels when added on day 3 (F) as indicated by the presence of an
acellular [lectin (green) and DAPI (blue) -negative] basement membrane sleeve defined by collagen IV (red) staining (G) Quantification
of these responses was performed by measuring (H) cumulative vessel length and (I) the number of sprouts per bead. Assays performed in
triplicate. Ten beads analyzed per condition. All statistical comparisons made relative to NHLFs. *p < 0.001. **p < 0.0001.
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(mCRPC) and other solid tumor types. Unfortunately, 
tasquinimod failed to increase OS when given at 1 mg/
day in a recent phase III trial of men with chemotherapy-
naïve mCRPC, but did significantly improve radiographic 
PFS in this population [27]. It should be noted that this 
dose achieves a Cmax of ~0.5 μM, which is suboptimal 
based on an IC50 for this agent of ~0.5–1 μM [22]. As 
demonstrated, maximal responses are achieved at a 
dose of 10 μM, suggesting the patients in this trial were 
significantly under-dosed.

A dependence upon stromal-derived factors 
has been strongly documented in multiple stages of 
angiogenesis, including sprouting and lumen formation 
[2–5]. Hepatocyte growth factor (HGF) and fibronectin are 
particularly important for promoting endothelial sprouting; 
though angiopoietin-1 (ANG-1), angiogenin, transforming 
growth factor (TGF)-α, and tumor necrosis factor 
(TNF) have also been implicated in this stage of vessel 
development [4]. Interestingly, these factors do not have a 
significant effect on lumen formation, a process requiring 
a distinct constellation of stimuli, including collagen 
type I alpha-1 (Col1A1), procollagen C-endopeptidase 
enhancer 1 (PCOLCE), transforming growth factor-β-
induced protein ig-h3 (βig-h3), insulin-like growth factor-
binding protein 7 (IGFBP7), and secreted protein acidic 
and rich in cysteine (SPARC, [5]). These stromal-derived 
paracrine factors are typically provided using NHLFs or 
other primary stromal cultures frequently referred to as 
fibroblasts. 

Of note, primary stromal cultures initiated from 
benign or malignant human prostate tissue are rapidly 
enriched in cells that are functionally and analytically 
consistent with a mesenchymal stem or progenitor cell 
phenotype (MSCs and MPCs, respectively, [6]). Though 
the NHLFs traditionally used in this assay are unable to 
differentiate into adipocytes, they are consistent with other 
canonical MSC properties; indicative of a more lineage-
restricted MPC phenotype similar to that observed in 
primary stromal cultures derived from normal prostate 
tissue [6]. Thus, commercially-available ‘fibroblast’ 
cultures are also enriched in MSCs and/or MPCs; an 
important point when considering the source of the 
previously highlighted stromal-derived pro-angiogenic 
factors.

MSCs are present in all tissues throughout the 
body at relatively low levels [7, 13, 14], including 
the prostate [6, 12], suggesting they may act as a local 
sensor of tissue damage and promote the overall repair 
process. Importantly, MSCs can also be mobilized from 
the bone marrow and recruited to sites of tissue damage in 
response to chemokine signals, including CXCL12, CCL5, 
and CCL2 [7, 15]. At these lesions, MSCs contribute to 
the repair process via immunomodulatory properties 
to suppress fibrosis and chronic inflammation, trophic 

properties to promote growth and survival, and their 
multipotent differentiation potential to regenerate tissue-
specific stromal elements [7–10, 16]. As demonstrated 
herein, MSCs also contribute to wound healing through 
inducing angiogenesis via paracrine factors.

Given the fact that tumors are frequently described 
as ‘wounds that do not heal’ and the documented 
association between inflammation and prostate cancer 
[7, 28–30], it is unsurprising that MSCs can also be 
identified in human prostate cancer tissue [12]. MSC 
infiltration from the bone marrow in response to tumor 
progression is further supported by the observation 
that less committed progenitors or MSCs are detected 
in radical prostatectomy tissue from a subset of men 
with prostate cancer; whereas, more lineage-restricted 
progenitors or MPCs are typically present in normal 
tissue [6, 7]. The observation that primary stromal cultures 
from normal lung tissue (i.e. NHLFs) are also consistent 
with an MPC phenotype, suggests this may represent 
an emerging pattern in which contextual, tissue-specific 
restriction of differential potential is observed in stromal 
progenitors expanded from normal tissues; whereas, 
MSCs with a broader differentiation repertoire are only 
observed in high numbers in areas of tissue damage or 
under pathological conditions. Though bone marrow-
derived MSCs have previously been associated with pro-
angiogenic properties [7, 17–21], this is the first report of 
MSCs and MPCs specifically isolated from normal and 
malignant prostate tissue having this same potential. This 
provides additional evidence that selective targeting of this 
population may be of therapeutic benefit. Furthermore, the 
recruitment of these cells to the prostate suggests they can 
potentially be exploited for the delivery of cytotoxic or 
imaging agents [31].

In summary, the previously reported 3D in vitro 
fibrin matrix assay further characterized herein represents 
a robust and practical methodology for evaluating the 
angiogenic potential of multiple stromal cell populations 
derived from primary tissue sources. Though fibroblasts 
are traditionally used in this assay, increasing evidence 
suggests these cultures are frequently enriched in cells 
consistent with a stem or progenitor phenotype (i.e. 
MSCs and MPCs); a point of general importance when 
interpreting published data. Primary stromal cultures 
enriched in MSCs and MPCs initiated from benign or 
malignant prostate tissue were shown to induce robust 
sprouting and vessel formation. The pro-angiogenic 
properties of MSCs derived from prostate cancer patients 
provides further evidence that selective targeting of this 
population may be of therapeutic benefit. Additionally, we 
demonstrated the anti-angiogenic effects of novel agents 
on distinct phases of angiogenesis can be interrogated 
utilizing this assay, providing data that may inform further 
clinical development or implementation of existing agents.  
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MATERIALS AND METHODS

Reagents

RPMI Medium 1640 and 0.25% trypsin-EDTA were 
from Invitrogen (Grand Island, NY). EBM2 Medium 
supplemented with VEGF, bFGF, epidermal growth factor 
(EGF), R3-insulin-like growth factor-1 (R3-IGF-1), 
ascorbic acid, hydrocortisone, heparin, fetal bovine 
serum (FBS) and penicillin/streptomycin (i.e. EGM2). 
All of which were from Lonza (Walkerside, MD) with 
the exception of FBS, which was obtained from Gemini 
Bio-Products (West Sacramento, Ca). Cytodex beads were 
from Amersham Biosciences (Uppsala, Sweden). Gelatin 
Type A was from MP Biomedicals (Aurora, OH). 0.22 µm 
pore-size syringe filter, 0.22 µm pore-size bottle-top filter, 
and 50 kDa Centrifugal filter was from Millipore (Cork, 
Ireland). Tasquinimod was provided by ActiveBiotech 
(Lund, Sweden). Commercially available bevacizumab 
was obtained from the Johns Hopkins pharmacy.

Primary tissue and cell culture

Tissue was collected in accordance with Johns 
Hopkins Institutional Review Board (IRB)-approved 
protocols. Bone marrow-derived MSCs (BM-MSC) were 
cultured from healthy bone marrow donor aspirates as 
previously described [6, 12] or purchased from RoosterBio 
(Frederick, MD); one of each were used (n = 2 total). 
Normal prostate tissue was obtained from young organ 
donors < 25 years of age (n = 2) through the National 
Disease Research Interchange (NDRI) as previously 
described [6]. Prostate Cancer tissue was harvested from 
men undergoing radical prostatectomy (n = 2) at the Brady 
Urological Institute at Johns Hopkins also as previously 
described [6].

Tissue was mechanically and enzymatically 
digested into a single cell suspension according to 
previously optimized protocols [6, 12] using a human 
tumor dissociation kit (Miltenyi Biotec, Inc. Bergisch 
Gladbach, Germany) and gentleMACS dissociator 
(Miltenyi) in accordance with the manufacturer’s 
instructions. The single cell suspension was washed in 
FBS-supplemented media prior to plating for subsequent 
culturing in RoosterBio High Performance Media or 
RPMI 1640 supplemented with 10% FBS as previously 
described [6, 12].

HUVECs, normal human lung fibroblasts (NHLF), 
and DU145 were purchased from ATCC. The CWR22-
Rv1 cell line was obtained as previously described 
[32]. HUVECs were cultured in fully supplemented 
EGM2 Medium and all other cells were grown in RPMI 
1640 with 10% FBS and 1% penicillin/streptomycin. 
All cells were maintained at 37°C in 5% CO2 and 95% 
air incubator. All cell lines were routinely tested for 
mycoplasma contamination using the MycoSensor PCR 

Assay kit (Agilent Technologies, Santa Clara, CA) and 
authenticated using STR analysis by the Johns Hopkins 
Genetic Resources Core Facility.

Quantification and differentiation of MSCs

Multiparameter flow cytometry was used to quantify 
MSCs in primary cultures based on the co-expression of 
CD73, CD90, and CD105 in the absence of CD14, CD20, 
CD34, CD45, and HLA-DR as previously described [6, 
12]. MSC differentiation assays were performed using 
adipogenic, osteogenic, and chondrogenic differentiation 
reagents from Lonza according to manufacturer’s 
instructions [6, 12]. 

Conditioning media

All cells were passaged and maintained to confluent 
in T175 Flask with 25mL of RPMI supplemented with 
10% FBS and 1% penicillin/streptomycin. Media was 
collected every 2–3 days from confluent flasks and filter-
sterilized with a 0.22 µm pore-size bottle-top filter and 
stored at 4°C. A total of 100 mL of collected media for 
each cell type was concentrated and washed with PBS 
using a 50 kDa centrifugal filter to 1.5 mL. 

Sprouting assay

On day 1, 500 μL of 50 ml/g Cytodex beads were 
coated with 3 mL of 0.5% gelatin Type A solution (0.5% 
gelatin type A in PBS and 1% penicillin/streptomycin) in 
a 15 mL tube for 1 hr at 37°C in 5% CO2 and 95% air 
incubator. Three milliliters of Gelatin Type A solution was 
removed and 2 mL of EGM2 Medium added to the same 
tube containing the cytodex beads. The cap was loosely 
tightened to equilibrate EGM2 Medium for 30 min in a 
37°C tissue culture incubator. HUVEC cells (1.5 × 106) 
were suspended in 1 mL of EGM2 Medium and added to 
the equilibrated beads. The tube was positioned on its side 
and mixed every 20 min to allow for maximal attachment 
of HUVEC cells to the gelatin-coated cytodex beads. After 
4 hr, all of the HUVEC-coated beads (HUVEC:beads) 
were added to 10 mL of EGM2 Medium and 1 mL of FBS 
in a T25 flask and placed in a 37°C incubator overnight 
to allow for cell spreading on the beads and removal of 
residual unattached cells.

On day 2, a fibrinogen solution was prepared by 
slowly mixing 60 mg of fibrinogen in 20 mL of PBS 
for 2 hr in a 50 mL conical tube. One milliliter of FBS 
was then added to the fibrinogen solution and sterile-
filtered using a 0.22 µm pore-size syringe filter. The 
HUVEC:bead mixture (10 mL) in the T25 flask from the 
previous day were transferred into a 15 mL conical tube. 
The HUVEC:beads were allowed to settle to the bottom 
of the tube, then 9 mL of the remaining EGM-2 Medium 
was removed. HUVEC:beads were washed with 3 mL of 
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PBS, and again allowed to settle to the bottom of the tube 
before aspirating the remaining PBS. HUVEC:beads were 
resuspended with 4 mL of the fibrinogen solution and 
transferred to the original fibrinogen solution in the 50 mL 
conical tube, creating a HUVEC:beads:fibrinogen mixture.

Thrombin (50 U) was dissolved in 3 mL of PBS. 
The thrombin solution (7.9 μL or 30 μL, respectively) was 
pipetted into a 96- or 48-well non-tissue culture-treated 
plate. The HUVEC:beads:fibrinogen mixture (60 μL or 
200 μL, respectively) was added on top of the thrombin 
solution in the 96- or 48-well non-tissue culture-treated 
plate by pipetting. The HUVEC:beads:fibrinogen and 
thrombin matrix was allowed to stabilize for 5 min at 
room temperature before placing it into a 37°C incubator 
for 1 hr before the addition of conditioned media 
prepared as described above. In 96-well plates, 180 
μL of EGM2 Medium and 50 μL of conditioned media 
were added on top of the HUVEC:beads:fibrinogen 
and thrombin matrix. In 48-well plates, 20,000 cells 
suspended in 800 μL of EGM-2 and added on top of the 
HUVEC:beads:fibrinogen and thrombin matrix. Assays 
were run in triplicate. Images of individual beads were 
taken on days 5 and 11.

Image analysis

Images of individual beads were taken under a 
fluorescence microscope at 60 x magnification. The length 
and number of sprouts were measured via computer-
assisted image analysis using the public domain program, 
ImageJ. Lumenized sprouts were measured using the free-
hand tool starting at the edge of the bead to the tip of the 
sprout. Then each measurement was labeled numerically. 
Short and unlumenized sprouts consisting of a single 
HUVEC cell were not measured. The cumulative sprout 
length per bead was recorded and averaged for each cell 
type. The number of sprouts per beads were also recorded 
and averaged for each cell type. Sprouts from 10 beads 
quantified per condition.

Immunofluorescence

Endothelial cell surface, basement membrane, and 
nuclei stained with FITC-labeled Ulex europaeus lectin 
(Vector labs), mouse anti-collagen IV [COL-94, (Sigma)]/
anti-mouse Alexa 594 antibody, and DAPI respectively. 
Pictures were obtained on a Nikon TE200 fluorescence 
microscope using the Metamorph software package 
(Universal Imaging) and were process in ImageJ software.

Statistical analysis

 Statistical analysis was done using either Student’s 
t-test or ANOVA to compare multiple groups. All groups
were compared to NHLF. P < 0.05 was considered
statistically significant.
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ABSTRACT
RNA editing in mammals is a form of post-transcriptional modification in which 

adenosine is converted to inosine by the adenosine deaminases acting on RNA (ADAR) 
family of enzymes.  Based on evidence of altered ADAR expression in epithelial ovarian 
cancers (EOC), we hypothesized that single nucleotide polymorphisms (SNPs) in 
ADAR genes modify  EOC susceptibility, potentially by altering ovarian tissue gene 
expression.  Using directly genotyped and imputed data from 10,891 invasive EOC 
cases and 21,693 controls, we evaluated the associations of 5,303 SNPs in ADAD1, 
ADAR, ADAR2, ADAR3, and SND1. Unconditional logistic regression was used to 
estimate odds ratios (OR) and 95% confidence intervals (CI), with adjustment for 
European ancestry. We conducted gene-level analyses using the Admixture Maximum 
Likelihood (AML) test and the Sequence-Kernel Association test for common and 
rare variants (SKAT-CR).  Association analysis revealed top risk-associated SNP 
rs77027562 (OR (95% CI)= 1.39 (1.17-1.64), P=1.0x10-4) in ADAR3 and rs185455523 
in SND1 (OR (95% CI)= 0.68 (0.56-0.83), P=2.0x10-4).  When restricting to serous 
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INTRODUCTION

Over the past decade it has been recognized that 
the complexity of higher organisms is related to the 
information stored in non-protein-coding regions of the 
genome. Such complexity may be attributed to a range of 
processing events and post-transcriptional modifications 
that affect the fate of RNA, including alternative splicing, 
5’ capping, 3’ polyadenylation, and RNA editing [1-3]. 
The most common type of RNA editing in eukaryotes is 
site-selective hydrolytic deamination of adenosine into 
inosine (A-to-I) within double-stranded RNAs, and recent 
bioinformatic analyses and high-throughput sequencing 
efforts have revealed that A-to-I editing is widespread 
and alters non-coding and protein-coding sequences 
throughout the genome [4]. 

A-to-I editing is mediated by a family of adenosine
deaminases acting on RNA (ADARs), and this process 
modulates expression of genes and biological pathways via 
several mechanisms [4]. Indeed, altered expression and/or 
activity of ADAR enzymes has been linked to a variety 
of conditions, including cardiovascular and neurological 
diseases and cancers [4]. Epithelial ovarian cancer (EOC) 
is the fifth leading cause of cancer death among women 
in the United States [5], and ADAR expression levels 
have been reported to be significantly higher in serum and 
peritoneal fluid from patients with EOCs compared with 
benign ovarian tumors [6, 7], suggesting ADARs may be 
useful biomarkers for the diagnosis and management of 
EOC. 

We hypothesized that germline single nucleotide 
polymorphisms (SNPs) involving ADAR-related/
RNA editing genes may contribute to EOC risk. The 
main purpose of this investigation was to determine 
whether SNPs in five ADAR genes (ADAD1, ADAR, 
ADAR2, ADAR3, and SND1) were associated with EOC 
susceptibility. We used data available from a large-scale 
genotyping collaboration involving 10,891 EOC cases 
and 21,693 controls from the international Ovarian Cancer 
Association Consortium (OCAC) [8]. We also sought to 
evaluate the overall contribution of each gene on EOC 
susceptibility and to determine whether candidate SNPs 
associated with altered expression of corresponding genes 
in EOC tumor tissue.

 RESULTS

Study population

The study sample included 10,891 invasive EOC 
patients and 21,693 controls of European ancestry 
(Supplementary Table 1). Selected subject characteristics 
are shown in Table 1. The mean age at diagnosis for cases 
was 58.1 years, the mean age at interview for controls 
was 56.1 years. Cases were more likely than controls to 
be nulliparous and to have never used oral contraceptives. 
Most cases had serous histology (59.7%), distant stage 
(63.0%), and high-grade disease (58.9%). 

Variant-level association analysis and overlap 
with regulatory domains

SNP-level association analysis revealed top-ranked 
SNPs (defined as the top 5% of SNPs having the most 
statistically significant P values) in ADAR, ADAR3, and 
SND1 in the all-histologies and serous-only analyses 
(Figure 1A and 1B). Table 2 summarizes association 
results for the most statistically significant SNPs overall 
or by serous histology (P < 4.0x10-3); associations were 
not significant after correction for multiple testing (FDR 
> 0.15). Most of the top-ranked variants were imputed,
rare or low frequency (MAF < 0.05), and not part of a
shared haplotype. rs77027562 (A>G; MAF = 0.009), the
top risk-associated variant among all histologies (OR
(95% CI) = 1.39 (1.17-1.64, P = 1.0 x10-4)), resides in
an intron of ADAR3. ADAR3 SNP rs77027562 and its
proxies (r2>0.80) reside in genomic regions that overlap
with regulatory domains, particularly enhancers in blood
and brain (Table 3). The next top-ranked variant, SND1
rs185455523 (T>A), was associated with a decreased
EOC risk (OR (95% CI) = 0.68 (0.56-0.83), P = 1.5 x10-4),
but this SNP and its proxies do not appear to overlap with
regulatory domains. When analysis was restricted to the
6,500 patients with invasive serous adenocarcinomas,
the magnitude of association was slightly attenuated
for ADAR3 rs77027562 (OR = 1.33, P = 6.1x10-3) and
slightly stronger for SND1 rs185455523 (OR = 0.60, P
= 1x10-4). Exploratory analysis for the less common
histologic subtypes (endometrioid (n = 1,439), mucinous

histology (n=6,500), the magnitude of association strengthened for rs185455523 
(OR=0.60, P=1.0x10-4). Gene-level analyses revealed that variation in ADAR was 
associated (P<0.05) with EOC susceptibility, with PAML=0.022 and PSKAT-CR=0.020. 
Expression quantitative trait locus analysis in EOC tissue revealed significant 
associations (P<0.05) with ADAR expression for several SNPs in ADAR, including 
rs1127313 (G/A), a SNP in the 3’ untranslated region.  In summary, germline variation 
involving RNA editing genes may influence EOC susceptibility, warranting further 
investigation of inherited and acquired alterations affecting RNA editing.
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Figure 1: Manhattan plot for candidate RNA editing SNPs among a) all invasive cases (n = 10,891) versus controls (n 
= 21,693) and b) serous cases (n = 6,500) versus controls. 
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(n = 696), and clear cell (n = 660)) revealed several SNP-
level associations unique to each sub-type (Figure 2A-
2C). For example, rs145678553-C in ADAR3 is a rare 
variant (MAF = 0.0047) associated with an increased risk 
for mucinous EOC (OR (95%CI) = 3.46 (1.91-6.26), P 
= 3.99x 10-5 ), and rs116983191-A in ADAR3 is a low-
frequency variant (MAF = 0.044) associated with clear 
cell carcinoma (OR (95%CI) = 1.86 (1.42-2.43, P = 6.91 
x 10-6). rs145678553-C was not represented in Haploreg. 
rs116983191-A is located in promoter and enhancer 
regions, but not in tissues relevant to ovarian cancer.

Gene-level analyses

Gene-level analyses based on AML and SKAT-CR 
revealed that variation in ADAR was nominally associated 
(P < 0.05) with susceptibility to all invasive EOC, with P 
= 0.02 using both methods (Table 4). Histology-specific 
analyses revealed that ADAR variation was associated with 
endometrioid EOC susceptibility (PSKAT-CR = 0.005/PAML 
= 0.008). When using a Bonferroni threshold of 0.0025, 
only ADAR3 variation was significantly associated with 
mucinous histology (PSKAT-CR = 0.0016/PAML = 0.031). 

To examine associations between genotype and 
gene expression for the 5 candidate RNA editing genes, 
expression quantitative trait locus (eQTL) analysis was 
performed using matched genotype and tissue expression 
data from The Cancer Genome Atlas (TCGA) high-grade 

serous adenocarcinoma tumors (https://tcga-data.nci.nih.
gov/tcga/). eQTL analysis revealed statistically significant 
associations (P < 0.05) with ADAR expression for several 
SNPs in ADAR, including rs1127313 (G/A), a SNP in the 
3’UTR within a putative miRNA binding site that was 
associated with susceptibility in all histologies (OR = 
1.05, P = 0.009). rs1127313 is also in high LD (r2 = 0.86) 
with top ADAR risk SNP rs9426826 (see Table 2). ADAR 
tumor tissue expression was slightly higher among G 
allele carriers of rs1127313 compared to A allele carriers 
(P = 0.027; Figure 3). rs1127313 is also an eQTL for 
ADAR in whole blood (Supplementary Table 2), and lies 
in a genomic region with enhancer features and DNase 
I hypersensitivity site in several tissues, including ovary. 
Statistically-significant cis-eQTLs were not detected for 
SNPs in other candidate RNA editing genes. 

DISCUSSION

An emerging body of data suggest that defects 
in RNA editing may contribute to a range of human 
diseases, including cancer [2-4, 9-11]. The current large-
scale collaboration represents the first comprehensive 
association study of germline variants involving RNA 
editing genes and susceptibility to epithelial ovarian 
cancer. At the SNP- level, the strongest associations 
were observed for SNPs in RNA editing genes ADAR3 
and SND1, but no associations reached genome-wide 

Table 1: Characteristics of study participants (N = 32,584)

Variable Cases (n = 10,891) Controls (n = 21,693)

Age at diagnosis/interview(y),  mean (SD) 58.1 (11.4) 56.1 (24.9)
History of pregnancy
   Yes
   No
   Unknown

6021 (80.4)
1318 (17.6)
149 (2.0)

15190 (87.9)
1868 (10.8)
217 (1.3)

Oral contraceptive use
    Ever
    Never
    Unknown

4017 (57.4)
2864 (41.0)
112 (1.6)

10572 (63.3)
5900 (35.3)
243 (1.5)

Histology 
     Serous
     Mucinous
     Endometrioid
     Clear Cell
     Mixed Cell
     Other or unknown epithelial type

6500 (59.7)
696 (6.4)
1439 (13.2) 
660 (6.1)
369 (3.4)
1227(11.3)

NA

Stage
     Localized
     Regional 
     Distant
     Unknown   

1425 (15.7)
1838 (20.2)
5721 (63.0)
103 (1.1)

NA

Grade
     I/II
     III/IV
     Other/Unknown

2882 (32.8)
5174 (58.9)
729 (8.3)

NA
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Figure 2: Manhattan plot for candidate RNA editing SNPs among a) endometrioid cases (n = 1,439) versus controls (n 
= 21,693), b) mucinous cases (n = 696) versus controls, and c) clear cell cases (n = 660) versus controls.
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levels of statistical significance. Gene-level analyses 
highlighted ADAR and ADAR3 as potential contributors to 
EOC susceptibility within the set of ADAR-related genes. 
Finally, positive eQTLs were also observed between 
ADAR genotype and ADAR expression in EOC tumor 
tissue. 

Focused evaluations of RNA editing SNP-disease 
associations are limited [12], especially with cancer as an 
outcome, so it is not possible to compare our SNP findings 
to those of other studies of cancer risk. We are, however, 
unaware of GWAS hits in or near these genes. Several 
recent studies [2, 3] have evaluated the genomic landscape 
and clinical relevance of RNA editing in numerous human 
tissue types. These analyses used RNA-sequencing data 
from both tumor and normal samples profiled as part 
of TCGA Project. Striking differences in RNA-editing 
patterns were observed in tumors relative to matched 
normal tissues for 12 cancer types [2]. Further analyses 
revealed that altered RNA editing patterns in tumors 
correlated with ADAR expression, and that non-random, 
clinically-relevant RNA editing events (frequently located 
in noncoding RNAs, nonsynonymous sites, intronic 
regions, and non-Alu elements) correlated with tumor 
classification and patient survival and with increased cell 

survival and altered drug sensitivity [2, 3]. Interestingly, 
gene amplification-associated overexpression of ADAR 
was recently shown to enhance lung tumorigenesis and 
contribute to poor outcomes by affecting downstream 
RNA editing patterns [10]. As mentioned previously, 
ADAR expression levels have been reported to be 
significantly higher in serum and/or peritoneal fluid from 
patients with EOCs compared with benign ovarian tumors 
[6, 7]. Although high-grade serous EOCs from TCGA 
were not profiled as part of the aforementioned genomic 
investigations [18, 19], Haploreg 4.1 effectively integrates 
GTEX eQTL results for normal ovary. 

Taken together with several lines of investigation 
from ovarian [6, 7] and other cancers [2, 3, 10] the current 
study suggests that ADARs (and ADAR in particular) may 
be useful biomarkers for the diagnosis and management of 
EOC. Thus, with replication, ADAR genotype status and/
or expression level may serve as a risk factor for EOC. 
Indeed, we find that our top risk SNP in ADAR, rs9426826, 
has several proxy variants (r2>0.8, Supplementary Table 2) 
that are strongly associated with expression of this gene 
in blood (rs1127313: 7.23x10-14) and to a lesser extent, 
expression in high-grade serous EOC tumors (rs1127313: 
P = 0.027). Based on growing data which demonstrate 

Table 2: Top-ranked RNA editing SNP-EOC risk associations among all histologies (N = 10,891) or serous histology (N 
= 6,500) versus controls (N = 21,693), sorted by gene and p-value

Gene SNP Alleles MAF Imputation 
accuracy R2

All histologies 
OR (95% CI) P FDR Serous

OR (95% CI) P FDR

ADAR rs9426826 C>G 0.481 0.86 1.05 (1.02-1.09) 0.0038 0.76 1.04 (1-1.08) 0.0759 0.9996

rs3738030 A>C 0.116 0.79 0.93 (0.89-0.98) 0.0080 0.83 0.91 (0.86-0.97) 0.0038 0.9996

ADAR3 rs77027562 a A>G 0.009 0.41 1.39 (1.17-1.64) 0.0001 0.34 1.33 (1.08-1.62) 0.0061 0.9996

rs11250601 C>T 0.070 0.62 0.89 (0.83-0.95) 0.0007 0.34 0.9 (0.83-0.97) 0.0071 0.9996

rs142123280 b A>G 0.001 0.48 2.08 (1.36-3.17) 0.0007 0.34 2.01 (1.23-3.29) 0.0056 0.9996

rs4880912 T>C 0.200 0.82 1.07 (1.03-1.11) 0.0015 0.51 1.06 (1.01-1.11) 0.0267 0.9996

rs11598359 C>T 0.005 0.45 0.68 (0.54-0.87) 0.0018 0.53 0.63 (0.47-0.86) 0.0032 0.9996

rs6560760 C>T 0.025 0.59 1.17 (1.06-1.3) 0.0024 0.65 1.07 (0.95-1.22) 0.2688 0.9996

rs2676202 c C>T 0.122 0.66 0.93 (0.88-0.98) 0.0038 0.76 0.9 (0.85-0.96) 0.0014 0.9996

rs139646191 TAGAA>T 0.062 0.66 1.11 (1.03-1.18) 0.0038 0.76 1.07 (0.98-1.16) 0.1242 0.9996

rs139812582 G>A 0.002 0.47 1.71 (1.15-2.54) 0.0078 0.83 2.03 (1.31-3.14) 0.0017 0.9996

chr10:1419524 T>TGG 0.009 0.60 0.79 (0.65-0.95) 0.0106 0.83 0.68 (0.54-0.86) 0.0014 0.9996

rs185147330 C>T 0.005 0.45 1.32 (1.05-1.67) 0.0176 0.86 1.54 (1.19-2) 0.0011 0.9996

SND1 rs185455523 T>A 0.008 0.56 0.68 (0.56-0.83) 0.0002 0.34 0.6 (0.46-0.77) 0.0001 0.45

rs145106202 d G>C 0.009 0.87 0.73 (0.61-0.88) 0.0008 0.35 0.67 (0.53-0.84) 0.0006 0.9996

rs181460088 C>T 0.008 0.80 0.73 (0.6-0.89) 0.0021 0.58 0.67 (0.52-0.86) 0.0020 0.9996

rs199750392 G>GT 0.036 0.61 1.14 (1.05-1.25) 0.0028 0.71 1.11 (1-1.23) 0.0550 0.9996

rs79138382 C>T 0.007 0.72 1.32 (1.09-1.61) 0.0056 0.83 1.42 (1.13-1.77) 0.0025 0.9996
Significant SNPs (P < 4.0x10-3) are listed and SNPs in LD (r2>0.60) with more significant SNP are not reported:
a) 7 SNPs in LD not reported
b) 12 SNPs in LD not reported
c) 1 SNP in LD not reported
d) 1 SNP in LD not reported
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the inhibition of tumor growth in the presence of ADAR 
inhibitors [13] and other therapeutic agents such as the 
IGFR-1R inhibitor BMS536924 and the MEK inhibitors 
CI1040 and trametinib [2], ADAR genotype and/or 
expression may help identify women whose tumors may 
respond to new combinations of therapies. 

Strengths of the current study include the large 
sample size that primarily enabled detection of small 
effects for common variants, the relatively homogeneous 
population of EOC cases, and the multi-tiered genomic 

evaluation. However, this study was underpowered to 
detect the rare variants that were identified and is burdened 
by the low imputation quality. Additionally, the study is 
limited in that eQTL analysis did not permit adjustment 
for somatic copy number changes and DNA methylation 
status, factors that can influence transcript abundance and 
confound associations between germline polymorphisms 
and gene expression [14-16]. Moreover, it is possible 
that the top-ranked SNPs could potentially affect genes 
other than the RNA editing genes that drive candidate 

Table 3: HaploReg results for top-ranked ADAR3 SNP rs77027562 and its proxies from univariate analyses

Position (hg38) LD 
(r2) SNP (Ref>Alt) MAF in 

EUR
Functional 
Annotation CR

Promoter 
histone 
marks

Enhancer 
histone 
marks

DNAse site Proteins 
bound eQTL Motifs 

Changed

Chr10:1688744 -- rs77027562 
(A>G) 0.02 Intronic No BRN BLD

ERalpha-a, 
RXRA, 
Zfp281

Chr10:1675149 0.94 rs12258319 
(G>T) 0.98 Intronic No BLD Pax-5

Chr10:1675875 0.94 rs7077743 
(C>T) 0.98 Intronic No BLD

BDP1, CAC-
binding-
protein, 
HNF4, p300

Chr10:1676470 0.94 rs6560758 
(T>C) 0.98 Intronic No

Chr10:1678882 0.94 rs10751814 
(A>G) 0.98 Intronic No GR, Rad21

Chr10:1680294 0.94 rs7089727 
(A>G) 0.98 Intronic No

ESDR, 
IPSC, 
BLD, LNG

ESC, BLD CTCF

Chr10:1681695 0.94 rs6560759 
(T>C) 0.98 Intronic No ESDR, 

BLD Myc

Chr10:1687566 0.94 rs79784382 
(T>A) 0.02 Intronic No BRN

Cphx, Duxl, 
HNF6, Hmx, 
Hoxa13, Pbx-
1, Pbx3

Abbreviations: LD, linkage disequilibrium; MAF, minor allele frequency; EUR, European; CR, conserved region; eQTL, 
expression quantitative trait loci. Tissue groups: BRN, brain cells; BLD, blood and T-cells; ESDR, embryonic stem cell 
derived cells; IPSC, induced pluripotent stem cells; LNG, lung cell; ESC, embryonic stem cells. Proxies were defined as 
variants in LD (r2>0.8) with the index SNP rs77027562 (bolded) in 1000 genomes project Phase 1 data for Europeans. All data 
was accessed using HaploReg v4.1 available at: http://www.broadinstitute.org/mammals/haploreg/documentation_v4.1.html. 
Both conservation prediction algorithms, GERP and SiPhy-omega, were used. Only eQTLs for ADAR genes (5 genes) are 
given.

Table 4: Association between RNA editing genes and EOC susceptibility.

Gene
Total N 
Markers 
(N Tested)

N Rare 
Markers
(MAF<0.01)

N Common 
Markers
(MAF≥0.01)

All Invasive Serous Endometrioid Mucinous Clear cell
P. 
SKAT-
CR

P.AML 
Trend

P. 
SKAT-
CR

P.AML 
Trend

P. 
SKAT-
CR

P.AML 
Trend

P. 
SKAT-
CR

P.AML 
Trend

P. 
SKAT-
CR

P.AML 
Trend

ADAD1 210
(210) 98 112 0.698 0.749 0.300 0.433 0.054 0.179 0.857 0.804 0.696 0.635

ADAR1 155
(155) 50 105 0.020 0.022 0.110 0.101 0.005 0.008 0.943 0.841 0.780 0.411

ADAR2 754 
(754) 301 4563 0.861 0.894 0.623 0.720 0.134 0.496 0.338 0.208 0.105 0.041

ADAR3 2656 
(2654) 787 1867 0.216 0.266 0.334 0.541 0.587 0.470 0.002 0.031 0.234 0.502

SND1 1528
(1527) 764 763 0.630 0.809 0.703 0.376 0.919 0.895 0.632 0.204 0.773 0.535
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selection. Efforts to replicate these findings are needed; 
data will be available soon from a large, independent 
cohort of EOC cases genotyped by OCAC for this purpose 
(Amos et al, The OncoArray Consortium: a Network for 
Understanding the Genetic Architecture of Common 
Cancers (provisionally accepted, CEBP). Mechanistic 
studies to reveal how ADAR polymorphisms may affect 
oncogenic phenotypes will also be required, as will 
systematic investigations of the genomic landscape and 
clinical relevance of RNA editing in EOC using data from 
TCGA or other sources. 

In summary, this study provides data to support the 
hypothesis that germline polymorphisms in ADAR related 
genes may influence gene expression and susceptibility 
to EOC. Further investigations are needed to determine 
whether inherited and acquired alterations affecting RNA 
editing serve as biological mechanisms to promote the 
development of EOC. 

MATERIALS AND METHODS

Study population

A total of 41 studies (32 case-control and 9 case-
only) from OCAC contributed to this investigation 
(Supplementary Table 1). Briefly, cases were women 

diagnosed with histologically confirmed primary invasive 
EOC (95%), fallopian tube cancer (1%), or primary 
peritoneal cancer (4%). Controls were women without 
cancer and with at least one intact ovary on the reference 
date. Individual studies were grouped into 26 case-control 
strata. All studies provided data on disease status, age 
at diagnosis/interview, self-reported racial group, and 
histologic subtype. 

Genotyping, quality control (QC), and imputation

Peripheral blood was the primary source of germline 
DNA and was collected in the course of clinical care or 
research at each of the participating sites. The candidate 
SNPs selected for the current investigation were 
genotyped using a custom Illumina Infinium iSelect Array 
as part of the international Collaborative Oncological 
Gene-environment Study (iCOGS), an effort to evaluate 
211,155 genetic variants for association with cancer risk 
[17]. 

Briefly, OCAC genotyping was conducted at 
McGill University and Génome Québec Innovation 
Centre (Montréal, Canada) and Mayo Clinic Medical 
Genomics Facility. Each 96-well plate well contained 
250ng genomic DNA (or 500 ng whole genome-amplified 
DNA). Raw intensity data files were sent to the COGS 
data coordination center at the University of Cambridge 
for genotype calling and QC using the GenCall algorithm. 

Figure 3: Box-plot showing that ADAR1 tumor tissue expression differed, albeit only slightly, by rs1127313 genotype 
(p = 0.027).
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Sample and SNP quality control procedures have been 
described previously; in brief, samples were excluded 
with call rates < 95%, >1% discordance, < 80% European 
ancestry, or ambiguous gender, and SNPs were excluded 
with call rates < 95% or monomorphism [18, 19].

To improve genomic coverage and power [14], we 
imputed genotypes based on data from the 1000 Genomes 
Project (1KGP); we used IMPUTE2 version 2 after pre-
phasing with SHAPEIT [20]. All 14 populations in the 
1KGP were used as the reference. Before imputation, 
we excluded poorly performing SNPs according to the 
genotyping success rates, deviation from Hardy-Weinberg 
equilibrium (HWE) (P < 1x10-7), and replicate errors. To 
ensure the quality of the imputed genotypes, maximum 
likelihood genotype imputation was carried out and an 
estimate of the squared correlation between the imputed 
and true genotypes was calculated. Imputation quality is 
significantly decreased for low and rare frequency variants 
[21]. To be more inclusive of rare variants, we considered 
imputed SNPs with an r2> 0.40 as well-imputed [22] and 
included them in our analyses. The average imputation 
quality for included variants is detailed in Supplementary 
Table 4, overall and by MAF categories.

Gene and SNP selection

Five candidate genes were chosen for this study 
based on published literature which directly showed or 
suggested roles in the regulation of A-to-I RNA editing [1, 
4, 23]. The genes included adenosine deaminase domain 
containing 1 (ADAD1), adenosine deaminase, RNA-
specific (ADAR/ADAR1), adenosine deaminase, RNA-
specific, B1 (ADARB1/ADAR2), adenosine deaminase, 
RNA-specific, B2 (ADAR3/ADARB2), and staphylococcal 
nuclease and Tudor domain containing 1 (SND1). In total, 
5,303 SNPs in the 5 genes, 77 genotyped directly and 
5,226 imputed, were available for statistical analysis. 

Population stratification

HapMap DNA samples from European (CEU, n 
= 60), African (YRI, n = 53) and Asian (JPT+CHB, n = 
88) populations were also genotyped as part of the same
custom Illumina iSelect Array. The program LAMP [24]
was used to estimate intercontinental ancestry based on
the HapMap (release no. 23) genotype frequency data for
these three populations. Eligible subjects with greater than
90 percent European ancestry were defined as European
(n = 39,773). We then used a set of 37,000 unlinked
autosomal markers to perform principal components
analysis within each major population subgroup. To
enable this analysis on very large sample sizes we used
an in-house program written in C++ using the Intel MKL
libraries for eigenvectors (available at http://ccge.medschl.
cam.ac.uk/software/).

Statistical analysis

Descriptive statistics were calculated in terms of 
means and standard deviations for continuous variables 
and frequencies and percents for categorical variables. 
The primary association analysis focused on individuals 
of European ancestry. Unconditional logistic regression 
was used to estimate odds ratios (OR) and their 95% 
confidence intervals (CI) between genotype and case 
status under a log-additive genetic model, with adjustment 
for the first five principal components representing sub-
European ancestry. Due to the heterogeneous nature of 
EOC, subgroup analyses were conducted to estimate 
genotype-specific odds ratios by histologic subtype: 
serous, endometrioid, mucinous, and clear cell carcinomas. 
False discovery rates (FDR) [25] were used to adjust 
for multiple comparisons, and FDR of 15% was used to 
declare significance. 

Two methods of gene-level evaluations were also 
conducted to combine association evidence from SNPs 
within each gene evaluated: the Admixture Maximum 
Likelihood (AML) Test [26] and the Sequence-Kernel 
Association test for the combined effect of common and 
rare variants (SKAT-CR) [27]. AML is an approach that 
simultaneously examines the global null hypothesis (of no 
SNP-outcome associations) and estimates the proportion 
of underlying false hypotheses. The AML uses univariate 
SNP-level results to calculate the AML Cochran-Armitage 
Trend test. Compared to other methods, AML has been 
shown to have similar or higher statistical power to detect 
associations except under the unlikely scenario that greater 
than 20% of all variants are associated with the outcome 
[26]. SKAT-CR evaluates the cumulative effect of rare and 
common variants, but does not consider low-frequency 
variants. These gene-level approaches were undertaken 
to complement SNP-level findings, and aimed to reduce 
the degrees of freedom, avoid model-fitting issues due 
to multicollinearity from LD, and to improve statistical 
power. The Bonferroni method was used to account for 
multiple comparisons. 

Expression quantitative trait locus (eQTL) analysis 
was performed to examine for association between 
genotype (n = 5,303, imputed as above in n = 5 genes) and 
corresponding gene expression for the 5 candidate RNA 
editing genes. Matched genotype and gene expression 
profiling data were obtained for 402 high-grade serous 
EOC samples evaluated in the Cancer Genome Atlas 
(TCGA) Project using previously described methods [19]. 
Briefly, germline genotypes and matched tumor gene 
expression data were downloaded from the TCGA data 
portal. To conduct the eQTL analysis, we used germline 
genotypes of SNPs/proxies as independent variables and 
expression levels as traits. Expression levels between 
minor allele carriers versus non-carriers were compared 
using the Wilcoxon rank sum statistic. Haploreg v4.1 
http://www.broadinstitute.org/mammals/haploreg/
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haploreg.php) [28] was used to evaluate the putative 
function of candidate SNPs.
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ABSTRACT
Amplification or overexpression of MYCN is involved in development and 

maintenance of multiple malignancies. A subset of these tumors originates from 
neural precursors, including the most aggressive forms of the childhood tumors, 
neuroblastoma and medulloblastoma. In order to model the spectrum of MYCN-
driven neoplasms in mice, we transgenically overexpressed MYCN under the control 
of the human GFAP-promoter that, among other targets, drives expression in neural 
progenitor cells. However, LSL-MYCN;hGFAP-Cre double transgenic mice did neither 
develop neural crest tumors nor tumors of the central nervous system, but presented 
with neuroendocrine tumors of the pancreas and, less frequently, the pituitary gland. 
Pituitary tumors expressed chromogranin A and closely resembled human pituitary 
adenomas. Pancreatic tumors strongly produced and secreted glucagon, suggesting 
that they derived from glucagon- and GFAP-positive islet cells. Interestingly, 3 out of 9 
human pancreatic neuroendocrine tumors expressed MYCN, supporting the similarity 
of the mouse tumors to the human system. Serial transplantations of mouse tumor 
cells into immunocompromised mice confirmed their fully transformed phenotype. 
MYCN-directed treatment by AuroraA- or Brd4-inhibitors resulted in significantly 
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INTRODUCTION

MYC-family proteins are universal amplifiers of 
gene expression in normal cells [1], but display specific 
activity in tumor cells, thus regulating their proliferation, 
apoptosis, growth and differentiation [2]. Ever since 
the identification of MYCN amplification in primary 
neuroblastoma [3], an oncogenic role of MYCN has been 
assumed. MYCN is able to promote proliferation and 
repress differentiation, which promotes tumor growth in 
numerous malignancies. Under physiological conditions, 
expression of MYCN is tightly controlled and subject 
to rapid turnover due to phosphorylation-dependent 
proteasomal degradation in part controlled by Aurora A 
kinase [4]. An enhanced gene dosage due to amplification 
of the associated genomic region is observed in about 
20% of neuroblastoma, giving rise to the most aggressive 
subtype of the disease (reviewed in [5]). Targeted 
overexpression of MYCN in the neural crest, which has 
been shown in different model systems (termed TH-
MYCN and LSL-MYCN;DBH-iCre, respectively) [6] 
[7], results in neuroblastic tumors closely resembling the 
respective human malignancies. Similarly, overexpression 
of mutationally stabilized MYCN in progenitor cells 
of the mouse cerebellum generates MYCN-driven 
medulloblastomas [8]. MYCN is also deregulated in 
many tumors of neuroectodermal origin [9]. In pancreatic 
neuroendocrine tumors (PanNET) the role of MYC 
proteins is largely unknown, although c-MYC has been 
suggested to act as an oncogene in a fraction of acinar 
cell carcinomas [10] and ductal adenocarcinomas [11]. 
PanNETs, which synthesize and secrete hormones, are 
hormonally syndromic or non-syndromic. Those that are 
syndromic may produce clinical conditions, such as the 
insulinoma syndrome, gastrinoma syndrome (also known 
as Zollinger-Ellison syndrome), glucagonoma syndrome 
and VIPoma syndrome (also known as Verner-Morrison 
syndrome, ordered by declining frequency, for review see 
[12],[13]). Until recently, the existing mouse models for 
glucagonoma were established by conditional deletion of 
tumor-suppressor genes including MEN1 or by combined 
loss of p53 and Rb [14,15]. These model systems used 
insulin-promoter or renin-promoter driven expression 
of Cre recombinase, respectively, to induce target gene 
deletion. However, no driving oncogene such as MYCN 
has been linked to tumor formation in these mice. 

For a long time, MYCN was considered as a poor 
therapeutic target. However, development of inhibitors 
targeting Brd4 (bromodomain containing 4) and AuroraA 
kinase paved new avenues for interference with MYCN 

function [16,17]. JQ1 abrogates Brd4-functions and 
inhibited tumor progression in xenograft models [18] 
as well as in the recently developed LSL-MYCN;DBH-
iCre neuroblastoma mouse model [7]. MLN 8237, which 
promotes MYCN degradation by AuroraA functions, 
prolongs the survival of mice in the TH-MYCN model 
of neuroblastoma [17] and repressed cell viability of 
neuroblastoma cells in vitro [7].

In this study we present a novel mouse model for 
MYCN induced tumors by targeting MYCN-expression 
to hGFAP-positive cells. GFAP is a protein widely 
expressed in the developing nervous system as well as 
in neuroendocrine cells in adulthood. We characterize 
the MYCN induced neuroendocrine tumors in mice and 
provide insights into their biology. We further demonstrate 
that newly established stable cell lines and xenografts 
derived from primary mouse tumors are excellent new 
models to evaluate MYCN-targeted therapies.

RESULTS

LSL-MYCN;hGFAP-Cre mice develop abdominal 
and pituitary tumors

Double transgenic LSL-MYCN;hGFAP-Cre mice 
developed malignancies with an incidence of 59% (32/54), 
while none of the control single transgenic animals 
developed tumors (p < 0.0001 for tumor formation, 
Figure 1A). The vast majority of tumors arose between 
6 months and 11 months of age (Figure 1A). Tumors 
were localized either in the abdomen (n = 20) or in the 
head (n = 7). Five mice presented with tumors at both 
sites, but tumor onset did not significantly differ between 
localizations (Figure 1B). Abdominal tumors were found 
in the pancreas, with involvement of the liver observed in 
four animals (Figure 1C, 1D). Head tumors were located 
at the site of the pituitary gland (Figure 1E). Removal 
of the loxP-cassette was detectable in all of the GFAP-
expressing tissues (not shown), and this was confirmed by 
in vivo bioluminescence imaging (Supplemental Figure 
1). Tumors had significantly elevated MYCN mRNA 
levels compared to controls (Figure 1F) and that also held 
true for MYCN protein expression (Figure 1G). Thus, 
targeted MYCN expression in hGFAP-expressing cells of 
transgenic mice results in tumor formation in pancreatic 
and pituitary tissue.

decreased cell proliferation in vitro and reduced tumor growth in vivo. In summary, 
we provide a novel mouse model for neuroendocrine tumors of the pancreas and 
pituitary gland that is dependent on MYCN expression and that may help to evaluate 
MYCN-directed therapies.
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Pancreatic tumors as well as pituitary tumors 
in LSL-MYCN;hGFAP-Cre mice are of 
neuroendocrine origin

Hematoxylin and eosin (H&E) stained sections 
of the pancreas showed well-demarcated tumor nodules 

of varying size that resembled human neuroendocrine 
tumors (Figure 2A). Small tumors appeared to arise from 
pancreatic islet cells (Figure 2B and 2C). Proliferation of 
tumor cells was moderate as reflected by a low percentage 
of Ki-67 positive cells (data not shown). Tumor cells were 
positive for chromogranin A (Figure 2D) and glucagon 
(Figure 2E), while insulin staining was negative (Figure 

Figure 1: Tumor development in LSL-MYCN;hGFAP-Cre double transgenic mice. A. Kaplan-Meier analyses of transgenic 
(tg/tg) tumor bearing mice compared with their littermate wild type controls (wt/wt). Tumor formation was detectable only in mice at 
an age of 180 days and older (30/54 = 56%). B. Kaplan-Meier analyses of tumor bearing mice depending on tumor localization. The 
curves represent the survival in groups of animals with isolated pancreatic or head tumors or with tumors in both localizations in the same 
individual. No significant differences in the onset of tumor development were observed as a function of tumor localization. C. Macroscopic 
examination revealed small nodules in the pancreas (white arrow), St: stomach, Li: liver. D. Nodule-like tumors in the pancreas are marked 
by arrows. E. Macroscopic appearance of a mouse brain with a tumor (Tu) adjacent to the pituitary gland. Cb: cerebellum, Cx: cortex. Bars, 
C-E: 0.1 cm. F. qRT-PCR reveals low expression of MYCN in control tissue and significantly higher expression of MYCN in tumors (p <
0.05). G. Western Blot analysis confirms higher MYCN expression in tumors compared with normal control tissue (i.e. tumor-free brain
of the same mouse).
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2F). The corresponding mice were found to have elevated 
glucagon serum levels (Figure 2G), while insulin levels 
were in physiological range (data not shown). H&E stained 
sections of the pituitary tumors revealed similarities to 
human pituitary adenomas arising in the anterior part of 
the pituitary gland (Figure 3A-3B). As in the pancreas, 
pituitary tumors were positive for chromogranin A (Figure 
3C). We next analysed the MYCN status in a series of nine 
histologically validated human PanNETs to check whether 
this oncogene is also expressed in the human disease. 
Here, comparison of tumor and surrounding normal 
tissue verified MYCN, but not c-MYC mRNA expression 
in three of the nine tumors analysed (Figure 3D), while 
neither MYCN nor c-MYC amplifications were detectable. 
These findings indicate that targeting MYCN expression to 

GFAP-positive cells cause glucagon-producing pancreatic 
neuroendocrine tumors and pituitary adenomas in 
transgenic mice and that MYCN expression is detectable 
in a subset of human PanNETs.

Transcriptomes of murine MYCN-driven 
neuroendocrine tumors show patterns of 
canonical MYC-related mRNA signatures

Next, we wanted to identify disease associated 
transcriptional patterns by comparing mRNA profiles 
obtained from normal murine pancreas [19] with 
those from pancreatic and pituitary tumors of LSL-
MYCN;hGFAP-Cre mice. Using principle component 

Figure 2: Immunohistochemistry reveals neuroendocrine origin of tumors in LSL-MYCN;hGFAP-Cre mice. A. 
H&E staining of a pancreatic tumor with neuroendocrine features. Bar, 200 µm. B., C. Higher magnification shows close-up reveals 
localization of the tumor to the site of pancreatic cells. IC: islet cells, Tu: tumor cells. D. Chromogranin A staining confirmed the diagnosis 
of a neuroendocrine tumor. E. Glucagon staining of pancreatic tumors arising in LSL-MYCN;hGFAP-Cre transgenic mice. F. Absence of 
insulin staining in pancreatic tumors. Bars in B-F, 50 µm. G. Glucagon levels in blood plasma of control animals or tumor-bearing LSL-
MYCN;hGFAP-Cre mice.
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analyses, we were able to separate expression patterns 
of pancreatic tumors from pituitary tumors and from 
normal pancreatic control tissue (Figure 4A). Moreover, 
when mRNA profiles from murine MYCN-driven 
neuroblastoma were included [7], all tumors arising 
in LSL-MYCN;hGFAP-Cre mice clustered together, 
while MYCN-induced neuroblastomas were grouped 
separately (PCA2, Supplemental Figure 2). We therefore 
compared the specific MYCN pathway activity score in 
the mRNA profiles of all tumors. This revealed a specific 
MYCN-signature described for MYCN-driven murine 
neuroblastomas also in the pancreatic tumors of LSL-
MYCN;hGFAP-Cre mice (Figure 4B). Furthermore, 
down-regulated mRNAs of the kallikrein peptidase family 
(Klk1, Klk1b3, Klk1b5) and the cholecystokinin receptor 
type A (CCKAR), and expression of cdh2 coding for 
N-cadherin as well as somatostatin (Supplemental Table 1)
discriminated pancreatic tumors from pancreatic controls.

Hierarchical clustering of the differentially expressed 
genes then identified a common pattern of gene regulation 
in all tumors arising in the MYCN-GFAP model (Figure 
4C). Thus, mRNA profiling allowed both, the recognition 
of tumor-specific and MYCN-specific signatures in LSL-
MYCN;hGFAP-Cre induced tumors.

Stable cell lines derived from LSL-
MYCN;hGFAP-Cre induced pancreatic tumors 
are susceptible to MYCN-directed small molecule 
inhibition in vitro and in vivo

To establish in vitro systems for functional 
characterization of our newly developed tumor model, 
cells from a pancreatic tumor of a LSL-MYCN;hGFAP-
Cre mouse were isolated and cloned to obtain stable 
cell lines. One of these cell lines, designated Pank4, 

Figure 3: Immunohistochemistry of brain tumors in LSL-MYCN;hGFAP-Cre mice confirmed their neuroendocrine 
origin. A., B. H&E stained sections of tumors arising in the pituitary gland at lower and higher magnification, respectively. C. Positive 
chromogranin A immunostaining of a pituitary tumor. Bars, 50 µm. D. Normalized MYCN mRNA expression in a series of nine human 
PanNETs. MYCN expression was normalized to the expression of β-Actin and this value was set to “1” in the positive control, a human 
neuroblastoma cell line with high MYCN levels due to an amplification of the MYCN oncogene. The horizontal line depicts a threshold of 
5% of MYCN expression in the positive control.
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displayed undifferentiated morphology (Figure 5A) and 
provided a positive luciferase signal in bioluminescence 
imaging (Supplemental Figure 3), indicating activation 
of the transgenic cassette. Pank4 cells were able to grow 
as xenografts in immunocompromised mice. In vivo 
luciferase imaging again indicated expression of the 
transgenic cassette (Figure 5B), which was corroborated 
by detection of the Cre-mediated removal of the floxed 
stop sequence (Supplemental Figure 4). To confirm 

that growth of these tumors was still dependent on the 
expression of the transgenic driver gene, MYCN, animals 
were treated with a Brd4-inhibitor, JQ1, or an Aurora 
kinase inhibitor, MLN 8237, once that Pank4-induced 
xenografts reached a size of 100 mm3. Tumor growth in 
JQ1 and MLN 8237 treated animals was significantly 
reduced compared to DMSO controls (p = 0.05 for 
treatment with JQ1, and p = 0.018 for treatment with 
MLN 8237, Figure 5C). To analyse on-target effects of 

Figure 4 Microarray-derived mRNA profiles obtained from tumors of LSL-MYCN;hGFAP-Cre mice were compared 
to control pancreata. A. Principal component analyses (PCA) revealed that all tumors group according to the site of tumor origin as 
indicated and that these tumor profiles cluster apart from the control profiles (“Pancreas control”). B. MYCN pathway activity scores were 
calculated for all LSL-MYCN;hGFAP-Cre tumor profiles and compared to profiles of MYCN-driven neuroblastoma. C. Hierarchical 
clustering of genes discriminating pancreatic LSL-MYCN;hGFAP-Cre tumors from normal pancreas reveals tumor-specific patterns 
independent of the tumor site origin.
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both treatment modalities, Pank4-induced xenografts 
were treated over a period of three days. After that period, 
tumors were excised and checked for MYCN mRNA and 
protein expression, respectively (Figure 5D-5E). Here, 
significant reduction of MYCN mRNA was observed by 
both treatments. Additionally, MYCN protein levels were 
reduced by both MLN8237 and JQ1. Histological analyses 

revealed significantly less proliferating, Ki-67 positive, 
tumor cells upon targeted treatment (p = 0.04 and p = 
0.036 for treatment with JQ1 or MLN 8237, respectively). 
Moreover, a significant increase in the fraction of 
apoptotic cells was observed for animals treated with JQ1 
(p = 0.012) or with MLN 8237 (p < 0.0001, Figure 5D-
5E). Thus, targeted treatment of xenografts derived from 

Figure 5: A. Morphology of a cell line, designated Pank4, which was derived from a pancreatic tumor of a LSL-MYCN;hGFAP-Cre 
mouse. Bar, 200 µm. B. Xenografts of Pank4 are luciferase-positive in immunocompromised mice. C. Growth curves of xenograft tumors, 
induced by grafting Pank4 cells into immunocompromised mice. Mice were treated either with JQ1, MLN8237 or vehicle. D. Mice bearing 
Pank4-induced xenografts were subjected to forced treatment over three days with either with JQ1, MLN8237 or vehicle (control, “*”: 
p < 0.05; “**”: p < 0.01). Hereafter, tumors were checked for MYCN mRNA expression and E. MYCN protein expression. F. Histology 
of tumors analysed in C. Tumors were stained with H&E, Ki-67 or an antibody detecting cleaved caspase 3. G. Statistical evaluation of 
differentially treated tumors with respect to the fraction of tumor cells staining positive for cleaved Caspase-3 or Ki-67, respectively. 
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LSL-MYCN;hGFAP-Cre induced tumors is feasible and 
significantly delays tumor cell proliferation in vitro and 
in vivo.

DISCUSSION

The MYC family of transcription factors consists of 
three well characterized members, c-MYC, L-MYC, and 
MYCN. Deregulation of MYC family members is often 
associated with aggressive tumor behavior and therapy 
resistance, and MYC overexpression in amplified tumors 
represents a therapeutic challenge in many malignancies 
including neuroblastoma [20]. We here describe a novel 
model for MYCN-driven tumors that are induced by 
targeting MYCN to GFAP-positive cells in transgenic 
mice. These tumors were of neuroendocrine origin and 
were located either in the pancreas, the pituitary gland or 
both (Figure 1C). The neuroendocrine nature of the tumors 
was revealed by immunostaining for the neuroendocrine 
marker chromogranin A (Figure 2D) and confirmed by 
global expression profiling. The incidence of tumor 
formation in our model was considerably lower than in 
other hGFAP-Cre driven transgenic models, in which 
penetrance was 100% (hGFAP-Cre x LSL-SmoM2; 
Schüller et al., Cancer Cell 2008). This suggests that, in 
general, Cre-mediated excision should be sufficient to 
achieve a tumor penetrance of 100%, but also that MYCN 
expression may be variable and that a threshold sufficient 
for tumor development may not be reached in tumor-
free LSL-MYCN;hGFAP-Cre mice. This is supported 
by the finding that MYCN levels are undetectable or low 
in target organs in tumor-free animals (Figure 1F-1G). 
Alternatively, additional hits that have not occurred in 
tumor-free mice may be required for tumor development. 
The latter is corroborated by the long latency period until 
tumor formation becomes evident ( > 6 months). However, 
a potential “second hit” could not be identified yet.

It has been reported that α-cells of the Langerhans 
islets express GFAP [21,22]. As these α-cells are the 
main source of glucagon and tumor-bearing LSL-
MYCN;hGFAP-Cre mice displayed with elevated 
blood glucagon levels as well as Glucagon-positive 
tumors, these findings are in line with the diagnosis of 
a glucagon-producing PanNET. Expression profiling of 
tumors confirmed marker expression of neuroendocrine 
tumors and revealed for the first time a comprehensive 
view on mRNA patterns in those tumors. Moreover, 
the role of MYC proteins as transcriptional amplifiers 
has been suggested by studies demonstrating that MYC 
overexpression increases the total amount of RNAs both 
in tumor cells as well as in physiological settings [1,23]. 
Later, it has been described that oncogenic MYCN acts 
more specific in shaping the transcriptional profile [2]. 
This is supposed to explain the emergence of pathway 
specific signatures related to MYCN by a secondary 
RNA amplification model ([24], reviewed in [25]). 

However, small sample size of our dataset does not 
allow discriminating between MYCN-induced general 
transcriptional amplification and enrichment of MYCN-
specific functional target gene clusters. 

In humans, most glucagon-producing PanNETs 
occur sporadically (87%) and only rarely as a component 
of the multiple endocrine neoplasia syndrome type 1 
(MEN1). In a series of human tumors (n = 9) we here 
showed that MYCN is expressed on mRNA level in a 
subset of these tumors (Figure 3D), while no MYCN or 
c-MYC amplifications were detected by FISH analyses
(data not shown). Of the glucagon-producing PanNETs,
only a fraction is associated with a hormonal syndrome
and these are called glucagonomas. They have an
incidence of 1 in 20 million [26] with an average age at
diagnosis of 52.5 years [27]. Almost all glucagonomas and
glucagon-producing PanNETs arise in the pancreas (97%)
with only a few tumors being localized extrapancreatically
in kidney, duodenum or liver. Most patients with a
glucagonoma syndrome develop a so called “necrolytic
migratory erythema”, diarrhea, weight loss, diabetes and
thromboembolic problems [28], [26,29]. It is of interest to
note that mice frequently presented with ruffled fur during
onset of tumor formation, which might have had its cause
in skin irritations comparable to necrolytic migratory
erythema characterizing human glucagonoma patients
[28].

The combined appearance of pituitary tumors 
together with glucagon producing PanNETs is reminiscent 
of a MEN1 syndrome, in which PanNETs commonly 
go together with parathyroid and pituitary tumors 
[30]. However, our LSL-MYCN;hGFAP-Cre double 
transgenic animals did not develop parathyroid tumors. 
Moreover, array-CGH analyses of tumors in transgenic 
mice did not suggest involvement of the MEN1 locus 
on mouse chromosome 19, which is syntenic to human 
chromosome 11q13. Additionally, MEN1 gene expression 
was not down-regulated in tumors, rendering mutational 
inactivation of the MEN1 gene unlikely. Finally, it 
remains to be determined, if the spectrum of the human 
MEN1-syndrome can be fully recapitulated in mice, 
since glucagon cell specific deletion of MEN1 in mice 
resulted in the development of insulinomas [31] and not 
glucagon producing cells. The only other MYCN-driven 
animal model of MYCN-induced PanNETs was described 
in zebrafish, yet the developing tumors were similar to 
human insulinomas [32]. PanNETs expressing glucagon 
have also been described in mice with a deletion of the 
glucagon receptor [33], or with a conditional deletion of 
p53 and Rb [15].

Regarding the question as to whether the presented 
mouse model can be used for the evaluation of new 
MYCN-directed therapies, it is of note that transcriptome 
analyses of the MYCN-GFAP induced tumors revealed 
a previously described MYCN-related expression 
signature (Figure 4) [7]. This suggested that MYCN 
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governs the overall expression profile and may function 
as an oncogenic driver in our mouse model. As MYC 
proteins themselves are hardly druggable, many efforts 
have been put into the identification of downstream and 
upstream regulators of MYC family members. Functional 
screens have identified Brd proteins, most prominently 
Brd4, and Aurora kinase A as important check points of 
MYCN transcription and protein turnover, respectively 
[16,34]. Therefore, we checked, whether tumor growth 
depended on MYCN function by JQ1 and MLN8237 in 
xenografts and in cell lines. For this purpose, stable cell 
lines were established from pancreatic tumors of LSL-
MYCN;hGFAP-Cre mice. Although there is a late onset 
of primary tumor development in this model (Figure 
1A), and tumor growth appears to be slow, tumor-
derived cell lines proliferate quickly both in vitro and 
as xenografts in immunocompromised mice (Figure 5A, 
5B). Both, cell lines and xenografts responded to JQ1 and 
MLN8237 treatment and present with reduced MYCN 
levels on mRNA and protein levels at the end of the 
therapy. JQ1 down-regulates Brd4-triggered expression 
of MYCN target genes [18] and this due, at least in part, 
to interference with Brd4-binding to super-enhancer 
modules [35]. As MYCN is expressed in our model from 
a transgenic cassette lacking the super-enhancer module 
present in the MYCN genomic region, we assume an 
indirect effect of JQ1 on MYCN expression levels. This 
could be caused by general reduction of transcription 
in regressing tumors induced by JQ1. In xenografts, an 
increased apoptosis rate and decreased proliferation were 
found (Figure 5F-5G), which is in line with reports on 
other solid tumors including neuroblastoma [7] and JQ1-
treated experimental medulloblastoma [36]. These findings 
indicate that MYC proteins are required for both tumor 
initiation and maintenance of the malignant phenotype and 
corroborate the notion that indirect inhibition of MYCN 
by targeting Brd-proteins or Aurora A is a promising 
therapeutic strategy in MYCN-dependent tumors across 
entities. However, MYC proteins themselves may 
modulate resistance to JQ1, which has been recently 
described for pancreatic cancer cells up-regulating c-MYC 
in response to JQ1 [37]. Thus, we here not only describe 
a novel transgenic model for neuroendocrine tumors, 
but also provide a framework for the evaluation of new, 
MYCN-directed therapies.

MATERIALS AND METHODS

Animals

Conditional expression of MYCN was 
achieved by crossbreeding mice carrying a floxed  
polyA stretch upstream of MYCN sequences (LSL-MYCN, 
[7]) with mice expressing Cre recombinase specifically in 

GFAP-positive cells (hGFAP-Cre, [38]). Hence, activation 
of MYCN and a second open reading frame coding for the 
luciferase gene (Fluc) in LSL-MYCN;hGFAP-Cre double 
transgenic animals was restricted to GFAP-positive cells 
expressing Cre recombinase. As the single transgenic 
animals derive from different strains, double transgenic 
animals had a mixed genetic background (FvB/ 129 SvJ 
x B6). Mice were genotyped for presence of transgenic 
cassettes and functional activity of Cre recombinase 
in targeted cells was proven by a “flox-out” PCR as 
described [7]. As the luciferase reporter (Fluc) is expressed 
downstream of the MYCN transgene, in vivo and ex vivo 
imaging of animals, cells and tissues was performed using 
a VEVO2100 device (VisualSonics). Additionally, tumor 
formation was monitored by abdominal palpation.

Pathology assessment

Mice were euthanized by isoflurane and CO2 
inhalation followed by cervical dislocation according to 
the local guidelines for animal handling. Necropsy was 
performed to macroscopically detect tumor formation. 
Samples of tissues were collected from multiple sites 
and organs and were either snap frozen or fixed in 4% 
paraformaldehyde for further analyses.

Analyses of human PanNETs

Tissues sections from human PanNETs were 
evaluated by at least two independent pathologists to 
confirm the diagnosis taken from medical records. Use of 
patient material for the purpose of this study was approved 
by the Ethics committee at University of Duisburg-
Essen. Macrodissection of formalin-fixed paraffin 
embedded (FFPE) histology blocks was performed to 
separately harvest tumor and surrounding normal tissue 
for subsequent RNA analyses. RNA was extracted using 
a RNeasy FFPE kit (QIAGEN, Hilden, Germany) using a 
previously described protocol [39]. Specific primers for 
amplification of the target gene, MYCN, by quantitative 
RT-PCR were designed to generate short amplicons 
accounting for partial degradation of RNA in FFPE 
samples. Results were normalised to the expression of 
β-Actin and tumors were evaluated as MYCN-positive 
if normalised MYCN expression was > 5 % than that of 
the positive control (a neuroblastoma cell line with high 
MYCN expression) and if the corresponding normal tissue 
obtained from the same FFPE sample was negative for 
MYCN gene expression.



Oncotarget  617www.impactjournals.com/oncotarget

Western blotting, immunohistochemistry and 
glucagon ELISA

Organs and tumors were either snap frozen or 
fixed in 4% paraformaldehyde for at least 24 hours. 
Detection of MYCN in tumors was achieved using 
Western Blot analysis. In brief, tissue slices were lysed 
on ice in RIPA buffer (50mM HEPES, 10mM NaCl, 1% 
NP-40, 1% TritonX-100 and 0.1% SDS) supplemented 
with protease inhibitors (Roche). Separation of proteins, 
transfer to membranes and subsequent incubation with 
anti-MYCN antibody (#9405, 1:1000, Cell Signaling) 
was performed as described [7] .For histology, 4 µm 
sections were cut from paraffin blocks and stained with 
hematoxylin and eosin (H&E), Ki 67 (#ab16667, 1:100, 
Abcam), cleaved Caspase-3 (5A1E, 1:100, Cell Signaling, 
9664S), Glucagon (#NCL-GLUCp, Novocastra) and 
Chromogranin A (#ab 15160, Abcam). Photomicrographs 
were recorded using a NanoZoomer 2.0HT (Hamamatsu 
Photonics Deutschland GmH, Herrsching, Germany). 
Glucagon levels in the serum of tumor-bearing or tumor-
free animals were determined using a commercially 
available glucagon-specific ELISA (Mercodia, Uppsala, 
Sweden).

mRNA expression profiling and pathway analyses

Total RNA was isolated from primary murine 
pancreatic and pituitary tumors, processed and hybridized 
to Affymetrix MG-430_2.0 oligonucleotide microarrays 
according to the manufacturer’s protocol. Normalization 
of array data and identification of differentially expressed 
genes was achieved using Partek Genomics Suite (Partek, 
Michigan, MI). Furthermore, global gene expression 
analysis was performed using the R platform (version 
3.1.1, http://www.r-project.org) and the following 
packages: arrayQualityMetrics (version 3.20.0), affy 
(version 1.42.3), limma (version 3.20.9) and vegan 
(version 2.2-1). To pre-process Affymetrix arrays, RMA 
from the affy package was used. In addition, gene set 
enrichment analysis (GSEA) was run on curated MSigDB 
gene sets and pathway activity scores calculated according 
to [40] using the MYCN signatures defined in [7] (and 
references herein). Briefly, genes were ranked for each 
sample and genes contained in the signature were summed 
for each tumor. The rank sums were divided by the average 
overall rank sum and log2 transformed. Student’s t-test 
was used to determine significant differences between the 
pathway activity scores for different tumor groups.

Establishing cell lines from tumors of LSL-
MYCN;hGFAP-Cre mice

Pancreatic tumors were minced manually with 
scissors and incubated in Liberase DL (Roche) at 37°C 
for 30 minutes. After centrifugation, tumor cells in the 
supernatant were maintained in DMEM medium, 10% 
FCS, antibiotics (1%), L-Glutamin (1%) and sodium 
pyruvate (1%) for 24 hours. Long-term cultivation 
of tumor cells was feasible and resulted in a cell line 
designated Pank4. Single cell clones were generated from 
these cells by limited dilution. Two stable cell clones were 
termed IC11 and IIID2, which had differentiated and 
undifferentiated morphology, respectively. 

Indirect MYCN inhibition by JQ1 and MLN 8237 
in vitro and in vivo

Pank4 cells were seeded into 96-well plates and 
treated with JQ1 and MLN 8237 for 72 hours. Metabolic 
activity was analysed with 3-[4,5-dimethylthiazol-3-yl]-
2,5-diphenyltetrazolium bromide (MTT) assay, and used 
as surrogate for the number of living cells. For in vivo 
experiments, six-week old female athymic NCR (nu/nu) 
mice were inoculated subcutaneously with 4x106 Pank4 
tumor cells that were suspended in 250 µl Matrigel 
(Becton Dickinson, Heidelberg, Germany). Tumor growth 
was controlled daily and tumor volume was calculated 
using the formula (breadth x length x height)/2. In vivo 
luciferase imaging for tumor visualization was performed 
as described previously [7]. Once that tumor volume 
exceeded 300 mm3, mice were randomly assigned to 
one of three groups and were treated daily with either 
MLN 8237 (30 mg per kg body weight), JQ1 (50 mg 
per kg body weight) or vehicle control (12.5% DMSO in 
glucose). MLN 8237 was administered orally, JQ1 and the 
vehicle control (DMSO) via intraperitoneal injection. The 
animals were sacrificed once the tumor reached a volume 
of 1500 mm3. For evaluation of on target efficacy, animals 
were treated twice daily for three days, once the tumor 
volume exceeded 100 mm3. These animals were sacrificed 
four hours following the last treatment, and tumor tissue 
was divided and either snap-frozen in liquid nitrogen 
and stored at -80°C, or fixed in formalin and paraffin-
embedded for immunohistochemistry. 

Statistical analyses

Statistical analyses were performed using Graph 
Pad Prism 5.0 (Graph Pad Software Inc., San Diego, CA, 
USA). Overall survival was visualized through Kaplan-
Meier analyses. Mean relative proliferation was calculated 
by Ki-67 expression and mean relative apoptosis by 
positive staining of cleaved caspase 3, in transplanted 
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LSL-MYCN;hGFAP-Cre cell lines from control, JQ1- 
and MLN 8237- treated groups of mice, using three 
representative images of each tumor. Significance was 
calculated by Student’s t-test (*, p < 0.05; **, p < 0.01; 
***, p < 0.001).
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ABSTRACT
Purpose: Effective systemic therapeutic options are limited for bladder cancer. 

In this preclinical study we tested whether bladder cancer gene alterations may 
be predictive of treatment response. Experimental design: We performed genomic 
profiling of two bladder cancer patient derived tumor xenografts (PDX). We optimized 
the exome sequence analysis method to overcome the mouse genome interference. 
Results: We identified a number of somatic mutations, mostly shared by the primary 
tumors and PDX. In particular, BLCAb001, which is less responsive to cisplatin than 
BLCAb002, carried non-sense mutations in several genes associated with cisplatin 
resistance, including MLH1, BRCA2, and CASP8. Furthermore, RNA-Seq analysis 
revealed the overexpression of cisplatin resistance associated genes such as SLC7A11, 
TLE4, and IL1A in BLCAb001. Two different PIK3CA mutations, E542K and E545K, 
were identified in BLCAb001 and BLCAb002, respectively. Thus, we tested whether the 
genomic profiling was predictive of response to a dual PI3K/mTOR targeting agent, 
LY3023414. Despite harboring similar PIK3CA mutations, BLCAb001 and BLCAb002 
exhibited differential response, both in vitro and in vivo. Sustained target modulation 
was observed in the sensitive model BLCAb002 but not in BLCAb001, as well as 
decreased autophagy. Interestingly, computational modelling of mutant structures 
and affinity binding to PI3K revealed that E542K mutation was associated with weaker 
drug binding than E545K. Conclusions: Our results suggest that the presence of 
activating PIK3CA mutations may not necessarily predict in vivo treatment response 
to PI3K targeted therapies, while specific gene alterations may be predictive for 
cisplatin response in bladder cancer models and, potentially, in patients as well.
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INTRODUCTION

Bladder cancer, with ~380,000 new cases per year 
and 15,000 deaths, stands as the ninth most common 
cancer worldwide. Histologically, more than 90% of the 
cases are urothelial carcinoma and at time of diagnosis 75-
85% of tumors are non-muscle invasive cancer (NMIBC). 
Approximately 60-70% of NMIBC recurs within one year 
and 10-20% will progress to muscle invasive disease. 
Muscle-invasive bladder cancer (MIBC) has the worst 
prognosis, with a five-year survival rate of less than 50%. 
Treatment options for MIBC remain cisplatin-based 
regimen [1]. Therefore, there is a need to develop more 
clinical relevant models to understand the biology and 
develop effective therapeutic options for patients with 
MIBC. 

Patient derived tumor xenografts (PDX) have 
become accepted preclinical models because of their 
retained original tumor heterogeneity and genetic make-
up, suggesting a more reliable drug development tool 
as compared to tumor cell lines [2, 3]. To date, there is 
a limited number of established bladder cancer PDX 
models [4] that are molecularly characterized and 
available for testing drug resistance and sensitivity. Recent 
high throughput genomic studies have revealed several 
gene and pathway alterations associated with MIBC 
[5, 6], including PI3K/AKT/mTOR and ERK/MEK/
RAS pathways as drivers of bladder cancer progression 
and potential targets for therapeutic interventions [3]. 
The genomic landscape in MIBC includes alteration 
of 9 oncogenes and 23 tumor suppressor genes. The 
reported top five mutated oncogenes are PIK3CA (9-
20%), FGFR3 (5-20%), ERBB3 (11%), RXRA (9%), and 
ERBB2 (8%) [5]. Among the tumor suppressors, the top 
5 gene alterations include TP53 (24-56%), MLL (27%), 
ARID1A (25%), KDM6A (24%), and TSC1 (11-16%) 
[5]. The genetic characterization mutations reported 
in bladder cancer have contributed to the molecular 
subtyping of this disease: FGFR3 and TP53 mutations in 
UroA and UroB cluster [7], FGFR3 mutation in Cluster I 
[6], FGFR3 and TSC1 mutations in the basal and luminal 
phenotype [8, 9]. This molecular classification, combined 
with histopathology analysis, provides the opportunity to 
develop more effective personalized therapies for bladder 
cancer patients. 

Cisplatin based treatment options have improved 
the survival in bladder cancer. However, patients 
eventually develop resistance to treatment and disease 
progression. Several reports have revealed different 
potential mechanisms responsible for intrinsic and 
acquired drug resistance including cisplatin binding, 
metabolism, transport [10], and intracellular sequestration 
[11, 12]. As a potential marker for cisplatin resistance, 
differential expression of GSH synthesis regulating the 
cystine/glutamate exchanger protein, xCT, has also been 
reported in bladder cancer [13]. In addition, targeting 

mTOR pathways in post-cisplatin bladder cancer has 
been tested, but has not been associated with improved 
clinical outcome [14]. Accordingly, more clinically and 
molecularly relevant models are necessary to better 
understand the molecular alterations associated with drug 
response, and to develop more effective personalized 
therapies for MIBC. 

In this study, we characterized two PDX tumors 
recently established in our lab by genomic profiling. 
As previously reported, BLCAb001 is less cisplatin 
responsive as compared to BLCAb002 [15], and carries 
specific cisplatin resistance markers, such as a caspase 8 
mutation and over expression of the cystine transporter 
xCT. Genomic analysis also revealed that both BLCAb001 
and BLCAb002 present common PIK3CA E542K and 
E545K driver mutations, respectively. However, the 
treatment response to the dual PI3K/mTOR inhibitor 
LY3023414 (LY414) was found to be significantly 
hampered in BLCAb001, suggesting the presence of 
alternative pathways. Overall, our data suggest that a 
comprehensive profiling, rather than solely mutational 
analysis, may predict response to PI3K/mTOR targeted 
therapies in bladder cancer. 

RESULTS

Somatic mutations in primary tumors and PDXs 

We recently established two PDXs, BLCAb001 
and BLCA002, from two patients undergoing cystectomy 
for urothelial carcinoma [15]. Based on the previously 
reported difference in cisplatin sensitivity between the 
two models, we decided to perform a genomic profiling of 
the original tumors and the derived PDXs. Using a high-
throughput paired-end sequencing approach, we generated 
84 to 330 million of 100-bp reads per sample. For non-
PDX samples, over 98% of the reads were successfully 
mapped to the human reference by using BWA. For PDX 
samples, the mapping rates were 94.5% and 86.6% with 
human reference. After mapping to the human and mouse 
combined reference, the mapping rates for these two PDXs 
increased to 99.1% and 99.2%. All samples reached the 
designed goal of 80% of the targeted regions covered with 
at least 30X coverage (Table S1).

Filtering out mouse contamination was a critical 
step in order to obtain accurate mutation calls in the PDX 
samples. In a test run on the unfiltered data, we identified 
4,276 and 16,861 SNVs in BLCAb001 and BLCAb002, 
respectively (Figure 1A). The majority of these SNVs was 
not identified in the primary tumor and was likely caused 
by mouse contamination. After filtering out mouse reads, 
most of these suspicious mutation calls disappeared and 
the remaining mutations were highly consistent with the 
matched primary tumor. For BLCAb001, we identified 
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Figure 1: Somatic mutations in primary tumor and PDX. A. Effects of mouse contamination on somatic mutation calling. Before 
(“Uncleaned”) and after (“Cleaned”) filtering out mouse contamination, the initial single nucleotide variation (SNV) calls from PDX 
samples (green) were compared with the matched primary tumor (blue). Top: “Uncleaned”, bottom: “Cleaned”; Left: BLCAb001, right: 
BLCAb002. The excessive amount of SNV calls in the “Uncleaned” PDX data likely reflects artifacts introduced by mouse contamination. 
B. Plot: variant allele fraction (VAF) defined as the fraction of reads harboring mutant allele for each mutation in the primary tumor and
matched PDX. The mutations with less than 20X coverage in primary or PDX tumor are highlighted in red. C. Circos plots [61] depicting
nonsynonymous genetic alterations that were: 1) previously reported by ClinVar or COSMIC or 2) novel variant in a Cancer Gene Census
gene or other genes known to be recurrently mutated in bladder cancer. These two categories are distinguished by the color of connection
between gene symbol and chromosome: red = 1), blue = 2). From outer to inner components: gene symbol (red, truncating mutations
including nonsense and splice-site SNV, frameshift Indel; orange, alternating mutations including missense SNV and in-frame Indel),
chromosomes, variant allele frequency (VAF) bars for the corresponding point mutation (range = [0:1], the color of VAF stick indicate
coverage: light grey = 0-9X; grey:10-29X; black: > = 30X) in PDX (ring background = green) and the primary tumor (ring background =
orange).
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1,008 SNVs and 5 Indels from the primary and PDX 
and 1,101 SNVs and 14 Indels from BLCAb002. The 
identified mutations were then manually reviewed to 
ensure accuracy. After manual review, there were 919 
mutations (917 SNVs and 2 Indels) left in BLCAb001 and 
980 mutations (973 SNVs and 7 Indels) left in BLCAb002. 

The mutation profiles were compared between the 
primary and PDX to determine similarity. In both cases, 
majority (91% in BLCAb001 and 82% in BLCAb002) of 
all mutations were shared by primary and PDX samples 
(Figure 1B). There also existed smaller numbers of 
sample-specific mutations (2% primary-unique and 7% 
PDX-unique in BLCAb001, 3% primary-unique and 15% 
PDX-unique in BLCAb002), which may reflect the tumor 
progression from primary to PDX tumors. In BLCAb001, 
the VAFs of the shared mutations were centered near 
primary = 0.25 and PDX = 0.5, which may indicate higher 
tumor purity in PDX than the primary tumor. Similarly, in 
BLCAb002, most shared mutations were around primary 
= 0.25 and PDX = 0.5. Additionally, there was a small 
group of mutations near primary = 0.4 and PDX = 1.0, 

which were likely to be homozygous in the PDX (Figure 
1B).

Among the identified somatic mutations, 13 
alterations were previously found clinically relevant 
according to ClinVar or mutated in other cancers as 
summarized by COSMIC, including RS1 R209H, PIK3CA 
E542K, MLL3 R199*, LRIG3 E576K, KLHL3 S410L, 
FANCD2 L1134V, DNAH7 R1957* (BLCAb001); and 
PIK3CA E545K, NCSTN S389C, MYD88 S219C, CREBBP 
W1472C, CFTR R1066C, CDKN2A E69*(BLCAb002) 
(Figure 1C). Most of these mutations were present in both 
primary and PDXs except for CFTR R1066C, which was 
only present in the PDX. For other novel nonsynonymous 
mutations, 57 mutations occurred in Cancer Gene Census 
genes or other genes known to be recurrently mutated in 
bladder cancer genes [6, 36, 37], including 10 predicted 
loss-of-function mutations (BLCAb001: MLL2 Q1361*, 
ARID2 L47fs; BLCAb002: ZFP36L1 F253fs, MYST4 
E1398fs, MLL S2663*, KRAS E3_splice, KDM6A Q958*, 
ETV4 Q170*, ELF3 D223fs, BMPR1A R361*). The 
majority (55/57) of these potentially important mutations 

Figure 2: Histological and molecular representation of BLCAb001 and BLCAb002. A. H&E staining of original cystectomy 
and PDX tumors. B. Expression of cytokeratine 20 (CK20), CK5/6 in BLCAb001 and BLCAb002. C. RNAseq analysis of luminal and 
basal phenotype gene signature in BLCAb001 and BLCAb002.
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were present in both the primary and PDX. Only two 
mutations, RANBP2 P1380R in BLCAb001, and RYR2 
E1859K in BLCAb002, were present in the PDXs but not 
in the primary tumor (Table S2).

Mutation signature in 3 groups: common, 
primary unique, and PDX unique

All SNVs in one patient were segregated by their 
presence status in primary and PDX tumors into three 
groups: “Common”, “Unique to primary” and “Unique 
to PDX”. We analyzed mutation signature in every 
group. In all three groups in BLCAb001 and two groups 
(“Common” and “Unique to primary”) in BLCAb002, the 
mutation signatures were dominated by C > T transitions 
and C > G transversions. However, in BLCAb002 
“Unique to PDX”, the two most prevalent patterns were C 
> T transition and C > A transversions. Additionally, this
group also had elevated T > A transversions, which were
not observed in any other groups (Table S2).

Basal and luminal phenotype in BLCAb001 and 
BLCAb002, respectively

BLCAb001 and BLCAb002 were established from 
cystectomy specimens and maintained the histological 
features of the original tumors (Figure 2A). Thus, we 
decided to better characterize the histological phenotypes. 
Immunohistochemical analysis revealed that BLCAb001 
expresses lower levels of the tissue differentiation 
marker cytokeratin 20 (CK20) (Figure 2B), while had 
higher expression of cytokeratin CK5/6, as compared to 
BLCAb002. RNA-Seq analysis confirmed the upregulation 
of basal phenotype associated genes in BLCAb001 (Figure 
2C) and the upregulation of luminal phenotype associated 
genes in BLCAb002 (Figure 2D). 

Alteration of cisplatin resistance associated genes 
in primary tumors and PDXs

BLCAb001 and BLCAb002 had similar mutation 
burden, but exhibited a different response to increased 
doses of cisplatin (Figure 3A). We confirmed this 
differential response in primary tumor cells isolated 
from these tumors. Cells isolated from BLCAb001 were 
found to be less responsive to cisplatin treatment than 
BLCAb002 cells [15]. To determine whether specific 
genomic alterations were responsible for the observed 
different cisplatin sensitivity between BLCAb001 and 
BLCAb002, we compared the somatically genomic 
alterations in known cisplatin resistance associated genes 
[38]. Eight of such genes were found to be mutated (Figure 
3B), six in BLCAb001 and two in BLCAb002. Two of 
these mutations were predicted to cause loss-of-function: 

ATP7A S1444* and CASP8 Q524*. All other mutations 
were missense SNVs. In support of a genomic signature 
associated with cisplatin resistance, RNA-Seq analysis 
revealed overexpression of known cisplatin resistance 
associated genes in BLCAb001, including NRG1, EGFR, 
SLC7A11, TLE4, and IL1A (Figure S2) [39].

Overexpression of xCT is associated with cisplatin 
resistance

Differential response to cisplatin treatment has 
also been associated with overexpression of the cystine 
transporter xCT (encoded product of SLC7A11) [10, 
13]. Interestingly, BLCAb001 showed higher gene and 
protein expression of xCT, as compared to BLCAb002 
(Figure 3C). RNA-Seq analysis confirmed the 
overexpression of SLC7A11 in BLCAb001 (Figure S2). 
Further, immunohistochemical evaluation also showed 
high expression of xCT in BLCAb001 (Figure 3D). 
Additionally, we evaluated xCT expression in bladder 
cancer tumors (n = 21) arranged in a tissue microarray 
(TMA) by immunohistochemistry. High expression 
of xCT (Figure 3E) was found in 67 % (14 out of 21) 
of tumors, including PDX BLCAb001. TCGA data 
analysis for xCT expression revealed the poorer survival 
of bladder cancer patients is associated with altered 
expression (Figure 3F). These results suggest that patients 
with urothelial cancer showing high expression of xCT 
may have shorter survival due to reduced response to 
cisplatin-based regimens. Interestingly, a recent study 
revealed the epigenetic alteration of microRNA-27A 
leading to xCT overexpression in bladder cancer [13]. To 
date, the effect of gene methylation on the expression of 
xCT has not been investigated. In order to correlate xCT 
expression and methylation, we determined the SLC7A11 
(xCT) methylation status in bladder cancer patients (n = 
52) and their matched non-tumor tissues (n = 106) and
found significant hypomethylation of SLC7A11 in tumors
compared to their matched non-tumor tissues (Figure 3G).

To evaluate the association between xCT 
overexpression and cisplatin resistance, human bladder 
cancer T24 cisplatin resistance cells were generated upon 
in vitro long drug exposure. As shown in Figure S4A, 
cisplatin resistant T24 cells presented a > 1-fold increase 
in IC50 as compared to the parental cells. The decreased 
sensitivity to cisplatin was associated with an increase in 
xCT expression (Figure S4B). CD44 expression has been 
reported to be involved in cisplatin resistance [40] and its 
isoform CD44V6 has a potential role in stabilization of 
xCT [41]. Thus, we investigated the expression of CD44 
standard (CD44s) and its variants, CD44v6 and CD44v8, 
in the T24 and UMUC3 models. By q-PCR we observed 
that, while there was no difference in CD44s and CD44v8 
gene expression between parental and cisplatin-resistant 
cell lines, there was a CD44v6 overexpression in cisplatin 
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resistant T24 and UMUC3 cells as compared to the 
parental cells, confirming a possible role for xCT (Figure 
S4C). Next, we tested whether the use of a putative xCT 
inhibitor, sulfasalazine (SASP), was able to affect the 
response to cisplatin. Combination of SASP enhanced 
response to cisplatin in both cisplatin sensitive and 
cisplatin resistant cells. (Figure S4E and S4F). In addition, 
SASP effectively inhibited the colony formation of the 
cisplatin resistant cells, suggesting a role for lysosome 
function/biogenesis in the survival of xCT overexpressing 
T24 cells (Figure S4F). In addition, we performed our 
proliferation assay using the special RPMI media without 
cysteine, methionine, and glutamate. Supplementation of 
cysteine, but not methionine or glutamate, to the medium 

rescued the normal growth of T24 cells (Figures S5A and 
S5B). Taken together, these results suggest a potential role 
for targeting the cystine transporter to modulate cisplatin 
sensitivity in bladder cancer. 

PI3KCA mutation status does not correlate with 
response to a PI3K/mTOR dual inhibitor

The RNA-Seq analysis of BLCAb001 and 
BLCAb002 revealed that both patients harbored a PIK3CA 
hotspot mutation but on different residues: E542K and 
E545K in BLCAb001 and BLCAb002, respectively 
(Figure 4A). These mutations were present in the original 

Figure 3: Differential response to cisplatin treatment in PDXs and associated mutational status and gene expression. 
A. Cisplatin treatment (5 mg/kg and 10 mg/kg) had a differential effect on BLCAb001 and BLCAb002 in vivo growth. B. Mutational
status of cisplatin resistance associated genes in BLCAb001 and BLCAb002. C. RT-PCR and Western blot analysis of SLC7A11 (xCT), a
cisplatin resistance associated gene in BLCAb001 and BLCAb002 PDXs. D. Immunohistochemical evaluation of xCT in BLCAb001 and
BLCAb002. E. Percent tumors with high and low xCT expression. Immunoscore determined as high (80-100% cells positive) and low
(2-20% cells positive) [35]. F. TCGA data analysis of cBioportal showing the poor survival of patients with alteration (upregulation) of
SLC7A11 (xCT). Logrank test p-value 0.0312. G. SLC7A11 gene methylation in human bladder cancer patients primary tumors (n = 22)
and the matched non-tumor tissues (n = 106). This graph shows the presence of DNA hypomethylation within the SLC7A11 locus. Each
data point represents the average methylation of 2 CG sites most significantly hypomethylated in tumors when compared to normal bladder
tissues.
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tumors and in the established PDXs, and were confirmed 
in the derived cells lines (Table S2). Since PI3KCA helical 
hotspot mutations (E542K and E545K) are common 
(25%) in bladder cancers [42], we were interested to test 
whether this mutational status was associated to response 
to a targeted therapy. In vivo treatment with the dual 
PI3K/mTOR inhibitor LY3023414 (LY414) demonstrated 
a significant anti-tumor effect only in BLCAb002 and 
not in BLCAb001 (Figure 4A and 4B). The inhibition of 
tumor growth by LY414 was associated with inhibition 
of phosphorylated AKT (ser473) and phosphorylated 
S6 kinase (evaluated after 24h of drug treatment) in 
BLCAb002 but not in BLCAb001 (Figure 4C). While 
the initial tumor size is about 20% lower in BLCAb002 
tumors compared to BLCAb001 tumors, the final size of 
the tumor at the end of treatment is about 3 fold (150%) 
lower in BLCAb002 tumors. We found there was no tumor 
size difference with the treatment in BLCAb001 tumors. 
We have repeated the experiment with same initial tumor 

size of BLCAb001 and BLCAb002 tumors and found 
significant tumor growth inhibition in BLACb002 tumors 
but not in BLCAb001 tumors (Figure S10). These results 
suggest that some additional molecular alterations or the 
cross talk of cisplatin resistant genes may contribute to 
the relative resistance of BLCAb001 to LY414 despite the 
presence of an activating PI3KCA mutation. Indeed, our 
RNAseq analysis revealed the overexpression of known 
genes associated with resistance to AKT inhibition such 
as phosphatidylinositol-4-phosphate 3-kinase C2 domain-
containing gamma polypeptide (PIK3C2G), insulin 
receptor substrate 1 (IRS1) and serum- and glucocorticoid-
regulated kinase (SGK1) (Figure S6) [43-45]. 

Thus, we evaluated the cytotoxic effects of LY414 
on cells isolated from the two PDXs. Similarly to the 
in vivo results, BLCAb002 cells were found to be more 
sensitive to LY414 as compared to BLCAb001 (Figure 
4D). The IC50 for LY414 was 143.94 nM and 45.06 
nM in BLCAb001 and BLCAb002 cells, respectively. 

Figure 4: Differential response of PIK3CA mutated BLCAb001 and BLCAb002 to LY414. A. PI3KCA mutations in 
BLCAb001 (E452K) and BLCAb002 (E545K). Color codes- Yellow orange color indicates P13K alpha helical domain. B. Anti-tumor 
effects of LY414 on PDXs BLCAb001 and BLCAb002 tumors (upper panels), tumor weights at the end of treatment (EOT) (lower panels). 
C.. Western blot analysis of the effect of LY414 treatment on p-AKT, p-mTOR, and pS6 in BLCAb001 and BLCAb002 PDXs. D. Effect 
of LY414 on BLCAb001 and BLCAb002 cells isolated from PDX cultured in DMEM. Statistical analysis of ANOVA was performed to 
determine the significance p≤ 0.001. E. Western blot analysis of the effect of LY414 treatment on p-AKT and p-S6K in BLCAb001 and 
BLCAb002 derived cells cultured in DMEM. 
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Interestingly, the target of LY414 p-AKT (ser473) was 
inhibited in both cells at an early time point, but only in 
BLCAb002 at 24 and 48 hrs (Figure 4E). Same results 
were observed for thr308 phosphorylation site (Figure 
S8A). We observed p-S6 inhibition in both the tumor cell 
models, also at later time points. When we tested selected 
agent for either mTOR (RAD001) or AKT (MK2206) 
inhibition, we observed target inhibition in both 
BLCAb001 and BLCAb002 (Figure S8B). The inhibition 
was maintained also at 24 and 48 hrs (Figure S8C). In 
order to confirm that BLCAB001 tumors in general are 
less sensitive to the drugs targeting P13K/mTOR inhibitors 
compared to BLCAb002 tumors, we have determined the 
p-AKT, downstream makers after treating the cells with
BEZ235 (250 nM) and BKM120 (500nM). As the results
shown with LY414 treatment, we found pronounced

inhibition of p-AKT in BLCAb002 cells which are 
more sensitive to P13K/mTOR inhibitors compared to 
BLCAb001 cells (Figure 9SA, 9SB). Interestingly, when 
we combined LY414 with bromodomain inhibitor JQ, 
we observed inhibition of p-AKT in BLCAb001 cells, 
which was not observed with LY414 alone (Figure 9S C). 
Additional studies are warranted to investigate how JQ 
combination optimized the P13K/mTOR dual inhibitor 
LY414.

Interestingly, the differential cytotoxicity effect 
of LY414 between the two models was not observed 
when the cells were tested in insulin enriched RPMI F 
media (Figure S7A). The IC50 was 212.9 nM and 208 
nM for BLCA001 and BLCAb002, respectively (Figure 
S7B). These results suggest that enriched media with 
insulin may compensate the AKT pathway inhibition. 

Figure 5: Differential expression and modulation of autophagy in BLCAb001 and BLCAb002. A. RNA-Seq analysis data 
showing the differential expression of autophagy genes in BLCAb001 and BLCAb002. B. Differential effect of LY414 on autophagy and 
apoptosis markers in BLCAb001 and BLCAb002 derived cells.
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Finally, we examined whether modulation of autophagy 
could be responsible for the observed differential 
response to LY414 between the two models. Thus, in 
our RNA-Seq analysis we observed overexpression of 
BNIP3 and BCL11A, and downregulation of BCL2L14, 
ULK2, RAB11FIP4 and BAG1 in BLCAb001 tumors 
as compared to BLCAb002 (Figure 5A). Western blot 
analysis confirmed the persistence of autophagy protein 
expression in BLCAb001 cells treated with LY414, but 
downregulation of Beclin-1 and LC3B I/II in BLCAb002 
cells, associated with cleaved PARP. 

E542 mutation is associated with weaker binding 
of LY414 to PI3K

Based on the different biological effect elicited by 
LY414, we investigated whether the mutation type could 
contribute by affecting the affinity of the compound to the 
substrate. Protein-ligand binding orientation was analyzed 
with the Sybyl-X 2.0 program. After docking, the best 
binding conformation of the compound with the protein 
was selected based on C score values. C score is the 
scoring system used to rank the binding affinity of ligands 

Figure 6: Effect of E542K and E545K mutations on LY414 binding to PI3K. A. Docking results for BLCAb001 and BLCAb002 
with LY414 (Kcal/mol). The Crash score reveals inappropriate penetration into the binding site. The Polar score identifies the Region of 
the ligand. The D score defines the charge and van der waals interactions between the protein and ligand. The PMF score defines the 
Helmholtz free energies for protein-ligand atom pairs interactions. The Gscore identifies the Hydrogen bonding, ligand-protein and internal 
ligand-ligand energies. The Chem score identifies the points for hydrogen bonding, lipophilic contact and rotational entropy, along with 
an intercept term. Finally, the C-score is the consensus scoring which uses multiple types of scoring functions to rank the overall affinity 
of ligands. A higher C-score value denotes a greater binding affinity. The increased negative values of Crash score, Chem score, D-score, 
G-score and Potential Mean Force scores (PMF) indicate the high binding energy between the protein-ligand complexes. The low values
indicate the least binding affinity of the compound towards the target. The binding energies are expressed in Kcal/mol unit. B. Binding
mode in BLCAb001 (E542K mutation) and BLCAb002 (E545K mutation).
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and is based on different scoring functions, including crash 
score, polar score, D score, PMF score, G score and Chem 
score, ranging between 0 (low ) to 5 (high). The binding 
parameters for BLCAb001 and LY-3023414 are presented 
in Figure 6A. The BLCAb001 and LY-3023414 binding 
had a C-score value of 2.21. The LY-3023414 interacts 
with residues Ser 312 and Cys 838 as depicted in Figure 
6B. BLCAb002 and LY-3023414 complex has a C-score 
value of 4.23 and it interacts with Glu 237 and Lys 678 
residues of BLCAb002 (Figure 6B). The binding of LY-
414 to the wild type protein had a C score of 2.51 which 
is similar as BLCAb001 (data not shown). These results 
suggest that the E545K mutation observed in BLCAb002 
may induce conformational changes in the PI3K protein 
that could lead to greater binding of LY414 and a stronger 
inhibitory effect. Lysine is a very dynamic amino acid 
in the proteins, being oxidized by lysyl oxidase (LOX) 
an enzyme whose functional significance on tumor 
progression and metastasis is known [46, 47]. Further, 
oxidation of specific position lysine molecule opens 
the protein-protein interactions that influence the tissue 
remodeling and drug response. Since the E545 mutation 
we found in BLCAb002 has a lysine at 545 position that 
may be involved in formation of drug binding pocket 
and more LY414 drug may bind to PI3K and inhibit the 
protein.

DISCUSSION

Precision medicine aimed to develop more tailored 
and effective cancer treatments is currently based on 
genomic profiling of either tumor tissues or liquid 
biopsies. The clinical challenge is whether the molecular 
findings are predictive of response to targeted therapies in 
cancer patients. Our preclinical observations suggest that, 
at least in bladder cancer, a composite genetic signature 
may be more predictive of response to cisplatin than a 
specific mutational status to a PI3K inhibitor. 

Patient-derived xenografts (PDXs), along with 
genetically engineered mouse models (GEMMs), are 
becoming an important tool for drug development in 
several tumor types, including urothelial carcinoma [48]. 
In our exosome sequencing study, the PDXs maintained 
the same genetic make-up as the original tumors. 
In each case, 80-90% of all somatic mutations were 
present in both the primary and PDX tumors. There was 
only a small fraction (7% and 15% in BLCAb001 and 
BLCAb002, respectively) of PDX-specific mutations, 
and even a smaller number (2% and 3% in BLCAb001 
and BLCAb002, respectively) of mutations present only 
in the primary tumor. These small differences may reflect 
either the addition or loss of mutations during tumor 
progression from primary to PDXs. Alternatively, some 
of these genetic differences may be explained by tumor 
heterogeneity. Overall, our results in bladder cancer 
models confirm the genomic similarity between the 

original tumor and the derived PDXs as reported also in 
other tumor types, and support the clinical relevance of 
utilizing bladder cancer PDXs for drug development. 

Cisplatin resistance is one of the major challenges 
for the management of bladder cancer. The resistance 
mechanisms may be intrinsic or acquired [5, 49]. Several 
mechanisms have been proposed, including reduction of 
intracellular drug accumulation by either reduced uptake 
[38] or increased efflux by transmembrane pumps, such
as the multidrug resistance 1 (MDR1)/p-glycoprotein and
ATP binding cassette (ABC) protein [49]. Furthermore,
overexpression of MDR1 has been shown to enhance
DNA damage repair and to reduce induction of apoptosis
[50]. In addition, solute carrier importers CTR1, the SLCs,
AQP2, AQP9 and endocytic recycling compartment
have been reported as cisplatin resistance regulators
[51]. Upregulation of novel genes, including LUM,
DCN, PDE3B, PDGF-C, NRG1, PKD2, IL1A have been
shown to be overexpressed in cisplatin resistant cell lines
[39]. In our cisplatin resistant PDX model, BLCAb001,
we observed genomic alterations of several cisplatin
resistance associated genes, such as Casp8, SLC7A11,
TLE4, and IL1A. We have also observed overexpression
of the membrane bound cystine/glutamate exchanger xCT,
a lysosome regulatory protein and its stabilizer CD44v6
in cisplatin resistant PDX and cells. Recent studies have
reported the association of the cystine transporter xCT
with cisplatin resistance in bladder cancer [13], and its
potential prognostic role in hepatocellular carcinoma
[52]. Drug repurposing of sulfasalazine, a xCT inhibitor,
is currently in clinical testing [53]. Taken together, our
findings suggest a role for xCT in the resistant phenotype
and provide not only an additional potential predictive
marker to be incorporated in a composite molecular
signature for cisplatin resistance, but also a rational target
for therapeutic interventions in patients with bladder
cancer.

Genomic profiling of our PDX models showed two 
canonical PIK3CA mutations, which activate the PI3K/
AKT/mTOR signaling pathway. BLCAb001 possesses 
a PIK3CA activating mutation (E542K), which is less 
common than E545K present in BLCAb002 [54, 55]). 
Thus, we expected both tumors to respond to a targeted 
PI3K inhibitor [56, 57]). To our surprise, LY414 treatment 
did not significantly inhibit either the in vitro or in vivo 
growth of BLCAb001, and did not induce sustained 
target modulation, as compared to the BLCAb002 model. 
Several potential mechanisms may be responsible for this 
differential response. Our RNA-Seq data analysis revealed 
overexpression of several genes, including SGK1, IRS1, 
and PIK3C2G in BLCAb001 (Figure S6), which are 
known resistance markers for P13K/AKT targeted agents 
[43-45]. Interestingly, when we cultured BLCAb001 
cells in enriched RPMI F medium with growth factors 
and insulin we were able, in part, to restore sensitivity to 
LY414 (Figure S7). Thus, we speculate that the in vitro 
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presence of insulin may artificially hyper-activate PI3K 
signaling in BLCAb001 cells that is responsible for 
increased glycolysis and aldolase mobilization leading 
to increased vulnerability [58]. As shown in the in vitro 
experiments, we observed LY414 induced inhibition of 
p-AKT, both at the ser473 and the thr308 phosphorylation
sites, in BLCAb001 only at early time of exposure (30-90
minutes), but not at 24 and 48 hrs. If we used a selected
AKT inhibitor we did not observed this difference. Thus,
we hypothesize that in BLCAb001, but not in BLCAb002,
inhibition of PI3K may induce a feed-back upregulation
of receptor tyrosine kinases and, consequently, re-
induction of pAKT and sustained autophagy, as reported
in other tumor systems [59]. Recent studies have shown
activation of autophagy as one of the critical molecular
alterations that limits the anti-tumor effects of PI3K/
mTOR inhibitors [60]. Our RNAseq data showed BNIP3
and BCL11A upregulation, and ULK2, BAG1, RAB11FIP4
and BCLL14 downregulation in BLCAb001 tumors,
mirroring the higher levels of LC3B I/II by Western blot
analysis (Figure 5A and 5B). Interestingly, the treatment
of sulfasalazine, an inducer of autophagic cell death,
enhanced the efficacy of cisplatin resistant BLCAb001
cells. Taken together, these observations suggest that
the autophagy may contribute to the observed resistance
LY414 in BLCAb001 cells.

The presence of two similar but distinct hot-spot 
mutations in BLCAb001 and BLCAb002 lead us to 
explore the possibility that the differential mutational 
status could have an impact on the affinity for LY414. 
Interestingly, the docking results suggest that there might 
be a significant difference in the binding of the compound 
with the two mutants. Simulation of BLCAb002 and 
LY414 interaction suggest a higher binding affinity than 
the BLCAb001 and LY414 complex, as indicated by the 
differences in C scores. Thus, when we compared the 
binding affinity of LY414 with the mutants (BLCAb001 
and BLCAb002) and the wild type, the best binding 
affinity for the compound was observed for BLCAb002. 
This observation may provide an additional mechanism 
responsible for the differential effect of LY414 in the two 
bladder cancer PDXs and raises the question whether 
different mutations may have different drug binding 
affinities and, consequently, different drug sensitivity. We 
can speculate that the difference in binding affinity due to 
conformational changes may be also in part responsible 
for the lack of sustained in vitro target modulation by 
LY414 observed in BLCAb001. To our knowledge, there 
are no prior reports showing potential differential effects 
of E542K and E545K mutations on PI3K drug binding. 
These findings might provide a rationale for focusing the 
development of LY414 specifically for bladder cancer 
patients with a E545K mutation. Additional experimental 
validation studies are required to confirm these findings. 

In conclusion, our results suggest that the 

identification of PIK3CA mutations through genomic 
profiling may not necessarily predict response to PI3K 
targeted therapies in mouse models and, likewise, in 
patients with urothelial carcinoma. Several “by-pass” 
mechanisms may influence treatment response. In our 
PDX models, we observed that a composite genetic and 
molecular signature may be more likely associated with 
cisplatin sensitivity/response. Additional molecular 
studies are warranted to identify specific gene mutations/
alterations responsible for the differential response to 
treatment in these PDX models. The development and 
validation of genomic signatures will help the clinical 
implementation of effective targeted therapies for bladder 
cancer. 

MATERIALS AND METHODS

The RPCI Institutional Review Board gave approval 
for this study. Patients consented to remnant tissue 
procurement for next generation sequencing of their 
samples. Sequencing was performed according to a RPCI 
IRB approved investigator initiated protocol. 

Whole exome sequencing (WES)

Individual exome capture of each DNA sample was 
carried out using the SureSelectXT Reagent kit as per 
manufacturer’s recommendation (Agilent Technologies, 
Inc.). 3 µg of genomic DNA was fragmented to a size 
range of 150-200 bp followed by end repair, adaptor 
ligation, and low cycle (5) PCR. Libraries were purified 
and validated for appropriate size (225-275 bp) on a 
2100 Bioanalyzer High Sensitivity DNA chip (Agilent 
Technologies, Inc.). 750 ng of purified library was then 
hybridized to the SureSelectXT Human All Exon 50 
Mb library for 18 hours at 65°C. The captured regions 
were then bound to Streptavidin T1 magnetic beads 
(Life Technologies, Inc.) and washed to remove any 
non-specific bound products. Eluted library underwent 
a second 11 cycle PCR amplification using Herculase II 
Fusion Polymerase (Agilent Technologies, Inc.) to add 
sample specific barcodes necessary for multiplexing. Final 
libraries were purified, validated for size by a BioAnalyzer 
(250-350 bp), and quantitated using KAPA qPCR. 
Individual libraries were pooled (3-plex) in equimolar 2 
nM final concentration. Each pool was normalized to 10 
pM, loaded and clustered to individual lanes of a HiSeq 
Flow Cell using an Illumina cBot (TruSeq PE Cluster Kit 
v3), followed by 2 x 101 PE sequencing on a HiSeq2000 
sequencer according to the manufacturer’s recommended 
protocol (Illumina Inc.).



Oncotarget  631www.impactjournals.com/oncotarget

Detection of somatic sequence mutations in 
primary tumor

High quality paired-end reads passing Illumina 
RTA filter were aligned to the NCBI human reference 
genome (GRCh37) using BWA [16]. PCR duplicated 
reads were marked using Picard [17]. Putative SNVs 
and Indels were identified by running variation detection 
module of Bambino [18]. All putative SNVs were further 
filtered based on a standard set of criteria to remove the 
following common types of false calls: (1) the alternative 
allele was present in the matching normal sample and 
the contingency between the tumor and normal samples 
was not statistically significant; (2) the mutant alleles 
were only present in one stand and the strand bias was 
statistically significant; (3) the putative mutation occurred 
at a site with systematically reduced base quality scores; 
(4) the reads harboring the mutant allele were associated
with poor mapping quality. Ambiguous calls were
manually inspected to ensure accuracy. Putative indels
were evaluated by a re-alignment process to filter out
potential false calls introduced by unapparent germline
events, mapping artifacts and homopolymer. All mutations
were annotated using ANNOVAR [19] with NCBI RefSeq
database.

Detection of somatic sequence mutations in 
xenograft tumors

To filter out reads caused by mouse stromal 
contamination in PDX, all reads from the PDXs were run 
through an in silico approach to determine the species 
of origin. More specifically, we first created a combined 
reference sequence containing the sequences of all 
chromosomes in the NCBI genome assemblies of human 
(GRCh37) and mouse (GRCm38), and then aligned reads 
from PDX to the combined reference sequence using 
BWA. Only reads classified of human but not mouse origin 
were kept in downstream analyses. Afterwards, standard 
somatic mutation calling was performed on PDX with 
the matched normal as described previously. For testing 
purpose, we also performed somatic mutation calling on 
the uncleaned PDX data to evaluate the effect of mouse 
contamination on the somatic mutation calling.

Comparing mutations in xenograft and primary 
tumors

All unique somatic mutations identified from the 
primary tumor or PDX were re-visited in both the primary 
tumor and matched PDX BAM files. The number of 
mutant and non-mutant reads at the site of each mutation 
in all BAM files were extracted using Mutation Reads 
Extractor (manuscript in submission) to calculate coverage 

and variant allele fraction (VAF). 

Sanger validation

PCR amplicons targeting the PIK3CA and CASP8 
regions were generated with gene specific primers (Table 
S3 and S4) using a touchdown PCR protocol with the 
following parameters: 94°C for 15 min, followed by 45 
cycles of 94°C for 20 seconds, 68°C initial annealing 
for 30 seconds (followed by 1°C reduction of temperate 
per cycle to a final annealing temperature of 58°C for 
remaining 35 cycles), and 72°C for 1 min. Amplicons 
were purified using the QIAquick® PCR Purification 
Kit (QIAGEN Inc., Valencia, CA) as per manufacturer 
instructions. Ten microliter aliquots for each sample were 
run on a 2% agarose gel for 1 hour at 100V to confirm 
the correct amplified length (~250 bp). The products were 
tagged using Big Dye Terminator v3.1 Master Mix Kit 
(Life Technologies™, Carlsbad, CA) as per manufacturer 
instructions, and purified over hydrated Sephadex-G50 
from Sigma-Aldrich (Sigma-Aldrich®, St. Louis, MO), 
in Multiscreen HV Plates (Thermo Fisher Scientific Inc., 
Waltham, MA). The eluted samples were placed on a 
3130xl ABI Prism Genetic Analyzer and run on the default 
settings for 50 cm Array using POP-7 Polymer. The data 
was analyzed with Sequencing Analysis 5.2 software (Life 
Technologies™, Carlsbad, CA).

RNA-Seq analysis

Raw reads that passed quality filter from Illumina 
RTA were first pre-processed by using 1) FASTQC for 
sequencing base quality control and 2) cutadapt to remove 
adapter sequences if applicable. Those reads were then 
mapped to the latest mouse reference genome (mm10) 
and ENSEMBLE annotation database using Tophat [20] 
or STAR [21]. A second round of QC using RSeQC [22] 
was applied to mapped bam files to identify potential 
RNA-Seq library preparation problems. From the mapping 
results, reads that matched a single unique location in the 
genome were kept, allowing up to two mismatches for 
further analysis. The number of reads aligning to each 
gene were calculated using HTSeq [23]. Differentially 
expressed genes were identified using DESeq2 [24], 
a variance-analysis package developed to infer the 
statically significant difference in RNASeq data. A 
biological hypothesis was also tested using a generalized 
linear model implemented in DESeq2 by construct 
corresponding contrasts. Multiple testing corrections were 
applied. The list of differentially expressed genes (DEGs) 
were analyzed for enriched Gene Ontology and/or KEGG 
pathway term with the GAGE [25] Bioconductor package. 
GSAASeqSP [26]was also applied for pathway analysis 
that utilizes p-values from all genes instead of only DEGs.
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Modelling of mutant structures and affinity 
binding to PI3K

The experimental structures for mutants BLCAb001 
and BLCAb002 Phosphoinositide 3-kinase (PI3K) were 
not available and hence the mutant structures were 
modelled using the MODELLER 9.16 [27] using the the 
crystal structure of Pi3K alpha lipid kinase (PDB ID: 
4YKN as template [28]. The constructed models were 
validated through PROCHECK [29]and ProSA [30]
servers. The ligand structure (LY-3023414) was retrieved 
from the TOXNET’s Chem-IDplus database [31]. Sybyl-X 
2.0 (Tripos international, USA) [32] was used for the 
present study. 

Cell cuture and cisplatin resistant cells

BLCAb001 and BLCAb002 cells were isolated from 
primary tumors of urothelial cell carcinoma of bladder and 
were originally authenticated by chromosome karyotyping 
[15]. Cells were cultured using enriched F-medium 
supplemented with ROCK inhibitor and insulin growth 
factor as described previously [33]. These cells were 
recently ( < 6 months) confirmed to be of human origin 
with the detection of the human specific Alu gene by RT-
PCR. Human bladder cancer cells lines, T24 and UMUC3, 
were purchased from ATCC. No authentication was done. 
The cells were cultured in RPMI-1640 medium with 10% 
FBS. Cisplatin resistant ( > 10 fold) cells, T24-Cis and 
UMUC3-Cis, were generated by continuous treatment of 
cisplatin (gradual increase) for approximately 5-months. 

Tumor cell growth inhibition

Tumor cell growth inhibitory effect of cisplatin, 
sulfasalazine alone and in combination, was evaluated by 
SRB assay [34]. Effect of PI3K/mTOR/AKT inhibitors, 
LY414, RAD001, and MK2206, was determined by 
MTT cell proliferation assay kit as described by the 
manufacturer (ThermoFisher Scientific). LY414 was 
kindly provided by Eli Lilly and Company. The other 
compounds were purchased (Selleckchem, Houston TX).

Colony formation assay

Bladder cancer cells (3 x 102) of parental and 
cisplatin resistant T24 and UMUC3 cell lines were 
seeded in plates and allowed to grow overnight. Cells 
were treated with cisplatin, xCT inhibitor sulfasalazine 
alone and in combination with cisplatin for 24 to 48 h. 
Medium was removed and the cells were rinsed with PBS, 
fresh medium was added, and cells were allowed to grow 
for 3 to 4 weeks. Cells were then fixed and stained with 
methylene blue, photomicrographs were captured, and 

colonies were counted. 

Western blot analysis

Protein extracts were isolated from tumor tissue 
using a polytron homogenizer and cells were extracted 
by sonication in lysis buffer. Forty micrograms of protein 
were separated by gel electrophoresis followed by transfer 
on to a PVDF membrane. Western blot analysis was 
performed using the primary antibodies for xCT (1:500 
dilution, Abcam), mTOR (1:1000 dilution, Cell Signaling), 
p-mTOR (1:1000 dilution, Cell Signaling); Akt (1:1000
dilution, Cell Signaling) p-Akt (1:1000 dilution, Cell
Signaling), p-PRAS40 (1:1000 dilution) p-S6 (1:1000
dilution, Cell Signaling), β-actin or GAPDH were used as
loading controls.

Quantitative RT-PCR

Gene expression at the mRNA level was determined 
by performing quantitative RT-PCR (qRT-PCR) as 
described earlier [34]. Briefly, RNA was isolated from 
tumor tissue and cells using Trizol reagent and prepared 
cDNA using the high efficiency cDNA synthesis kit (Life 
Technologies). Gene specific primers were utilized to 
determine expression levels of genes with SYBR Green 
PCR Master Mix (Life Technologies) with CFX96 Touch 
Real-Time PCR Detection system (Bio-Rad). β-actin was 
used as an internal control. Normalized fold expression of 
genes was determined using the CFX Manager Software.

Patient derived tumor xenografts, drug treatment, 
and tumor growth

Two patient derived tumor xenografts (PDXs), 
BLCAb001 and BLCAb002, were generated using fresh 
primary tumors from bladder cancer patients as described 
by us earlier [15]. For evaluation of drug efficacy, small 
pieces of PDXs were surgically transplanted into SCID 
mice subcutaneously and allowed to establish. When 
the tumors reached approximately 100-200 mm3, mice 
were randomized into groups of 5-8 mice and treated 
with vehicle, LY414 (5 mg/kg BID by oral gavage), or 
cisplatin 5 mg/kg or 10 mg/kg weekly by intraperitoneal 
injection). Tumor sizes were blindly measured weekly 
along with the body weight of mice. At the end of the 
treatment, tumors were collected, weighed, and processed 
for formalin fixation and small pieces were frozen for 
protein extraction. 

Immunohistochemical evaluation

We determined the expression of various molecular 
markers in the original cystectomy tumor samples and 
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their PDXs BLCAb001 and BLCAb002 along with human 
bladder cancer tumors arranged in tissue microarray 
(TMA). Standard immunohistochemical protocols were 
followed as previously described by us earlier [15, 35]. 
Briefly, formalin fixed paraffin embedded tumors were 
used to prepare sections (5 µm), deparaffinized followed 
by rehydration and antigen unmasking in sodium citrate 
buffer (pH 6.0). Primary antibodies xCT (1:400 dilution), 
AKT, p-AKT, mTOR, p-mTOR, and cytokeratin 5/6/20, 
were used for overnight incubation at 4oC, followed 
by their respective horseradish-conjugated secondary 
antibody for 1hr. Photomicrographs were captured using a 
Zeiss Axio (Peabody, MA) microscope.
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ABSTRACT
Bevacizumab is a monoclonal antibody targeting vascular endothelial growth 

factor (VEGF) with in vitro pro-apoptotic and antiangiogenic effects on chronic 
lymphocytic leukemia (CLL) cells. As monotherapy in patients with CLL, it has no 
clinical activity. Here we report the results of an open-label, randomized phase II trial 
comparing the combination of pentostatin, cyclophosphamide and rituximab (PCR) 
either without or with bevacizumab (PCR-B) in previously untreated CLL patients. A 
total of 65 evaluable patients were enrolled, 32 receiving PCR and 33 PCR-B. A higher 
rate of grade 3-4 cardiovascular toxicity was observed with PCR-B (33% vs. 3%, p < 
0.003). Patients treated with PCR-B had a trend for a higher complete remission (CR) 
rate (54.5% vs 31.3%; p = 0.08), longer progression-free survival (PFS)(p = 0.06) 
and treatment-free survival (TFS)(p = 0.09). No differences in PFS and TFS by IGHV 
mutational status were observed with the addition of bevacizumab. A significant post-
treatment increase in VEGF levels was observed in the PCR-B arm (29.77 to 57.05 
pg/mL); in the PCR-B arm, lower baseline CCL-3 levels were significantly associated 
with achievement of CR (p = 0.01). In conclusion, the addition of bevacizumab to 
chemoimmunotherapy in CLL is generally well-tolerated and appears to prolong PFS 
and TFS.

INTRODUCTION

Although chemoimmunotherapy (CIT) has 
substantially improved response rates, treatment free 
survival, and overall survival in patients with chronic 
lymphocytic leukemia (CLL)[1, 2], only 40-50% of 
patients achieve a complete remission (CR) and the 
majority have residual disease when evaluated using 
sensitive assays.[3]  Approaches to both improve CR 
rates and reduce residual disease post CIT may reside 
on treatment strategies that modify the well-known 
positive influence on CLL B cell survival exerted by the 
microenvironment.

Interactions with various nurturing environments 
can enhance CLL B-cell resistance to apoptosis.[4] These 
interactions include cytokine mediated pro-survival signals 

by angiogenic molecules, such as vascular endothelial 
growth factor (VEGF) and basic fibroblast growth factor 
(b-FGF) , which nurture CLL B-cells and promote the 
survival of CLL B-cells in part through up regulation of 
anti-apoptotic proteins.[5-7] In fact, both CLL B-cells 
and marrow stroma produce pro-angiogenic molecules, 
including VEGF and b-FGF, which can act in an autocrine 
or paracrine fashion to enhance leukemic B-cell resistance 
to apoptotic cell death.[8-11]

Bevacizumab is a monoclonal antibody targeting 
VEGF and has been shown to play a pro-apoptotic and 
anti-angiogenic effect on CLL cells in vitro.[12, 13] 
As a monotherapy, no significant clinical activity was 
observed with bevacizumab in patients with relapsed 
refractory CLL.[14] Multiple studies in solid tumors, 
however, suggest that bevacizumab has its greatest 
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effect in combination with chemotherapy. [15-17] 
Higher VEGF levels have also been shown to predict 
less favorable outcomes among CLL patients receiving 
CIT, providing further rationale for testing the effect of 
anti-VEGF therapy in combination with CIT for patients 
with CLL.[18] Here we conducted a randomized phase 2 
CIT trial where we used pentostatin, cyclophosphamide, 
and rituximab with (PCR) with an anti-VEGF agent, 
bevacizumab (PCR-B), or without bevacizumab (PCR) for 
patients with progressive but previously untreated CLL.

RESULTS

Baseline characteristics

The study opened in January 2009 and completed 
accrual of 68 patients in January 2013. Thirty-five patients 
were treated with PCR-B and 33 patients were treated with 
PCR. Of the 68 patients accrued, 3 were not evaluable 
(PCR-B: 2, PCR: 1) due to incorrect diagnosis, treatment 
on the wrong study arm, and withdrawal prior to receiving 
treatment, and were excluded from all analyses. Baseline 
characteristics of the 65 patients evaluable for the primary 
endpoint (PCR-B: 33, PCR: 32) did not differ significantly 
between the 2 arms (Table 1). 

Table 1: Baseline characteristics

PCR, pentostatin, cyclophosphamide, and rituximab; B, bevacizumab; ALC, absolute lymphocyte count; IGHV, 
immunoglobulin heavy chain variable region gene; FISH, fluorescence in situ hybridization
1 By CT scan
2 IGHV could not be determined in 6 patients from PCR-B and 5 patients from PCR. These patients were excluded in the 
calculation of the percentage for IGHV mutational status.
3 Two patients on Arm A are reported under ‘other’ FISH category.  One patient reported a 13q14 = 89%, Ig 1 = 40%, and one patient 
reported a partial deletion of the 51 lgH region.  One patient from Arm B had 8q24.1 (MYCx3).
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Toxicity

Patients received a median of 6 cycles (range, 
1-6 cycles) in each arm. Twenty-seven (81.8%) patients
completed the intended 6 cycles of PCR-B on Arm A,
and 27 (84.4%) 6 cycles of PCR on Arm B. Reasons for

treatment discontinuation before completion of 6 cycles 
of PCR-B were patient choice, infectious complication 
(pneumonia) and cardiovascular complications 
(hypertension, myocardial ischemia, congestive heart 
failure, and aortic dissection); reasons for treatment 
discontinuation of PCR were pneumonia, nausea, 

Table 2: Grade 3+ toxicity at least possibly related to treatment.

CTCAE Classification
PCR

Arm B
(N = 32)

PCR-B
Arm A

(N = 33)
Grade 3+ Grade 3+

Heme toxicity (grade 3+) 10 (31.3%) 12 (36.4%)
Non-heme toxicity (grade 3+) 9 (28.1%) 18 (54.5%)
Neutropenia 7 (21.9%) 9 (27.3%)
Thrombocytopenia1 1 (3.1%) 5 (15.1%)
Hemoglobin decrease1 2 (6.3%) 1 (3.0%)
Dyspnea 0 3 (9.1%)
Left ventricular failure 0 2 (6.1%)
Left ventricular dysfunction 0 1 (3.0%)
Sepsis 1 (3.1%) 1 (3.0%)
Fatigue 0 1 (3.0%)
Hypertension 1 (3.1%) 7 (21.2%)
Headache 0 1 (3.0%)
Confusion 1 (3.1%) 0
Depressed consciousness 1 (3.1%) 0
Neurological decline4 1 (3.1%) 0
Protein Urine Positive 0 2 (6.1%)
Creatinine increase 1 (3.1%) 2 (6.1%)
Nausea 1 (3.1%) 1 (3.0%)
Cystitis 0 1 (3.0%)
Ascites 0 1 (3.0%)
Bladder hemorrhage 0 1 (3.0%)
Bladder pain 0 1 (3.0%)
Blood disorder 0 1 (3.0%)
Cough 0 1 (3.0%)
Myocarditis 0 1 (3.0%)
Dehydration 0 1 (3.0%)
Renal Failure 1 (3.1%) 1 (3.0%)
Serum sodium increase 0 1 (3.0%)
Serum sodium decrease 1 (3.1%) 0
Vomiting 1 (3.1%) 2 (6.1%)
Torsade de pointes 0 1 (3.0%)
Vascular disorder 0 1 (3.0%)
Fever 1 (3.1%) 0
Blood glucose increase 1 (3.1%) 0
Diarrhea 1 (3.1%) 0
Hypersensitivity 1 (3.1%) 0
Intracranial Hemorrhage 0 1 (3.0%)
Febrile Neutropenia 0 1 (3.0%)
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neurological symptoms, and treating physician choice. 
During treatment, 7 patients experienced a dose delay 
(1 on PCR-B [Arm A] and 6 on PCR [Arm B]), and 1 
patient (Arm B) required a dose reduction in pentostatin 
and cyclophosphamide. Three patients on PCR-B required 
temporary omission of Bevacizumab due to hypertension, 
need for polypectomy, and proteinuria (in the latter case, 
it was discontinued at cycle 5, and not resumed later). 
Five patients did not receive Bevacizumab on day 43 of 
cycle 6: 2 due to patient decision, one missed in error, 
one febrile neutropenia, and one central nervous system 
hemorrhage. One patient in Arm B required temporary 
omission of rituximab due to cytokine release syndrome.

Grade 3+ adverse events observed during treatment 
in both arms are reported in Table 2. Twenty-three of 
33 patients (69.7%) on PCR-B and 14 of 32 patients 
(44%) on PCR experienced at least one grade 3+ event 
at least possibly related to treatment (p=0.05). Nine of 33 
patients (27.3%) on PCR-B and 5 of 32 patients (15.6%) 
on PCR experienced a grade 4+ event at least possibly 
related to treatment (p=0.37). Grade 3-4 cardiovascular 
toxicity was present in 11 patients from PCR-B (7 cases 
of hypertension, one myocarditis, one left ventricular 

dysfunction, one left ventricular failure, and one with 
Torsade de Pointes with left ventricular failure) and one 
patient from PCR (hypertension) (33% vs. 3%, p<0.003). 

Treatment response

All 65 eligible patients were evaluable for response 
after therapy. On the PCR-B arm, all 33 patients had a 
response (100% overall response rate), with 18 patients 
(54.5%) having a CR or CR with incomplete marrow 
recovery (CR-i). On the PCR arm, 31 patients had a 
response (96.9% overall response rate), with 10 patients 
(31.3%) evaluated as a CR or CR-i (p=0.08). The > 
4 patient difference in CR/CR-i between arms met 
the protocol specified criteria to select PCR-B as the 
recommended arm for further study. 

A MRD-negative remission was achieved at the 
end of treatment in 7/21 (33.3%) patients on PCR-B, and 
5/22 (22.7%) on PCR (Table 3). There was no statistically 
significant relationship between any baseline prognostic 
characteristic and achievement of CR/CR-i or MRD 
eradication in the PCR-B arm. 

Table 3: Response to therapy
PCR-B

(Arm A)
(N = 33)

PCR
(Arm B)
(N = 32)

p-value

ORR 33 (100%) 31 (96.9%) 0.49
           CR/CR-i 18 (54.5%) 10 (31.3%) 0.08
           CCR 3 (9.1%) 3 (9.4%) 1.00

n-PR 5 (15.2%) 13 (40.6%) 0.028
           PR 7 (21.2%) 5 (15.6%) 0.75
           SD 0 (0.0%) 0 (0.0%) NA
           NE 0 (0.0%) 1(3.0%) 0.49
CR/n-PR with MRD negative 7/21 (33.3%) 5/22 (22.7%) 0.51

ORR, overall response rate; CR, complete remission; CR-i, CR with incomplete bone marrow recovery; CCR, clinical CR; 
PR, partial remission; n-PR, nodular PR; SD, stable disease; MRD, minimal residual disease; NE, not evaluated
1. MRD assays were preferentially performed on bone marrow aspirate with use of peripheral blood if bone marrow aspirate
was not available.

Figure 1: A. Progression-free survival. B. Treatment-free survival. C. Overall survival
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Survival

After a median follow-up among living patients of 
46 months (range, 2-66), 12 patients (36.4%) on PCR-B 
and 17 (53.1%) on PCR have progressed. The median PFS 
has not yet been reached for PCR-B (Arm A) and was 34 
months (95% confidence interval [CI], 23-52) for PCR 
alone (Arm B, p=0.06; Figure 1A). Twenty-four patients 
have required salvage therapy, 10 (30%) on PCR-B and 
14 (44%) on PCR. Median TFS has not yet been reached 
for PCR-B (Arm A, 95% CI, 28 - not reached) and was 39 
months (95% CI, 23 - 53) for PCR alone (Arm B, p=0.09; 
Figure 1B). As of last follow-up, 13 patients have died; 5 
on PCR-B (2 from progressive disease, 1 from hemolytic 
anemia, 1 from sepsis, and one from unknown causes) 
and 8 on PCR (2 from disease progression, 2 from second 
cancers, 1 from congestive heart failure, 1 from sepsis, 1 
in a car accident, and one from unknown cause). Median 
OS has not been reached in either arm (p=0.35; Figure 
1C). 

While unmutated IGHV status determined a shorter 
PFS (p=0.02) and TFS (p=0.03) in the arm B, it did not 
affect survival when bevacizumab was added to PCR 
(Figure 2).

Kinetics of plasma angiogenic and chemokine 
cytokine levels 

Plasma sample for evaluation of angiogenic 
cytokines were available for 50 patients (25 on Arm A 
and 25 on Arm B). Median levels of VEGF, b-FGF, TSP-
1, CCL-3 and CCL-4 at baseline and at time of response 
assessment for each arm are shown in Table 4. 

Compared to baseline, a significant increase in 
VEGF levels was observed at the time of response 
assessment for patients treated with PCR-B (Arm A, 
p<0.001). No such change was observed for patients 
treated with PCR only (comparison arm A to arm B 
p<0.001)(Figure 3A). Although statistically significant 
changes in CCL-3, CCL-4, TSP-1 and/or b-FGF were 
observed in one arm or the other, no statistically significant 
difference was observed between arms (Table 4). 

In the PCR-B arm, there was a significant difference 
in baseline values of CCL-3 between patients that achieved 
a CR/CR-i vs. those that did not (median 82.3 vs. median 
94.6, respectively; p=0.01) and a trend for association was 
observed for baseline CCL-4 levels (p=0.09). However, no 
differences in post-treatment values were observed (Figure 
3B). No significant correlations were found between 
cytokine plasma levels and responses for patients treated 
in the PCR only arm. 

Table 4: Plasma cytokine kinetics in the 2 arms

Arm Cytokine
Number 
of 
Samples

Baseline 
Median
(Min, Max)

Response 
Median
(Min, Max)

Change from 
Baseline Median
(Min, Max)

p-value
Baseline vs.
Response1

p-value Change
from Baseline
Arm A vs.
Arm B2

A VEGF 25 29.77 57.05 18.24 0.00002

0.00001(9.58, 83.92) (12.60, 99.85) (-56.31, 66.56)

B VEGF 25 28.82 27.72 -2.65 0.23795(12.35, 15.08) (7.21, 57.96) (-84.61, 33.89)

A TSP1 25 9272 8296 -112 0.804
0.12061(2928, 23552) (3783, 22478) (-7023, 7261)

B TSP1 25 7679 8841 1018 0.01163(449, 1211) (5375, 21159) (-3441, 15185)

A CCL3 25 85.55 79.14 -8.89 0.00002
0.85368(21.65,561.7) (21.65, 162.66) (-399.08, 12.57)

B CCL3 25 93.21 76.17 -10.68 0.00006(21.65,7265.4) (21.65, 344.54) (-7185.11, 96.93)

A CCL4 25 151.3 81.21 -39.66 0.00009
0.37211(50.2,3975.8) (41.45, 230.00) (-3811.16, 52.05)

B CCL4 25 121.4 65.77 -51.93 <0.00001(39.7, 5620.7) (28.45, 657.97) (-5486.09, 19.00)

A FGFb 25 27.18 27.02 3.59 0.65835
0.27677(2.74, 464.28) (2.74 66.38) (-397.90, 37.50)

B FGFb 25 28.11 27.18 -4.01 0.0333(2.74, 384.40) (2.74, 184.41) (-349.65, 138.84)
1  Signed Rank p-value;  2  Rank-sum p-value
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DISCUSSION

We report here the first randomized trial combining 
anti-VEGF therapy with CIT for patients with previously 
untreated CLL. 

The addition of bevacizumab to 
chemoimmunotherapy was found to be safe, with 
no significant differences in severe adverse events 
between the 2 arms, other than an increase in non-fatal 
cardiovascular complications (33% vs 3%, p<0.003); none 
of the 7 cases of hypertension presented as an hypertensive 
emergency, and they all resolved with non-urgent medical 
management; the 2 cases of CHF and the 1 case of 

myocarditis all occurred in patients with pre-existing heart 
dysfunction who had discontinued their home medications, 
and resolved with non-urgent medical management; the 
only grade 4 cardiovascular complication was a torsade de 
pointe, which occurred as a peri-surgical complication in 
a patient with pre-existing aortic aneurysm, developing an 
aortic dissection requiring surgical intervention. 

Patients treated with PCR in combination with 
anti-VEGF therapy had a trend toward higher complete 
remission rate (54.5%) than patients receiving PCR 
alone (31.3%). This difference met the protocol specified 
criteria to select PCR-B as the arm recommended for 
further evaluation. A higher (though not significant) 

Figure 2: Progression Free Survival (PFS) and Treatment-free survival (TFS) and by IGHV mutational status
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MRD eradication rate was observed with the addition 
of bevacizumab, translating into longer PFS and TFS. 
In addition, when bevacizumab was added to CIT, the 
difference in median PFS and TFS by IGHV mutational 
status observed with CIT only was not observed; CIT can 
achieve long-term disease-free survival in patients with 
mutated IGHV, while only newer biological agents have 
so far achieved similar results in patient with unmutated 
IGHV.[27-30]

How do our findings relate to previous trials of 

anti-VEGF therapy in CLL? We have conducted separate 
phase II trials for three separate anti-VEGF therapies for 
patients with relapsed/refractory CLL.[14] In total 46 
patients were accrued to trials of single-agent anti-VEGF 
antibody and there was no sign of efficacy and no CRs 
or PRs were noted. Wierda et al reported a phase 2 study 
of bevacizumab in combination with FCR in patients 
with relapsed refractory CLL.[31] This approach did not 
clearly show an advantage relative to historical trials of 
FCR alone. Patients with relapsed, refractory disease are 

Figure 3: Plasma cytokine kinetics. A. VEGF kinetics in arm A and arm B. B. CCL-3 and CCL-4 kinetics in the PCR-B arm, 
comparing responders to non-responders.
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a distinct clinical population and recent genetic studies 
have pointed out that leukemic cells that have survived or 
expanded after the selective pressure of prior therapy are 
likely more fit to survive in the host microenvironment 
based on clonal evolution and changes in clonal 
architecture when compared to treatment naïve patients.
[32-34]

The most prominent toxicity noted with PCR-B 
was cardiovascular toxicity. Cardiovascular toxicity is 
a well-recognized complication of bevacizumab due 
to its endothelial effects. Indeed, the most common 
complications described with its use, both as single 
agent or in combination with chemotherapy, are 
hypertension, congestive heart failure, and arterial and 
venous thromboembolic disease. The incidence of such 
complications in our study was not increased, when 
compared to other published experiences employing 
this agent.[35] In addition despite the occurrence of 
cardiovascular toxicities on the PCR-B arm an equivalent 
number of CLL patients (~80%) were able to complete the 
prescribed 6 cycles for both arms. 

Although we found no association between 
baseline traditional prognostic factors and achievement 
of CR among patients treated with PCR-B, there were 
both expected and unexpected findings derived from 
the analysis of the microenvironment cytokine kinetics. 
As anticipated we found that lower baseline CCL-
3 plasma levels were significantly associated with 
higher response rate when bevacizumab was added to 
chemoimmunotherapy. CCL-3 and CCL-4, previously 
called macrophage inflammatory protein-1a (MIP-1a) and 
MIP-1b, are chemokines of the CC sub-family, inducible 
in many hematopoietic cells, such as macrophages and 
dendritic cells, but also B and T lymphocytes. [36] Indeed 
CLL cells secrete these 2 chemokines in response to BCR 
stimulation, to attract accessory cells and enhance their 
microenvironment and this activity can be a candidate for 
a distinct disease progression event.[37, 38] Other studies 
have convincingly demonstrated that baseline CCL-3 
levels associate with survival in CLL and other B-cell 
malignancy, in concordance with our results.[39, 40] 

CCL-3 and CCL-4 reduction in plasma levels is
typically observed in response to BCR inhibitors, such 
as Ibrutinib or Idelalisib,[41, 42] but there are no in-vitro 
or in-vivo data to suggest a direct interaction between 
bevacizumab and the BCR. It is important to notice that 
in our study, despite the specific prognostic role played 
by CCL-3 and CCL-4 levels in the PCR-B arm, there was 
no significant difference in their post-treatment decrease 
between the 2 arms. This may suggest that the reduction of 
CCL-3 and CCL-4, mediated by chemoimmunotherapy, is
not directly responsible for the observed positive clinical
results observed with the PCR-B arm, but rather suggest
the influence of bevacizumab is an important regulator of
the CLL disease process.

The major clinical question is does any anti-VEGF 

approach in CLL also require the use of an additional 
powerful component like CIT? The paradoxical post-
treatment increase in VEGF levels observed in our study 
may have been temporary and preceding a following 
steady decrease, as already observed in other studies where 
therapeutic agents modulating the microenvironment are 
employed.[43-45] Unfortunately, we were not able to 
discern if this occurred as in this study VEGF levels were 
only done at baseline and at the time of response and not 
re-measured beyond the end-of-treatment assessment.

In conclusion, the addition of bevacizumab to 
chemoimmunotherapy is safe and effective. Although 
cardiovascular toxicity affected approximately 30% of 
PCR-B patients, it was manageable and did not impact 
patients’ ability to complete therapy. Even with the advent 
of very effective novel single agent signal inhibitor 
therapy, CIT remains the standard of care for patients with 
previously untreated CLL particularly those with mutated 
IGVH status.[1, 46] The addition of anti-VEGF therapy 
to CIT did produce higher complete response rates and 
resulted in longer progression-free and treatment-free 
survival, when compared to chemoimmunotherapy alone, 
independently from IGHV mutational status. Given the 
recent dramatic clinical impact of signal inhibitors such 
as ibrutinib or Idelalisib to induce high ORRs of very long 
duration in relapsed/refractory CLL[47] and our findings 
that anti-VEGF addition to CIT look promising in terms 
of clinical outcome for upfront CLL, it is tempting to 
speculate that combinations of signal inhibitors and anti-
VEGF agents should be tested.

MATERIALS AND METHODS

Patient eligibility

Eligible patients were previously untreated and 
had CLL in need of treatment according to the NCI-
WG criteria.[19] Patients were required to have an 
ECOG performance status of 0 to 2, and have adequate 
renal and hepatic function. Individuals with recent 
(<1 month) myocardial infarction, class III or IV heart 
failure, uncontrolled infection, infection with human 
immunodeficiency virus (HIV), active hepatitis B or C 
infection, or active hemolytic anemia were excluded. 
Patients with other malignancies were allowed to 
participate, provided they were not receiving treatment 
and had a life expectancy >2 years. There was no upper 
age limit on eligibility. The protocol was reviewed 
and approved by the Mayo Clinic institutional review 
boards and conducted in accordance to the Declaration 
of Helsinki. It was registered with clinicaltrials.gov 
(identifier NCT00816595).
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Treatment plan and toxicity evaluation

After providing written informed consent, all 
patients were offered 6 cycles of pentostatin (2 mg/m² 
on day 1), cyclophosphamide (600 mg/m² on day 1), and 
rituximab (cycle 1: 100 mg on day 1, 375 mg/m² on day 
2; cycles 2-6: 375 mg/m² on day 1) given intravenously 
every 21 days. This combination has been shown to be an 
effective regimen for both previously treated[20, 21] and 
therapy-naïve[22-25] CLL patients.[26]

Patients were randomized to receive either PCR in 
combination with bevacizumab (PCR-B; Arm A) or PCR 
alone (Arm B) using a dynamic allocation procedure 
incorporating stratification based on Rai stage (0-II vs III-
IV) and their FISH prognosis group [favorable (normal, 
+12, 13q-, other) vs. unfavorable (17p- or 11q-)]. Patients
randomized to arm A received PCR in combination
with bevacizumab (15 mg/Kg on day 1 of each cycle,
and then on day 22 and 43 of cycle 6) administered
intravenously every 21 days. Patients on arm B received
PCR alone. Prophylaxis against Pneumocystis jiroveci
(sulfamethoxazole-trimethoprim or alternative) and
herpes zoster (valacyclovir or alternative) were given to
all patients for 1 year from the start of cycle 1. All patients
were given allopurinol (300 mg orally once daily) on days
1 through 14 of cycle 1. Pegfilgrastim was administered on
day 2 of each cycle.

Platelet and hemoglobin adverse events were graded 
according to the IWCLL CLL Working Group grading 
scale for hematologic toxicity.[19] All other adverse 
events were graded according to the NCI Common 
Toxicity Criteria (version 4). Toxicity was defined as 
an adverse event that is possibly, probably, or definitely 
related to treatment. 

Response assessment

Patients completing 6 cycles of therapy underwent 
complete restaging including evaluation for minimal 
residual disease (MRD) using flow cytometry (assay 
sensitivity <0.01%; 500,000 events collected). MRD 
assessment was limited to patients with a complete 
response (CR)(34) or a nodular partial remission (NPR)
(18). Restaging occurred 12 weeks after day 1 of cycle 
6. MRD assays were preferentially performed on bone
marrow aspirate with use of peripheral blood if bone
marrow aspirate was not available (n=2). Responses
were graded according to the NCI/IWCLL Working
Group criteria.[19] Bone marrow biopsies were
performed at registration and at response evaluation to
document complete response. Although primary response
categorization was performed by physical exam in accord
with the iwCLL criteria,[19] computed tomography
(CT) scans of the chest, abdomen, and pelvis were
also performed in all patients at registration and at the

response evaluation. A patient was considered evaluable 
for response if they were eligible and initiated treatment. 

Correlative studies

To evaluate the association between angiogenic and 
chemokine factors and depth of response, we examined 
serum levels of VEGF, b-FGF, anti-[thrombospondin 
(TSP)-1], chemokine ligand (CCL)-3 and CCL-4 for 
each patient immediately prior to treatment and at time 
of response assessment. VEGF (isoform 165), b-FGF, 
CCL-3 and CCL-4 were measured using Quantikine kits
(R&D Systems, Minneapolis, MN, USA) and TSP using
the Accucyte assay (CytImmuneSciences Inc, Rockville,
MD, USA) according to the manufacturer’s instructions.
Other molecular and biological prognostic parameters,
including CD38, ZAP-70, IGHV mutation status, and
recurrent cytogenetic abnormalities as assessed by FISH,
were performed on baseline study samples from the
patient cohort as previously reported.[25]

Statistical methods

This study utilized a randomized phase II flexible 
screening design which required a total of 62 evaluable 
patients (31 patients per arm). The primary endpoint of 
the trial was the rate of complete response. One regimen 
would have been identified as the more promising of the 
two if the difference in the number of patients with a CR 
was at least 4 of 31 patients. This study design has at least 
80% power to select the correct regimen to bring forward 
into larger and confirmatory studies. 

Protocol specified secondary endpoints included 
the rate of MRD negative remissions for each arm and 
assessment of whether molecular prognostic parameters 
(e.g. IGHV, FISH, ZAP-70, and CD38) predicted response. 
Progression-free survival (PFS) was defined as the time 
from registration to disease progression or death due to 
any cause. Treatment-free survival (TFS) was defined as 
time from registration to initiation of subsequent treatment 
for CLL or death due to any cause. Overall survival (OS) 
was defined as the time from registration to death due to 
any cause. The distributions of time to event measures 
were estimated using the Kaplan-Meier method, and 
differences between groups were evaluated by log-rank 
statistics. Clinical characteristics and prognostic factors 
were compared between groups using Fisher’s exact 
test and Wilcoxon’s rank-sum test for categorical and 
continuous factors, respectively. Wilcoxon’s signed rank 
test was used to compare cytokine values across time.
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ABSTRACT
There are significant inter-individual differences in the levels of gene expression. 

Through modulation of gene expression, cis-acting variants represent an important 
source of phenotypic variation. Consequently, cis-regulatory SNPs associated with 
differential allelic expression are functional candidates for further investigation as 

doi: 10.18632/oncotarget.12818
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INTRODUCTION

Breast cancer is a complex disease with a strong 
heritable component. Great efforts have been made during 
the last decades to elucidate the underlying etiology of 
this disease. Three classes of breast cancer susceptibility 
alleles with different levels of risk and prevalence in the 
population are now recognized. High-risk alleles such 
as BRCA1 [1, 2], BRCA2 [3, 4] and TP53 [5] explain 
approximately 20% of the inherited susceptibility, 
intermediate-risk alleles in DNA-repair genes increase 
this proportion by ~5% [6-18], and common lower-risk 
alleles, of which approximately 100 have been identified 
to date through genome-wide association studies 
(GWAS), replication and custom genotyping efforts, 
explain approximately 16% of the risk [19-41]. Recent 
evidence suggests that a substantial fraction of the residual 
aggregation could be explicable by other common variants 
not yet identified [35, 40]. 

Global analysis of genome-wide association study 
(GWAS) data has shown that the large majority of common 
variants associated with susceptibility to cancer lie in 
non-coding regions, and are presumed to mediate risk 
through regulation of gene expression [42, 43]. Indeed, 
variations in gene expression occur commonly in the 
human genome, playing a key role in human phenotypic 
variability [44-46]. Studies of allelic imbalances in 
expression indicate that allele-specific differences among 
transcripts within an individual can affect up to 30% of 
loci and, at the population level, ~30% of expressed genes 
show evidence of cis-regulation by common polymorphic 
alleles [47]. Recent evidence has also suggested that 
differences in gene expression play a critical role in the 
underlying phenotypic variation associated with many 
complex genetic diseases [48]. A recent report performed 
expression quantitative trait loci (cis-eQTL) analyses 
for mRNA expression in five tumor types (breast, colon, 

kidney, lung and prostate) and tested 149 known cancer 
risk loci for eQTL effects [49]. They observed that 42 of 
these risk loci were significantly associated with eQTLs 
in at least one gene within 500 kb, eight of which were 
breast cancer risk loci [49]. Furthermore, a recent study 
has shown that close to half of the known risk alleles for 
estrogen receptor (ER)-positive breast cancer are eQTLs 
acting upon major determinants of gene expression in 
tumors [50]. These results suggest that additional cancer 
susceptibility loci may be identified through studying 
genetic variants affecting regulation of gene expression.

In the current study, we performed a breast cancer 
association study of 313 genetic variants showing 
evidence of association with differential allelic expression 
(DAE) selected from 175 genes involved in cancer 
etiology. These included genes involved in DNA repair 
(homologous recombination (HR) and DNA interstrand 
crosslink (ICL) repair), interacting and/or modulating 
BRCA1 and BRCA2 cellular functions, cell cycle control, 
centrosome amplification and AURKA interactions, 
apoptosis, ubiquitination, known tumor suppressors and 
mitotic and other kinases, as well as sex steroid action and 
mammographic density. We used genotype data derived 
from the iCOGS (Collaborative Oncological Gene-
environment Study) custom array [35] to investigate the 
role of these variants on breast cancer risk. 

RESULTS

Overall and subtype-specific breast cancer risk 
association analyses

For the one hundred seventy-five selected genes 
involved in cancer-related pathways, we identified a set of 
355 genetic variants showing evidence of association with 

disease-causing variants. To investigate whether common variants associated with 
differential allelic expression were involved in breast cancer susceptibility, a list of 
genes was established on the basis of their involvement in cancer related pathways 
and/or mechanisms. Thereafter, using data from a genome-wide map of allelic 
expression associated SNPs, 313 genetic variants were selected and their association 
with breast cancer risk was then evaluated in 46,451 breast cancer cases and 42,599 
controls of European ancestry ascertained from 41 studies participating in the Breast 
Cancer Association Consortium. The associations were evaluated with overall breast 
cancer risk and with estrogen receptor negative and positive disease. One novel breast 
cancer susceptibility locus on 4q21 (rs11099601) was identified (OR = 1.05, P = 
5.6x10-6). rs11099601 lies in a 135 kb linkage disequilibrium block containing several 
genes, including, HELQ, encoding the protein HEL308 a DNA dependant ATPase and 
DNA Helicase involved in DNA repair, MRPS18C encoding the Mitochondrial Ribosomal 
Protein S18C and FAM175A (ABRAXAS), encoding a BRCA1 BRCT domain-interacting 
protein involved in DNA damage response and double-strand break (DSB) repair. 
Expression QTL analysis in breast cancer tissue showed rs11099601 to be associated 
with HELQ (P = 8.28x10-14), MRPS18C (P = 1.94x10-27) and FAM175A (P = 3.83x10-3), 
explaining about 20%, 14% and 1%, respectively of the variance in expression of 
these genes in breast carcinomas.
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DAE (see S1 Table for complete list of genes and SNPs). 
Of the 355 SNPs originally selected, 313 (representing 
227 independent SNPs with pairwise r2 < 0.1) were 
successfully genotyped. Thirty-two variants were excluded 
because of low Illumina design scores, and eleven SNPs 
were excluded because of low call-rates and/or evidence 
of deviation from Hardy Weinberg Equilibrium (P-value 
< 10-7), respectively. Eighty-two SNPs were originally 
submitted to be included on the iCOGS array but were 
replaced with surrogates in the final design of the array. 
Association results with breast cancer risk for all 313 
SNPs are presented in S2 Table.

Thirteen SNPs from ten different loci were 
associated with overall breast cancer risk (P < 10-2) (Table 
1). Of these, three SNPs, namely rs11099601, rs656040 
and rs738200, had associations with an increased overall 
risk of breast cancer that reached P < 10-4 (approximate 
significance cut-off after Bonferroni correction, given 
313 tests). No significant evidence of heterogeneity 
was observed among odds ratios (ORs) for these SNPs 
among studies (I2 and P-values are given in S1 Figure). 
The minor alleles of rs11099601 at 4q21 (OR = 1.05, P 
= 5.6x10-6), rs656040 at 11q13 (OR = 1.05, P = 1.52 x10-

5), and rs738200 at 22q12.1 (OR = 1.09, P = 5.32x10-5) 

were associated with increased overall risk of the disease. 
rs11099601 was associated with both ER-positive (P = 
5.22x10-6) and ER-negative (P = 4.08x10-4) breast cancer 
risk (P for difference 0.93) while rs656040 and rs738200 
appeared primarily associated with ER-positive disease (P 
= 5.96x10-5 and P = 7.21x10-6, respectively), although the 
difference between ER-positive and ER-negative disease 
was not statistically significant for these two latter SNPs 
(P for difference 0.096 and 0.242, respectively). Of these 
three SNPs, only variant rs110099601 represents a novel 
low penetrance breast cancer susceptibility locus. The 
two other variants, (rs656040 at 11q13 and rs738200 at 
22q12.1) which were not known to be associated with 
breast cancer risk at the time the current study was 
designed, were identified through the main analyses of the 
iCOGS array. rs656040 is located on 11q13 in the 3’-UTR 
region of the SNX32 gene, approximately 6.8Kb upstream 
of MUS81, and is associated with differential allelic 
expression of this latter gene (S2 Figure). rs656040 is 
partially correlated with rs3903072 (r2 = 0.38), which was 
previously identified as associated with breast cancer risk 
at P < 10-8 in the combined GWAS and iCOGS analysis 
reported in Michailidou et al. [35]. Similarly, variant 
rs738200, located on locus 22q12 in the tetratricopeptide 

Table 1: Associations with breast cancer risk for SNPs showing evidence of differential allelic expression (overall p 
<0.01)

a Chromosome
b Build 37 position
c Major/minor allele, based on the forward strand and minor allele frequency in Europeans
d Mean minor allele frequency over all European controls in iCOGS
e Per-allele OR for the minor allele relative to the major allele
f One-degree-of-freedom P-value
 SNPs highlighted in bold are those with associations for overall breast cancer risk reaching p<10-4 (significance cut-off after 
Bonferroni correction)
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Figure 1: Regional plots of breast cancer risk association at 4q21. Regional plot of association result, recombination hotspots 
and LD for the 4q21: 84,132,874-84,631,193 loci. The index SNP rs11099601 is plotted as a blue triangle. Directly genotyped SNPs are 
represented as triangles and imputed SNPs (r2 > 0.3, MAF > 0.02) are represented as circles. The LD (r2) for the index SNP with each SNP 
was computed based on European ancestry subjects included in the 1000 Genome Mar 2012 EUR. Pairwise r2 values are plotted using a 
red scale, where white and red signify r2 = 0 and 1, respectively. P-values were from the single-marker analysis based on logistic regression 
models after adjusted for age, study sites and the first six principal components plus one additional principal component for the LMBC in 
analyses of data from European descendants. SNPs are plotted according to their chromosomal position: physical locations are based on 
GRCh37/hg19. Gene annotation was based on the NCBI RefSeq genes from the UCSC Genome Browser.
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repeat domain 28 gene (TTC28), falls within a 610 
kb interval (Build 37 coordinates chr22: 28,314,612-
28,928,858) on chromosome 22 recently shown to be 
associated with breast cancer risk (smallest P = 8.2×10−22, 
for rs62237573). This interval lies approximately 100 kb 
centromeric to CHEK2, and further analysis showed that 
the associated SNPs were correlated with the deleterious 
CHEK2 variant c.1100delC and adjustment for this variant 
suggested the signal is driven by CHEK2 c.1100delC [40]. 
rs738200 was genotyped as a surrogate to our originally 
selected SNP for this locus (rs9620797), and therefore no 
allelic expression data were available for this SNP.

All variants associated with overall breast cancer 
risk with P < 10-2 included in Table 1 were also evaluated 
for association with breast cancer risk in BRCA1 and 
BRCA2 mutation carriers within the Consortium of 
Investigators of Modifiers of BRCA1 and BRCA2 
(CIMBA) in a total of 15 252 BRCA1 and 8 211 BRCA2 
carriers. However, none of the SNPs showed associations 
with breast cancer risk, including rs11099601, which had 
a P-value of 0.89 and 0.78 in BRCA1 and BRCA2 carriers 
respectively.

rs11099601 lies on 4q21 in a region containing 
numerous genes including FAM175A (ABRAXAS), 
HELQ and MRPS18C. It was selected on the basis of 
its association with differential allelic expression in 
FAM175A (see S2 Figure). In order to further map the 
novel association at this locus, we imputed genotype 
data for 2,456 common variants across a 500 kb region 
centered on rs11099601 (chr4: 84,132,874-84,631,193 
from GRCh37/hg19) using the March 2012 release of the 
1000 Genomes Project as a reference panel. Subsequent 
association analysis for overall breast cancer risk revealed 
that rs11099601 was located in a region of approximately 
135 kb exhibiting strong LD (Figure 1). SNP rs11099601 
remained one of the most strongly associated SNPs, along 
with three other perfectly correlated imputed SNPs (r2 = 
1.0), namely rs4235062 (P = 2.40x10-6), rs6838225 (P 
= 3.70x10-6) and rs13142756 (P = 4x10-6) (Figure1) (S3 
Table). 88 SNPs were strongly correlated with rs11099601 
(r2 > 0.8; S4 Table) and hence not distinguishable as 
potential causal variants on the basis of association data 
alone. 

Functional annotation of locus 4q21

In order to identify potential candidate causal 
variants at the 4q21 locus, we overlaid the associated 
variants with publicly available functional annotations. 
The analysis was performed on the subset of 88 variants 
strongly correlated with the lead SNP, rs11099601 (r2 > 
0.8). We first performed analyses using RegulomeDB 
(http://www.regulomedb.org) in order to obtain a predicted 
score of functionality for the set of variants. Interestingly, 
variant rs11099601 was one of three variants with the 
highest scores, along with rs1494961 and rs6535481. The 

corresponding RegulomeDB score (1f) (S4 Table) suggests 
that these variants are likely to affect transcription factor 
binding and to be linked to expression of a target gene. 
The scores for the other three strongest associated SNPs, 
namely rs4235062, rs6838225 and rs13142756, were not 
suggestive of functionality (S4 Table - for a description of 
the RegulomeDB scoring scheme and referenced datatypes 
refer to http://www.regulomedb.org). Five other highly 
correlated SNPs (rs10008742, rs6844460, rs7691492, 
rs526064, rs813298), however, also had high scores 
(2b), albeit lower than that of the lead SNP rs11099601, 
indicative of likely affecting transcription factor binding.

We then analysed ENCODE chromatin biofeatures, 
namely DNase I hypersensitivity, chromatin state 
segmentation by HMM (chromHMM) and histone 
modifications of epigenetic markers H3K4, H3K9 and 
H3K27 in all breast cell lines available in ENCODE, 
including breast myoepithelial cells, HMEC mammary 
cell line, and breast cancer cell line MCF-7. Analysis of 
these biofeatures revealed an overlap between H3K9Ac, 
a histone mark associated with active promoters, and our 
candidate variant, rs11099601 in breast myoepithelial 
cells. Further analysis of other genotyped and imputed 
variants correlated with rs11099601, revealed that 
only rs6844460 (P = 4.2x10-6, r2 = 0.967) overlapped 
with several chromatin biofeatures in mammary cells. 
rs6844460, which is located within intron 1 of FAM175A, 
overlapped with a DNase hypersensitivity site in MCF-
7 cells, with H3K4me3 histone marks (associated with 
active promoters) in breast myoepithelial cells, HMEC 
and MCF-7 cell lines, with H3K9Ac histone marks in 
both breast myoepithelial cells and HMEC cells, and 
with H3K27Ac histone marks in HMEC. ChromHMM 
data also predicts that this variant lies within an active 
promoter region in breast cell lines (Figure 2A). Moreover, 
rs6844460 overlapped with a binding site for transcription 
factor Max (MYC Associated Factor X) in MCF7 cells.

In order to identify potential target genes, we 
analysed enhancer-promoter interactions using ChiA-
PET data for CCCTC-binding factor (CTCF) and DNA 
polymerase II (PolII) in MCF-7 breast tumour derived 
cells. Multiple, dense, chromosomal interactions were 
observed in ChiA-PET data for PolII across most of 
the entire locus, especially in the region encompassing 
rs11099601, in the vicinity of the promoter regions of 
HELQ, MRPS18C and FAM175A genes. ChiA-PET data 
for CTCF in MCF-7 cells showed fewer interactions, none 
of which encompassed variant rs11099601. Similarly Hi-C 
data revealed few interactions in HMEC cells, none of 
which included our top candidate SNP (Figure 2B).

Lastly, although super-enhancers mapped to the 
4q21 locus in HMEC mammary cells, none overlapped 
with our top candidate SNPs (Figure 2C). Predicted 
enhancer-promoter interactions were observed with the 
promoters of AGPAT9, COQ2, HELQ and MRPS18C 
genes in HMEC cells. However amongst these, only 
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Figure 2: Functional annotation of the 4q21 locus. A. Functional annotations using data from the ENCODE and NIH Roadmap 
Epigenomics projects. From top to bottom, epigenetic signals evaluated included DNase clusters in MCF7 and HMEC cells, chromatin 
state segmentation by Hidden Markov Model (ChromHMM) in HMEC, breast myoepithelial cells (BMC) and Variant human mammary 
epithelial cells (vHMEC), where red represents an active promoter region, orange a strong enhancer and yellow a poised enhancer 
respectively (the detailed color scheme of chromatin states is described in the UCSC browser), histone modifications in MCF7, HMEC 
and BMC cell lines ; and overlap between candidate variants and Max binding site in MCF7 cells. All tracks were generated by the UCSC 
genome browser (hg 19). B. Long-range chromatin interactions. From top to bottom, ChIA-Pet interactions for PolII and CTCF in MCF7 
cells and Hi-C interactions in HMEC cells. The ChIA-PET raw data available on GEO under the following accession (GSE63525.K56, 
GSE33664, GSE39495) were processed with the GenomicRanges package. C. Maps of mammary cell super-enhancer locations as defined 
in Hnisz et al. are shown in HMEC cells. Predicted enhancer-promoter determined interactions in MCF7 and HMEC cells, as defined by the 
integrated method for predicting enhancer targets (IM-PET) are shown. D. RNA-Seq data from MCF7 and HMEC cell lines. The value of 
the RNA-Seq analysis corresponds to the mean RPM value for FAM175A, MRPS18C, HELQ, AGPAT9, HSPE and COQ2 from four HMEC 
and 19 MCF7 datasets, respectively. The annotation was obtained through the Bioconductor annotation package TxDb.Hsapiens.UCSC.
hg19.knownGene. The tracks have been generated using ggplot2 and ggbio library in R.
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interactions with MRPS18C overlapped with our top 
putative candidate functional variants (rs11099601 and 
rs6844460) (Figure 2C).

Analysis of RNASeq data from ENCODE showed 
high levels of expression for MRPS18C in both HMEC 
and MCF-7 while HELQ and FAM175A are expressed at 
very low levels in these cell lines (Figure 2D). However, 
as illustrated in Figure 3, analysis of TCGA breast cancer 
RNAseq data in primary tumor (n = 765), adjacent normal 
(n = 93) and metastasis (n = 6) showed that HELQ, 
FAM175A and HPSE, but not MRPS18C, were all found 
to be differentially expressed between normal breast and 
tumor tissue (P = 1x10-45, P = 6.6x10-31, P = 7.3x10-10, 
and P = 0.28, respectively, as determined by a Kruskal-
Wallis rank sum test). Further analysis comparing the 
tumor expression levels of these genes between the 5 
molecular subtypes of breast cancer, namely: Luminal A, 
Luminal B, Her2-enriched, Basal-like and Normal-like, 
showed that while HELQ and FAM175A expression levels 
are decreased in Basal-like tumors (P = 1.3x10-18 and P 
= 3.5x10-36, respectively (Kruskal-Wallis test), MRPS18C 
and HPSE expression were found to be up regulated in 
Basal-like carcinomas (P = 1.2x10-5, P = 1.6x10-33) (Figure 
4). 

Expression quantitative trait locus analysis 
(eQTL) in breast tissue

In order to identify associations between candidate 
variants and expression levels of genes within the 4q21 
region, we analyzed all genotyped and imputed SNPs 
within a 1Mb region centered around the most significant 
SNP (rs11099601), in normal and breast cancer tissue. 
Significant eQTL associations were observed for numerous 
SNPs in the region in both normal breast and tumors 
(Figure 5). In the breast cancer tissue dataset BC241, the 
most strongly expression-associated SNP at this locus 
was our top risk SNP rs11099601, which was associated 
with expression levels of HELQ, (with P = 8.28x10-14 
and r2 = 0.20, where the r2 value indicates the percentage 
of variance in HELQ expression levels explained by 
rs11099601) (Figure 6A). A decrease in HELQ expression 
levels was observed with increasing copy number of the 
rs11099601 (C) allele (Figure 6A). Multiple SNPs within 
the 1 Mb region were also associated with expression 
of HELQ, all of which were correlated with rs11099601 
(r2 > 0.3). No significant eQTLs were observed between 
rs11099601 and other genes in this region, namely COQ2, 
HPSE, MRPS18C, FAM175A, or AGPAT9, using data from 
the BC241 sample set. 

In the TCGA BC765 breast cancer dataset, HELQ 

Figure 3: Boxplots representing differential expression of HELQ (A), MRPS18C (B), FAM175A (C) and HPSE (D) in 
breast tissues. Differential expression between normal breast and tumor tissue was determined by a Kruskal-Wallis rank sum test using 
TCGA breast cancer RNAseq data from primary tumor, metastasis and adjacent normal. Horizontal bars indicate mean expression levels.
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expression levels were not associated with rs11099601 (P 
= 0.34 and r2 = 0.00099) or with any other SNPs in this 
region. Weak associations were only observed between 
rs11099601 and expression levels for MRPS18C (P = 
1.25x10-4 and r2 = 0.02) (Figure 6D) and FAM175A (P = 
3.83x10-3 and r2 = 0.011) (Figure6F).

Further isoform-specific analysis was performed 
in the TCGA BC765 breast cancer dataset. In contrast 
to the expression data generated from the Norwegian 
sample sets, which were obtained using expression 
arrays, expression data from the TCGA datasets used in 
the current study were obtained by RNA-Sequencing, 
thus allowing further analysis of different gene isoforms. 
Thus, in the BC765 dataset, these analyses resulted in 
the identification of significant eQTLs for an isoform of 
HELQ (uc101ikb) (P = 2.71x10-11 and r2 = 0.056) (Figure 
6B), corresponding to a long isoform of the gene with 
one exon lacking. These analyses also further revealed 
highly significant associations for the MRPS18C isoform 
uc003hor (P = 1.94x10-27 and r2 = 0.143) (Figure 6E).

Similar to what is observed in the TCGA BC765 
breast cancer dataset, gene-normalized analysis in the 
TCGA normal breast tissue dataset NB93 did not reveal 
associations between HELQ expression levels and 
rs11099601 while isoform-normalized analysis showed 

associations with HELQ isoform uc101ikb (P = 9.90x10-

05 and r2 = 0.153) (Figure 6C).
In normal breast tissue from the NBCS (NB116), 

the strongest eQTLs were observed for HPSE, where 
rs11099601 was associated with a decrease in HPSE 
expression levels (P = 4.57x10-3, r2 = 0.0645) (Figure 6G). 
rs11099601 was not associated with the expression levels 
of any other genes in this region.

Although associations were detected between 
several genes and our top risk SNP in the different 
sample sets, a lack of consistency in eQTL associations 
between the two breast cancer sample sets was observed. 
It should be noted that expression data were obtained 
trough different approaches as previously mentioned, 
i.e expression array (44K Agilent array) for BC241
and RNA-Sequencing for BC765 (Illumina RNAseq).
Moreover, there are differences in the overall PAM50
subtype distributions between these two sample sets. As
depicted in S3 Figure, differences are noted mainly in the
distribution of Luminal A (28.22% in BC241 compared to
49.33% for BC765), Her2 (15.35% in BC241 compared
to 8.16% for BC765) and Normal-like (14.52% in BC241
compared to 2.41% for BC765) subtypes. Expression
levels of HELQ, and other candidate genes, were shown
to vary significantly between these molecular subtypes

Figure 4: Boxplots representing expression levels of HELQ (A), MRPS18C (B), FAM175A (C) and HPSE (D) in the 5 
molecular subtypes (PAM50 classifier) of breast primary tumors. Differential expression between normal breast and tumor tissue 
was determined by a Kruskal-Wallis rank sum test. Analysis was performed using TCGA breast cancer RNAseq data from five molecular 
subtypes of breast primary tumors : Luminal A (LumA), Luminal B (LumB), Human epidermal growth factor receptor 2-enriched (Her2), 
Basal-like (Basal) and Normal-like (Normal). Horizontal bars indicate mean expression levels.
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(Figure 4) and thus a different distribution of these 
subtypes between the two sample sets could explain the 
underlying lack of replication in the eQTL analyses. 

DISCUSSION

It is well recognized that genetic variants located in 
genomic regions that regulate gene expression are major 
causes of human diversity and may also be important 
susceptibility factors for complex diseases and traits. 
Indeed, it has been shown that approximately 30% of 
expressed genes show evidence of cis-regulation by 
common polymorphic alleles [47]. Moreover, in recent 
years, GWAS have identified thousands of variants 
associated with various diseases/traits, ~90% of which 
localize outside of known protein-coding regions [42, 43], 
implicating a regulatory role for these variants. 

In the present study, we have assessed the 
association with breast cancer risk of 313 regulatory SNPs 
in genes involved in the etiology of cancer (see S1 Table 
for complete list of SNPs and genes), in 46,451 breast 
cancer cases and 42,599 controls of European ancestry. 
Using this approach, we identified rs11099601 (OR = 1.05, 

P = 5.6x10-6), a novel breast cancer susceptibility locus 
on chromosome 4q21. Analysis of imputed SNPs across a 
500Kb region surrounding rs11099601 revealed that this 
variant remained one of the strongest risk signals, tagging 
a set of 76 strongly correlated SNPs across a 135Kb LD 
block containing several genes, including COQ2, HPSE, 
HELQ, MRPS18C, FAM175A (ABRAXAS) and AGPAT9.

Functional annotation of the 4q21 locus with 
ENCODE biofeatures in mammary cell lines pointed 
toward rs11099601 as one of the most likely functional 
variants in this region. eQTL analysis showed significant 
eQTLs in normal and breast cancer tissue for several 
variants in the 4q21 region, including rs11099601. The 
strongest associations for rs11099601 and expression 
were observed in breast carcinomas for MRPS18C and 
HELQ and explain approximately 14% and 20% of their 
expression variance, respectively (Figure 6). Other genes 
whose expression correlated with this eQTL included 
HPSE and FAM175A.

These genes represent interesting candidates for 
further analyses related to breast cancer susceptibility. 
Indeed, analysis of TCGA breast cancer RNAseq data 
showed that HELQ, FAM175A and HPSE were found to 
be differentially expressed between normal breast and 

Figure 5: Manhattan plots of association for the eQTL results at the 4q21 locus in normal breast and breast cancer 
tissue. Y-axis shows -log10(P-value) while x-axis shows physical position. Circles of various shades of blue represent breast cancer risk 
associations for all breast cancer tumors, ER+ and ER- tumors. Other colored circles represent eQTL results in the following datasets: 
normal breast (NB93, NB116) in various shades of green, breast carcinomas in pink (BC241) and red (BC765). Risk association results as 
well as eQTL results are for both imputed and genotyped SNPs for all datasets.
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tumor tissue and further analysis showed that HELQ and 
FAM175A expression levels are significantly decreased in 
basal-like tumors. 

HELQ is a single-stranded DNA-dependent 
ATPase and DNA helicase involved in DNA repair and 
signaling in response to ICL. Genetic disruption of 
HELQ in human cells enhances cellular sensitivity and 

chromosome radial formation by the ICL-inducing agent 
mitomycin C (MMC). After treatment with MMC, reduced 
phosphorylation of CHK1 occurs in knockout cells and 
accumulation of G2/M cells is reduced [51]. Furthermore, 
it was recently shown that Helq helicase-deficient mice 
exhibit subfertility, germ cell attrition, ICL sensitivity, and 
tumor predisposition [52]. A meta-analysis of 22 GWAS, 

Figure 6: Boxplots representing the most significant eQTL results for variant rs11099601 in normal breast tissue and 
breast tumor datasets. Box plots represent the expression levels of the indicated transcripts with respect to the rs11099601 genotypes. 
Expression levels are shown for A. HELQ in breast carcinoma BC241 dataset, B. HELQ in breast carcinoma BC765 dataset normalized 
per isoform, C. HELQ in normal breast NB93 dataset normalized by gene isoform, D. MRPS18C in breast carcinoma BC765 dataset, E. 
MRPS18C in breast carcinoma BC765 dataset normalized per isoform, F. FAM175A in breast carcinoma BC765 dataset and G. HSPE in 
normal breast NB116 dataset. Horizontal bars indicate mean expression level per genotype. r2 values indicate the percentage of variance in 
respective gene expression levels explained by rs11099601.
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as well as a recent GWAS involving ~70,000 women 
performed in the BCAC, have both identified rs4693089, 
located in an intron of HELQ and perfectly correlated 
with rs11099601, as associated with age at natural 
menopause (p = 2.4x10-19 and p = 9.2x10-23, respectively) 
[53, 54]. Moreover, a GWAS of upper aero-digestive tract 
cancers conducted by the International Head and Neck 
Cancer Epidemiology Consortium identified rs1494961, 
a missense mutation V306I in the second exon of HELQ 
gene perfectly correlated with rs11099601 (r2 = 1), to be 
associated with increased risk of upper aero-digestive 
tract cancers in their combined analysis (P = 1x10-8) [55]. 
Another study by the same group analyzed the role of 
DNA repair pathways in upper aero-digestive tract cancers 
[56]. This study showed that the polymerase pathway, 
to which the HELQ gene belongs, is the only pathway 
significant for all upper aero-digestive tract cancer sites 
combined and that this association is entirely explained 
by the association with rs1494961 (P = 2.65×10-4) [56]. 
Finally, a recent study reported the mutation screening of 
HELQ in 185 Finnish breast or ovarian cancer families 
[57]. This study did not provide evidence for a role of 
HELQ in breast cancer susceptibility in the Finnish 
population, but analyses in other populations and larger 
datasets are needed to further assess its role in breast 
cancer predisposition [57], especially with regard to the 
involvement of rare variants. In the current study, we 
have shown HELQ to be differentially expressed between 
normal breast and tumor tissue and to be significantly 
down regulated in basal-like breast tumors compared 
to ER positive tumors, suggesting that altered gene 
expression levels, potentially mediated through the effect 
of regulatory variants, could be one of the mechanisms 
contributing to breast cancer susceptibility. Previous 
studies have provided some evidence, in known breast 
cancer susceptibility genes BRCA1 [58] and BRCA2 [59], 
of genetic variants associated with allelic expression 
differences which could affect the risk of breast cancer in 
mutation carriers through altering expression levels of the 
wild-type allele. Also, a recent study showed suggestive 
associations between DAE associated variants located in 
breast cancer susceptibility chromosomal regions, and 
prognosis (ZNF331 and CHRAC1) [60]. 

Another gene in this locus, FAM175A, is involved 
in DNA damage response and double-strand break (DSB) 
repair. It is a component of the BRCA1-A complex, acting 
as a central scaffold protein that assembles the various 
components of the complex and mediates the recruitment 
of BRCA1 [61-63]. Further evidence rendering FAM175A/
ABRAXAS an interesting candidate gene is a recent report 
showing that both homozygous and heterozygous Abraxas 
knockout mice exhibited decreased survival and increased 
tumor incidence [64]. This study also showed that somatic 
deletion of the ABRAXAS locus on chromosome 4q21 is 
found in human ovarian and breast cancers (especially 
basal subtype), and this loss is well correlated with reduced 

ABRAXAS expression in these cancers [64]. Moreover, 
Solyom et al. reported a novel germline ABRAXAS 
mutation (p.Arg361Gln) in Northern Finnish breast cancer 
families which affects the nuclear localization of the 
protein and consequently reduces the formation of BRCA1 
and Rap80 foci at DNA damage sites, leading to ionizing 
radiation hypersensitivity of cells and partially impairing 
the G2/M checkpoint [65]. Our group has also, in parallel 
to the present study, conducted a population-based case-
control mutation screening study of the coding exons 
and exon/intron boundaries of ABRAXAS in 1250 breast 
cancer cases and 1250 controls from the Breast Cancer 
Family Registry, including individuals from different 
ethnic groups such as Caucasian, Latino, East Asian and 
African-American ancestry. Although this study did not 
reveal evidence of association of the identified variants 
with breast cancer risk, two variants were identified and 
were shown to diminish the phosphorylation of γ-H2AX, 
an important biomarker of DNA double-strand breaks 
[66].

Lastly, MRPS18C encodes a protein that belongs 
to the ribosomal protein S18P family, which includes 
three proteins (MRPS18A, MRPS18B, MRPS18C) 
having significant sequence similarity to bacterial S18 
proteins. MRPS18C is part of the small subunit (28S) 
of the mitochondrial ribosome involved in oxidative 
phosphorylation and thus the role of this protein in 
breast cancer susceptibility is unclear. It was reported 
that MRPS18B (MRPS18-2) binds to RB [67] and 
prevents the formation of the E2F1-RB complex that 
leads to elevated levels of free E2F1 protein in the 
nucleus and the subsequent promotion of S phase entry 
[68]. Overexpression of human MRPS18B caused 
transformation of terminally differentiated rat skin 
fibroblasts and transformed cells became tumorigenic in 
SCID (severe combined immunodeficiency) mice [69]. 
These transformed cells showed anchorage-independent 
growth and loss of contact inhibition; they expressed 
epithelial markers, showed increased telomerase activity, 
disturbance of the cell cycle, and chromosomal instability, 
leading the authors to suggest that MRPS18B is a newly 
identified oncoprotein [69]. Although these results suggest 
that MRPS18B may be involved in carcinogenesis, there is 
currently no evidence showing that MRPS18C is involved 
in processes other than oxidative phosphorylation.

CONCLUSION

Phenotypic differences among cell types, 
individuals, and populations are determined by variation 
in gene expression, a substantial proportion of which is 
driven by genetic variants residing in regulatory elements 
near the affected genes. Analysis of variants associated 
with differential allelic expression has allowed us to 
identify a novel locus on chromosome 4q21 associated 
with breast cancer risk. Subsequent tissue specific eQTL 
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analyses have confirmed significant eQTLs for this locus 
in both normal and breast cancer tissue. 

At the time of study design, data on differential 
allelic expression was not available in breast tissue, 
leading us to perform the selection of candidate variants 
in other cell types such as lymphoblastoid cell lines, 
fibroblasts and monocytes. This constitutes a limitation 
of our study which may explain why some of the 
associations observed between the selected variants and 
DAE in these cells types were not replicated in the eQTL 
analyses performed in normal breast and/or breast cancer 
cells. Indeed, SNPs associated with variation in gene 
expression have now been mapped for a variety of tissues, 
highlighting their tissue dependent properties and the need 
for expression profiling of a diverse panel of cell types.

Hence, further functional characterization of the 
4q21 locus, and replication in a larger dataset, would 
be relevant to provide more robust evidence of the 
involvement of this region in breast cancer susceptibility 
as well as identify the gene(s) and biological mechanism(s) 
underlying this susceptibility. 

MATERIALS AND METHODS

Sample selection

A total of 46,451 breast cancer cases and 42,599 
controls of European ancestry were included from 41 
studies participating in the Breast Cancer Association 
Consortium (BCAC). Studies were population-based 
or hospital-based case-control studies, including nested 
case-control studies within cohorts. Some studies selected 
cases by age, or oversampled cases with a family history 
(S5 Table). Studies provided ~2% of samples in duplicate 
for quality control purposes (see below). Study subjects 
were recruited on protocols approved by the Institutional 
Review Boards at each participating institution, and all 
subjects provided written informed consent.

SNP selection

SNP selection was performed by first identifying 
a list of genes of interest, which was determined by the 
involvement of these genes in cancer related pathways 
and/or mechanisms. The list of genes was established by 
researching published results and/or by using available 
public databases such as the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) (http://www.genome.jp/
kegg/). Thereafter, DEA SNPs falling within these gene 
regions were identified using previously reported data on 
allelic expression cis-associations, derived using: 1) the 
llumina Human1M-duo BeadChip for lymphoblastoid cell 
lines from Caucasians (CEU population) (n = 53) [47], 
the Illumina Human 1M Omni-quad for primary skin 

fibroblasts derived from Caucasian donors (n = 62) [49, 
70], and the Illumina Infinium II assay with Human 1.2 M 
Duo custom BeadChips v1 for human primary monocytes 
(n = 188) [71]. Briefly, 1000 Genomes project data was 
used as a reference set (release 1000G Phase I v3) for 
the imputation of genotypes from HapMap individuals. 
Untyped markers were inferred using algorithms 
implemented in IMPUTE2. The unrelated fibroblast panel 
consisted of 31 parent-offspring trios, where the genotypes 
of offspring were used to allow for accurate phasing. 
Mapping of each allelic expression trait was carried out 
by first normalizing allelic expression ratios at each SNP 
using a polynomial method [72] and then calculating 
averaged phased allelic expression scores across annotated 
transcripts, followed by correlation of these scores to local 
(transcript +/-500 kb) SNP genotypes in fibroblasts as 
described earlier [70].

Three hundred fifty-five genetic variants were 
selected on the basis of evidence of association with 
DAE in 175 genes involved in cancer-related pathways as 
described above (see S1 Table for complete list of SNPs 
and genes). Following selection, SNPs were submitted for 
design and inclusion on a custom Illumina Infinium array 
(iCOGS), as part of a BCAC genotyping initiative (see 
Genotyping and Quality Control section below). After 
undergoing design and post-genotyping quality control, 
313 SNPs remained for analysis.

Genotyping and quality control

Genotyping was carried out as part of a 
collaboration between BCAC and three other consortia 
(the Collaborative Oncological Gene-environment Study, 
COGS). Full details of SNP selection, array design, 
genotyping and post-genotyping quality control (QC) 
have been published [35]. Briefly, three categories of 
SNPs were chosen for inclusion on the array: (i) SNPs 
selected on the basis of pooled GWAS data, (ii) SNPs 
selected for the fine-mapping of published risk loci and 
(iii) candidate SNPs selected on the basis of previous
analyses or specific hypotheses. The 313 SNPs described
in the current study were candidate SNPs selected on
the basis of the hypothesis that regulatory variants are
involved in breast cancer susceptibility. In general, only
SNPs with an Illumina design score of 0.8 or greater were
considered. SNPs were preferentially accepted if they had
a design score of 1.1 (i.e. had previously been genotyped
on an Illumina platform). If not, we sought SNPs with
r2 = 1 with the selected SNP, and selected the SNP with
the best design score. If no such SNP was available, we
selected SNPs with r2 > 0.8 with the chosen SNP, and
selected the SNP with the best design score. For the
COGS project overall, genotyping of 211,155 SNPs in
samples was conducted using a custom Illumina Infinium
array (iCOGS) in four centers. Genotypes were called
using Illumina’s proprietary GenCall algorithm. Standard
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quality control measures were applied across all SNPs and 
all samples genotyped as part of the COGS project [35]. 
After quality control, genotype data were available for 48 
155 breast cancer cases and 43 612 controls, and call rates 
for all SNPs were > 95%.

Statistical analysis

Per-allele log-odds ratios (ORs) were estimated 
using logistic regression, adjusted for principal 
components and study, as described previously [35]. 
P-values were estimated using Wald test. For imputation,
genotype data from 48,155 breast cancer cases and
43,612 controls were used to estimate genotypes for other
common variants across a 500 kb region on chromosome 4
(chr4: 84,132,763-84,632,763 - NCBI build 37 assembly),
with IMPUTE v.2.2 and the March 2012 release of the
1,000 Genomes Project as reference panel. In all analyses,
only SNPs with imputation information/accuracy r2 > 0.30
were considered [40].

Linkage disequilibrium

LD values were computed using 118 independent 
individuals from the CEU population of the 1,000 
Genome dataset (v3, release 20110521, downloaded from 
1000genomes.ebi.ac.uk on April 2013) [73]. The relevant 
subset was extracted from the raw data using VCFtools 
(v0.1.7) [74] and the paired r2 statistics were obtained for 
all target loci using PLINK! (v1.07) [75]. The linkage 
heatmaps and the association plots were produced on the 
R platform (v3.0) using the package LDheatmap [76].

Breast cancer association analyses performed in 
BRCA1 and BRCA2 mutation carriers

Associations with breast cancer risk were evaluated 
within a retrospective cohort framework, by modelling 
the retrospective likelihood of the observed genotypes 
conditional on the disease phenotype. These analyses are 
described in detail elsewhere [77, 78].

Functional annotation

Two publicly available tools, RegulomeDB [79] and 
HaploReg V4 [80], were also used to evaluate candidate 
variants. For a full description of the RegulomeDB scoring 
scheme refer to (http://www.regulomedb.org). 

Publicly available genomic data was also used to 
annotate each SNP most strongly associated with breast 
cancer risk at locus 4q21 (for data sources refer to S6 
Table). The following regulatory features were obtained 
for breast cell types from ENCODE and NIH Roadmap 
Epigenomics data through the UCSC Genome Browser: 

DNase I hypersensitivity sites, Chromatin Hidden Markov 
Modelling (ChromHMM) states, histone modifications 
of epigenetic markers more specifically commonly 
used marks associated with enhancers (H3K4Me1 and 
H3K27Ac) and promoters (H3K4Me3 and H3K9Ac), and 
transcription factor ChiP-seq data.

To identify putative target genes, we examined 
potential functional chromatin interactions between distal 
and proximal regulatory transcription-factor binding sites 
and the promoters at the risk loci, using the Chromatin 
Interaction Analysis by Paired End Tag (ChiA-PET) 
and Genome conformation capture (Hi-C, 3C and 5C) 
datasets downloaded from GEO (for data sources refer to 
S6 Table). 

Maps of active mammary super-enhancer regions 
in HMEC cells were obtained from Hnisz et al. [81]. 
Predicted enhancer-promoter determined interactions 
were obtained from the integrated method for predicting 
enhancer targets (IM-PET) described in He et al. [82].

RNA-Seq data from ENCODE was used to evaluate 
the expression of exons across the 4q21 locus in HMEC 
and MCF7 cell lines. For HMEC and MCF7, alignment 
files from 4 and 19 expression datasets respectively were 
downloaded from ENCODE using a rest API wrapper 
(ENCODExplorer R package) [83] in the bam format and 
processed using metagene R packages [84] to normalize in 
Reads per Millions aligned, and to convert in coverages. 

eQTL analyses

The influence of germline genetic variations on 
gene expression was assessed using a linear regression 
model, as implemented in the R library eMAP (http://
www.bios.unc.edu/~weisun/software.htm). An additive 
effect was assumed by modeling subjects’ copy number 
of the rare allele, i.e. 0, 1 or 2 for a given genotype. Only 
relationships in cis (defined as those in which the SNP 
resided less than 1 MB up or down from the center of 
the transcript) were investigated. eQTL analyses were 
performed on both normal breast and tumor tissues, and 
included the following materials: Normal Breast: NB116 
(n = 116) consists of samples from women of Caucasian 
ancestry recruited in Oslo, comprising expression data 
from normal breast biopsies (n = 73), reduction plastic 
surgery (n = 34) and adjacent normal (n = 9) (adjacent 
to tumour). Genotyping was performed using the iCOGS 
SNP array, and gene expression levels were measured 
with Agilent 44K [85, 86]. NB93 is the Caucasian 
fraction of the TCGA dataset for which adjacent normal 
breast expression data were available, n = 93 for the data 
normalized per gene, and n = 94 for the data normalized 
per isoform. Birdseed processed germline genotype 
data from the Affy6 SNP array were obtained from the 
TCGA dbGAP data portal [87]. Gene expression levels 
were assayed by RNA sequencing, RSEM (RNAseq by 
Expectation-Maximization, [88] normalized both per gene 
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and per isoform, as obtained from the TCGA consortium 
[87]. The data was log2 transformed, and unexpressed 
genes were excluded prior to eQTL analysis. Breast 
carcinomas: BC241, is a Caucasian sample set recruited 
from Oslo, n = 241. The sample set includes all stages 
of breast cancer, and genotypes were obtained with the 
iCOGS SNP array, and mRNA expression data was from 
the Agilent 44K array [86, 89]. BC765 comprises samples 
from the TCGA breast cancer sample set of Caucasian 
origin [87], n = 765 for the data normalized per gene, and 
n = 766 for the data normalized per isoform. Genotyping 
platform was Affy6, and gene expression was measured 
using RNA sequencing. See NB93 for a more detailed 
description. For all sample sets, the genotyping data 
was processed as follows: SNPs with call rates < 0.95 or 
minor allele frequencies < 0.05 were excluded, as were 
SNPs out of Hardy Weinberg equilibrium with P < 10-13. 
All samples with a call rate below 80% were excluded. 
Identity by state was computed using the R GenABEL 
package [90], and closely related samples with IBS > 
0.95 were removed. The SNP and sample filtration criteria 
were applied iteratively until all samples and SNPs met the 
stated thresholds.
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ABSTRACT
Long non-coding RNAs (lncRNAs) have been implicated in normal cellular 

homeostasis as well as pathophysiological conditions, including cancer. Here we 
performed global gene expression profiling of mammary epithelial cells transformed 
by oncogenic v-Src, and identified a large subset of uncharacterized lncRNAs 
potentially involved in breast cancer development. Specifically, our analysis revealed 
a novel lncRNA, LINC00520 that is upregulated upon ectopic expression of oncogenic 
v-Src, in a manner that is dependent on the transcription factor STAT3. Similarly,
LINC00520 is also increased in mammary epithelial cells transformed by oncogenic
PI3K and its expression is decreased upon knockdown of mutant PIK3CA. Additional
expression profiling highlight that LINC00520 is elevated in a subset of human breast
carcinomas, with preferential enrichment in the basal-like molecular subtype. ShRNA-
mediated depletion of LINC00520 results in decreased cell migration and loss of
invasive structures in 3D. RNA sequencing analysis uncovers several genes that are
differentially expressed upon ectopic expression of LINC00520, a significant subset of
which are also induced in v-Src-transformed MCF10A cells. Together, these findings
characterize LINC00520 as a lncRNA that is regulated by oncogenic Src, PIK3CA and
STAT3, and which may contribute to the molecular etiology of breast cancer.

INTRODUCTION

Cancer is largely driven by genetic alterations, 
which lead to the deregulation of gene networks that 
typically govern normal cellular homeostasis. Recent 
studies have implicated long non-coding RNAs (lncRNAs) 
in a diverse array of human cancers [1-4]. Surprisingly, a 
large number of these non-coding transcripts are found 
in genomic regions that experience frequent mutation 
or somatic copy number alterations [5]. In addition, 
many lncRNAs are transcriptionally regulated by major 
oncogenes and tumor suppressors including c-Myc and 
p53 respectively [6, 7]. 

Gene expression profiling of various disease 
model systems has proven to be a powerful approach for 
identifying candidate lncRNAs implicated in cancer. The 
first cancer-associated lncRNAs to be identified using 
differential expression profiling of prostate tumors and 
normal tissue, were prostate cancer associated 3 (PCA3, 
also called DD3) which is currently used as a biomarker 
for prostate cancer [8, 9], and prostate-specific transcript 
1 (PPCGEM1) which is implicated in androgen receptor 
transcriptional activation [10, 11]. Differential expression 
profiling has also led to the discovery of the nuclear 
lncRNA metastasis-associated lung adenocarcinoma 
transcript 1 (MALAT1), as one of the first lncRNAs to be 
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ascribed a role as a potential prognostic biomarker for lung 
cancer survival [12]. 

Collectively, lncRNAs may act in either a tumor 
suppressive or oncogenic capacity to modulate cellular 
phenotypes associated with malignancy [13]. One of 
the best-characterized cancer-associated lncRNAs is 
HOTAIR. This lncRNA acts as a molecular scaffold for 
Polycomb Repressive Complex 2 (PRC2) and Lysine-
Specific Demethylase 1 (LSD1) to facilitate epigenetic 
silencing of specific gene loci and promotes breast cancer 
metastasis [1]. Furthermore, expression of HOTAIR is 
also associated with poor survival [1]. ANRIL is another 
lncRNA implicated in cancer. Expression of this antisense 
non-coding RNA in prostate cancer cells, results in the 
transcriptional repression of the INK4n/ARF/INK4a tumor 
suppressor genes, which regulate cell cycle progression 
and senescence [14]. Similarly, in melanoma cells, RNAi-
mediated knockdown of the highly expressed lncRNA 
SPRY4-IT1 results in defects in cell growth and induction 
of apoptosis [15]. 

In spite of these examples, less than 1% of the 
identified human lncRNAs have been characterized 
[16]. Our understanding of lncRNA biology is far from 
complete and the identification, regulation and functional 
characterization of lncRNAs involved in breast cancer 
pathogenesis may provide novel opportunities for 
differential diagnoses and therapeutic interventions. 
Here we identify the novel lncRNA LINC00520 in 
breast cancer using two independent systems of cellular 
transformation driven by oncogenic v-Src and mutant 
PIK3CA, respectively. We further demonstrate that 
LINC00520 expression is clinically relevant and is 
preferentially associated with basal-like breast cancer. 
We also investigate the transcriptional regulation of 
LINC00520 and provide evidence for its role in breast 
cancer development. 

RESULTS

Identification and transcriptional regulation 
of LINC00520 in a model of Src-induced 
transformation of mammary epithelial cells

In order to assemble a comprehensive list of 
lncRNAs that are potentially implicated in breast cancer, 
we systematically surveyed the transcriptome of a 
well-characterized immortalized mammary epithelial 
MCF10A cell line model containing a tamoxifen-
inducible Src oncoprotein (v-Src). Previous studies 
using this model system have demonstrated that ectopic 
expression of Src results in multiple features associated 
with cellular transformation, including colony formation 
in soft agar, increased migration and invasion and tumor 
formation capability in immunocompromised mice 

[17]. Furthermore, Src-induced transformation has been 
demonstrated to drive an onset of molecular events that 
involve epigenetic alterations leading to changes in gene 
expression networks [17]. 

To explore the transcriptome of MCF10A cells 
upon Src induction, we collected RNA before (T0) and 
after Src induction at 4, 12, and 36 hours (T4,T12,T36) 
and performed RNA-sequencing. Differential expression 
analysis revealed thousands of protein coding genes and 
hundreds of differentially regulated non-coding transcripts 
(Figure 1a). As expected, we observed concordant overlap 
with the transcriptional signature previously defined in 
this system [17]. To identify lncRNAs with oncogenic 
potential we focused on a subset of the ncRNAs whose 
transcript levels are robustly increased upon v-Src 
induction (Figure 1a).

To pare down the number of potential candidates, 
we ordered the transformation-induced lncRNAs by 
fold induction as well as final transcript abundance 
at 36 hours. We reasoned that a potent oncogenic 
lncRNA would display both strong induction AND high 
expression. Topping both criteria was LINC00520, an 
uncharacterized lncRNA that displayed both striking 
induction ( > 30 fold) and abundance of ~ 80 FPKM at 
36 hours (Figure 1b). Consequently, LINC00520 ranked 
in the ~95 percentile of expressed genes which is at the 
high end of both reported lncRNA and coding expression 
regimes. Subsequent analyses on LINC00520 indicates 
that it resides ~112kb from the kinesin receptor KTN1 
and ~ 321kb from the Pellino E3 ubiquitin ligase family 
member 2, PELI2 (Figure 1b). In support of LINC00520 
being an independent transcript, we note that LINC00520 
is transcribed in the opposite direction to either flanking 
gene. In addition, transcript structural analysis reveals that 
LINC00520 undergoes splicing and contains 3-4 exons 
depending on the isoform type (Figure 1b). 

LINC00520 is regulated by STAT3 in Src-
transformed cells

Since the transcription factor signal transducer 
and activator of transcription 3 (STAT3) plays a critical 
role in Src-induced transcriptional responses during 
cellular transformation [17], we analyzed published 
chromatin immunoprecipitation (ChIP) data performed 
in the MCF10A Src-induced cells to determine whether 
STAT3 directly binds to the LINC00520 promoter [18]. An 
enrichment of STAT3 binding to the LINC00520 promoter 
region is observed as early as 4 hours post Src induction, 
with a significant increase at 36 hours. This coincides with 
an increase in LINC00520 transcript levels at this time 
point (Figure 1c). Moreover, depletion of STAT3 with 
siRNA abolishes Src-induced upregulation of LINC00520 
(Figure 1d). Taken together, these data implicate STAT3 
in the transcriptional regulation of LINC00520 during 
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Figure 1: Identification and transcriptional regulation of LINC00520 in a model of Src-induced transformation of 
mammary epithelial cells. a. Heat maps showing subset of protein coding genes and long non-coding RNAs that are differentially 
expressed at 4,12 and 36 hours post Src induction, in MCF10A cells. b. RNA Sequencing, relative expression of LINC00520 at various 
time-points post Src induction in immortalized mammary epithelial MCF10A cells. FPKM, fragments per kilobase of transcript per million 
mapped reads. c. STAT3 ChIP enrichment in MCF10A cells post Src induction, at the LINC00520 locus. d. Expression of LINC00520 
following siRNA-mediated depletion of STAT3 in MCF10A-Src transformed cells. Transcript levels were determined by qRT-PCR and 
normalized to GAPDH. Values represent the average of three technical triplicates.
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cellular transformation of mammary epithelial cells driven 
by oncogenic Src.

LINC00520 is regulated by the PI3K pathway

To investigate if LINC00520 plays a broader role 
in transformation we turned to an orthogonal model using 
MCF10A mammary epithelial cells expressing oncogenic 
mutants of PIK3CA. The PI3K pathway is frequently 
hyperactivated in breast cancer mainly due to recurrent 
somatic mutations in PIK3CA, the gene that encodes the 
p110α catalytic subunit of PI3K, or via loss of the tumor 
suppressor Phosphatase and Tensin Homolog (PTEN) [19]. 
As previously reported, oncogenic PIK3CA (H1047R) 
induces cellular transformation as indicated by the increase 
in colony formation in soft agar compared to wild-type 
PIK3CA (Supplementary Figure 1) [20]. We collected 
gene expression data from PIK3CA (H1047R) MCF10A 
cells and compared this to WT p110α using microarrays 
(Figure 2a). We found that many differentially expressed 
genes in the PIK3CA (H1047R)-expressing cells are also 
differentially expressed in Src-transformed MCF10A 
cells, including LINC00520 (Figure 2b). We verified 
LINC00520 expression using qRT-PCR and again found 
that increased LINC00520 transcript levels are observed 
in MCF10A cells expressing mutant PIK3CA (H1047R) 
relative to wild-type PIK3CA-expressing cells (Figure 
2c). Likewise, a similar upregulation of LINC00520 is 
observed in isogenic MDA-MB-231 cells expressing 
PIK3CA (H1047R) relative to wild-type (Figure 2d). By 
contrast, LINC00520 is downregulated upon depletion of 
PIK3CA in SUM159-PT (mutant PIK3CA H1047L) breast 
cancer cells (Figure 2e). Together these data suggest that 
LINC00520 is regulated downstream of oncogenic PI3K. 

LINC00520 is upregulated in human tumors and 
enriched in basal-like human breast carcinomas

It has been reported that lncRNAs tend to display 
tissue specificity. Therefore, we next examined the 
expression of LINC00520 in a panel of breast cancer 
cell lines with defined genetic alterations and molecular 
subtypes. Interestingly, we find a preferential upregulation 
of LINC00520 in basal-like, triple-negative breast cancer 
cell lines (Figure 3a), many of which display a high 
metastatic potential and poor prognosis.

To better understand this finding, we analyzed 
LINC00520 expression in breast carcinoma clinical 
samples. Using RNA-sequencing data, we found that 
LINC00520 is upregulated in human breast tumors (Figure 
3b) and it is particularly enriched in basal-like and HER2 
intrinsic molecular subtypes (Figure 3c). Furthermore, 
within the basal-like subtype, we found 166 differentially 
expressed genes (of 13, 015 transcripts) in samples with 
high LINC00520 expression (Supplementary Figure 

2). Gene set enrichment analysis (GSEA) (based on a 
pre-ranked gene list using SAM’s d-statistic) revealed 
that the expression of LINC00520 in basal-like breast 
cancer was significantly associated with upregulation 
of 26 of the Broad Institute´s Molecular Signatures 
Database (mSigDB) Hallmark gene sets at a FDR < 5% 
(Supplementary Figure 3), including gene sets related 
to activation of the PI3K/AKT/mTOR pathway and 
epithelial-mesenchymal-transition (EMT) (Figure 3d). 
Consistent with this finding, functional analysis, indicates 
that many of the differentially expressed genes in basal-
like carcinomas of the breast with high LINC00520 
expression were primarily implicated in processes 
involved in cell adhesion, extracellular matrix remodeling, 
and wound healing (Figure 3e) and may therefore provide 
insight into potential roles of LINC00520 in breast cancer.

Depletion of LINC00520 blocks breast cancer cell 
migration

In order to assess the biological role of LINC00520 
in breast cancer, we performed shRNA-mediated loss-
of-function studies in basal-like breast cancer cell lines 
containing endogenous levels of LINC00520. Two 
distinct shRNA constructs, each targeting a distinct exon 
of LINC00520, were cloned (Figure 4a). Approximately 
70-90% silencing efficiency was observed by qRT-PCR
in all cell lines tested including SUM159-PT cells (Figure
4b), MCF10A-Src cells (Figure 4f) and MCF10DCIS
cells (Figure 5a). We then investigated the effects of
LINC00520 depletion on cell proliferation. We observed
no significant effects on the proliferation of SUM159-
PT cells upon depletion of LINC00520 (Figure 4c). By
contrast, depletion of LINC00520 leads to a decrease in
transwell migration of SUM159-PT cells (Figure 4d) and
MCF10A-Src transformed cells (Figure 4e). Similarly,
a reduction of invasive protrusions from MCF10DCIS
spheroids grown in Matrigel is observed upon depletion
of LINC00520 (Figure 5b-5c). These data implicate
LINC00520 in cell migration and invasion.

Overexpression of LINC00520 results in 
alterations in global gene expression

Based on the above loss-of-function studies, we next 
determined whether ectopic expression of LINC00520 
in parental WT MCF10A cells leads to gene expression 
alterations in cancer-associated genes. MCF10A cells 
were transduced with lentivirus made from a modified 
lentiviral construct designed specifically for the over-
expression of non-coding RNAs [21]. This construct was 
used for the ectopic for expression of either LINC00520 
or a control lncRNA (AC006262.1) that is not expressed 
in either parental MCF10A-Src, or MCF10A PIK3CA 
(H1047R) cells. We compared the expression profiles of 
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Figure 2: LINC00520 is regulated by the PI3K pathway. a. Schematic of MCF10A system used to identify PI3K regulated genes 
involved in transformation. b. Heat map of gene expression values from Src-transformed MCF10A cells for genes that increased (left) or 
decreased (right) by two fold in the mutant PIK3CA-transformed MCF10A cells. Quantitative RT-PCR, showing relative expression of 
LINC00520 in: c. MCF10A cells expressing wild-type PIK3CA (WT) compared to mutant PIK3CA H1047R, d. Isogenic MDA-MB-231 
cells expressing wild-type PIK3CA (WT), and mutant PIK3CA H1047R respectively and e. shRNA-mediated knockdown of PIK3CA in 
SUM159-PT cells. Transcript levels were normalized to GAPDH. Data represents average of three independent experiments ± the SEM. 
Statistical significance was determined using paired Student’s t-test, * p < 0.05, ** p < 0.01, ***p < 0.001. 
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Figure 3: Expression Analysis in Clinical Samples of Human Breast Invasive Carcinoma. a. Relative expression of 
LINC00520 in a panel of breast cancer cell lines, compared to MCF10A cells. Expression was determined by qRT-PCR and normalized to 
GAPDH. Values are representative from three independent experiments. b. Breast carcinoma clinical samples show higher expression of 
LINC00520 compared to matched normal breast samples from TCGA dataset (n = 105). c. In breast carcinoma clinical samples (n = 741) 
LINC00520 expression level differs according to the intrinsic molecular subtype. RPKM, reads per kilobase of transcript per million mapped 
reads. d. Gene Set Enrichment analysis (GSEA) of basal carcinomas with high expression of LINC00520. Four of the most associated gene 
sets, of the 50 Hallmark gene sets of the Broad Institute’s MSigDB collection, 11 gene set S were significantly upregulated at an FDR < 
1% and 26 at an FDR < 5% using Hallmark gene set collection. e. Top-ranked Functional Gene Ontology Biological Process and KEGG 
Pathway terms using DAVID. All represented terms were associated with the transcriptomic signature of basal breast carcinomas with high 
LINC00520 expression (Benjamini Hochberg p-value of < 0.05).
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Figure 4: Depletion of LINC00520 blocks breast cancer cell migration. a. Schematic showing regions targeted by LINC00520 
shRNA#1 and shRNA#2. b. Validation of downregulation of LINC00520 in SUM159-PT cells used for proliferation and migration 
assays. c. Proliferation assay using SUM159-PT cells expressing two different LINC00520 shRNA constructs. Data represents average of 
two biological replicates. d. Transwell migration assay of SUM159-PT cells expressing two different LINC00520 shRNA constructs. e. 
Transwell migration assay of MCF10A-Src inducible cells expressing two different LINC00520 shRNA constructs. Cells were induced with 
vehicle (ethanol) or Tamoxifen for 48hours prior to migration. f. Validation of downregulation of LINC00520 in MCF10A-Src inducible 
cells used for migration assays. Data represents average of three biological replicates ± the SEM. Statistical significance was determined 
using unpaired Student’s t test, * p < 0.05, *** p < 0.001. 
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untransduced to transduced cells 72 hours post infection 
using RNA-seq. Using Cuffdiff2 for differential gene 
expression analysis we first established that LINC00520 
was induced upon transduction (~500 fold) and then 
found that 1,898 genes changed significantly in response 

to transduction with LINC00520. To determine if 
LINC00520 might have a regulatory role in transformation 
we next asked if the upregulated genes during MCF10A-
Src transformation were enriched in the genes induced by 
LINC00520 transduction (976 out of the 1,898). We tested 

Figure 5: Depletion of LINC00520 affects the integrity of invasive protrusions. a. Quantitative RT-PCR validation of silencing 
of LINC00520 in MCF10DCIS cells. Transcript levels were normalized to GAPDH and fold change was calculated relative to scrambled 
shRNA #1. b. Representative phase-contrast images of MCF10DCIS acini infected with lentiviral scrambled or LINC00520 shRNA grown 
in 3D Matrigel. Images displayed were taken on day 5. c. Morphological effects of silencing of LINC00520 in MCF10DCIS cells grown in 
(Top) 2D, scale bar = 100μm and (Bottom) in 3D Matrigel cultures. For 3D, images shown were taken at day 5, scale bar = 500μm. 
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for the enrichment of upregulated genes from each time 
point using the hypergeometric test (4,12, and 36 hours) 
and found significant overlap with LINC00520 induction 
signature for all time points (at 4 hours p < 1e-20, at 12 

hours p < 8e-38 and at 36 hours p < 0.008). The most 
significant overlap was found not at the time point with 
the highest LINC00520 expression (36 hours) but at 12 
hours where LINC00520 expression begins to ramp up in 

Figure 6: Heat map showing expression profile of MCF10A cells expressing LINC00520. a. All genes (1693 genes) depicted 
in the heat map are upregulated in MCF10A-Src transformed cells. Abbreviations: UTC - Untransformed MCF10A cells; AC006262.6 is 
a lncRNAs that is not involved in transformation (negative control). Scale bar shows log2 row median centered expression values. b. GO 
analysis of a subset of genes that are upregulated upon ectopic expression of LINC00520 in MCF10A cells (grey line in heat map denotes 
top 291 genes used for analysis).



Oncotarget  681www.impactjournals.com/oncotarget

the MCF10A-Src time course (Figure 6a). A minority of 
the 12-hour MCF10A-Src up-regulated gene set is down 
regulated in response to LINC00520 overexpression. 
However most of the changes in either direction with 
respect to the untransfected control are not observed in 
the control lncRNA transduction. Interestingly, a subset of 
these LINC00520-upregulated genes have been linked to 
cell migration and invasion among other cellular functions 
(Figure 6b, Supplementary Figure 4). This analysis is 
consistent with the findings that LINC00520 modulates 
cell migration in breast cancer cell lines, a phenotype that 
is recapitulated in v-Src-transformed cells. 

DISCUSSION

Here we identify and describe a novel lncRNA, 
LINC00520, and provide evidence for a potential role in 
breast cancer. LINC00520 is transcriptionally upregulated 
in immortalized mammary epithelial cells transformed by 
oncogenic Src or oncogenic PI3K. We also show that the 
transcription factor STAT3 is critically required for the 
regulation of LINC00520 expression. Notably, expression 
of LINC00520 is increased in basal-like breast cancer 
cells, which also show a preferential increase in STAT3 
activity. Thousands of lncRNAs have been annotated 
to date yet the biological significance of the majority of 
these lncRNAs remains unclear. In this study, we provide 
evidence for a role for LINC00520 in breast cancer. 
Both loss-of-function and gain-of-function approaches 
point to a role for LINC00520 in cell migration and cell 
invasiveness, arguing against the notion that LINC00520 
represents a trivial, promiscuous transcript. 

To date, no orthologs of LINC00520 have been 
described in other mammalian species. This is not 
unexpected, since most lncRNAs appear to be poorly 
conserved and tend to undergo rapid evolution. For 
instance, only approximately 12% of human and mouse 
lncRNAs have orthologs in other species [22, 23] and 
less than 6% of zebrafish lncRNAs share homologous 
sequences in humans or mice [24]. While this lack of 
conservation may suggest lncRNAs are merely cryptic 
noise in the genome, the characterization of Xist 
challenges this notion. Although Xist is critical for dosage 
compensation, most of its sequence is poorly conserved 
and deletion of exon 4, which shows the most convincing 
evidence for conservation, has no functional consequence 
[25]. A more comprehensive catalog of lncRNAs from 
several vertebrate species along with advancements in 
computational assessment tools may improve comparative 
lncRNA studies.  

Our study also demonstrates that LINC00520 affects 
global gene expression. Importantly, ectopic expression 
of LINC00520 results in a transcriptional profile that 
shows significant overlap with that generated by Src-
transformed cells. LINC00520 might mediate its function 
by interacting with various chromatin modifiers and/or 

transcriptional regulators, as observed for lncRNAs such 
as HOTAIR, HOTTIP, MISTRAL and Xist [24, 26-28]. 
Despite these examples, it is still unclear whether these 
RNA-protein interactions are direct. Furthermore, the 
factors that dictate the specificity of these interactions 
have not been clearly defined. Regardless, future work 
will determine the mechanistic action of LINC00520. 
While there are well-studied examples of lncRNAs that 
are enriched in the nucleus [29-31], many lncRNAs 
appear to be cytoplasmic [32-34]. It will be interesting to 
determine the cellular localization of LINC00520, whether 
it undergoes any re-localization to various intracellular 
compartments and how it evades RNA decay. 

Despite the definition of lncRNAs as noncoding, 
nearly half of the expressed lncRNAs encode peptides 
that are actually translated [35]. Ribosome profiling in 
ER-Src cells [35] reveals that non-overlapping regions of 
LINC00520 RNA are translated into 4 peptides (26, 32, 32, 
and 40 amino acids) that are conserved in monkeys but not 
in more evolutionary distant species. The stabilities and 
hence steady-state levels of these peptides are unknown, 
and whether one or more of these peptides are biologically 
functional remains to be determined.

In summary, this study supports the accumulating 
evidence that lncRNAs may function to modulate human 
cancer pathogenesis. It points to a role for lncRNAs in the 
mechanism of action of critical oncogenes, namely Src, 
PI3K and STAT3. To our knowledge, this is the first study 
that investigates the regulation and biological function of 
LINC00520. It also implicates the first lncRNA identified 
as a downstream effector of the PI3K pathway. Future 
studies will dissect the entire complement of LINC00520 
biology and its significance in processes critical for breast 
cancer initiation and progression. 

MATERIALS AND METHODS

Antibodies, plasmids and reagents

pBabe puro HA PIK3CA WT (Addgene plasmid 
#12522) and pBabe puro HA PIK3CA H1047R (Addgene 
plasmid #12524) was a gift from Dr. Jean Zhao. pBABE-
puro was a gift from Hartmut Land, Jay Morgenstern and 
Robert Weinberg (Addgene plasmid #1764). Isogenic 
MDA-MB-231 cells expressing PIK3CA WT, PIK3CA 
E545K and PIK3CA H1047R were a kind gift from Dr. 
Jonathan Backer, and have been described [36]. 

Retroviral expression of LINC00520

LINC00520 was cloned as described previously 
[21]. 
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RNA interference

For LINC00520 and PIK3CA shRNAs, single-
stranded oligonucleotides sense and antisense pairs, 
encoding the indicated target sequences were synthesized 
and cloned into PLKO.1 vector. Stable cell lines were 
maintained in 2μg/ml puromycin. 

PIK3CA shRNA#1, sense, 
5’-CCGGGCACAATCCATGAACAGCATTCGAGAATG 
CTGTTCATGGATTGTGCTTTTTTG-3’;

PIK3CA shRNA#1, antisense, 
5’-AATTCAAAAACACAATCCATGAACAGCATTCTC 
GAGAATGCTGTTCATGGATTGTG-3’

PIK3CA shRNA#2, sense,
5’-CCGGGCATTAGAATTTACAGCAAGACTCGAGT 
CTTGCTGTAAATTCTAATGCTTTTTTG-3’;

PIK3CA shRNA#2, antisense, 
5’-AATTCAAAAAGCATTAGAATTTACAGCAAGACT 
CGAGTCTTGCTGTAAATTCTAATGC-3’

LINC00520 shRNA#1, sense, 5’- 
ccggAAGAGAAAAGCTGAAGGACACctcgag 
GTGTCCTTCAGCTTTTCTCTTtttttg

LINC00520 shRNA#1, antisense, 5’- 
ccggAAGAGAAAAGCTGAGAAGGACACctcgagGT 
GTCCTTCAGCTTTTCTCTT

LINC00520 shRNA#2, sense, 5’ - 
ccggACCTCAAATCTTTCGAGAACActcgagTGTTCT 
CGAAAGATTTGAGGTtttttg

LINC00520 shRNA#2, antisense, 5’- 
AATTCAAAAAACCTCAAATCTTTCGAGAACActcg 
agTGTTCTCGAAAGATTTGAGGT

Cell culture and immunoblotting

MCF10A and MCF10DCIS.com [37] cells were 
cultured in Ham’s F12/DMEM (Cellgro) supplemented 
with 5% equine serum (Cellgro), 500ng/ml hydrocortisone 
(Sigma-Aldrich), 100ng/ml cholera toxin (List Biological 
Laboratories), 20ng/ml EGF (R&D Systems) and 10ug/
ml insulin. SKBR3 cells were maintained in 10% FBS/
McCoy’s (Cellgro). MCF7, and MDA-MB-468, MDA-
MB-453, MDA-MB-231 cells were maintained in 
Dulbecco’s modified Eagle medium (DMEM; Cellgro) 
supplemented with 10% Fetal Bovine Serum (FBS; 
Cyclone). T47D and BT549 cells were cultured in 10% 
FBS/DMEM, supplemented with 1mg/ml insulin (Sigma-
Aldrich). SUM159-PT cells were grown in Ham’s F12 
medium (Cellgro) supplemented with 5% FBS, 1ug/
ml hydrocortisone (Sigma-Aldrich) and 5ug/ml insulin 
(Sigma-Aldrich). ZR75-1 and HCC1806 were maintained 
in RPMI 1640 supplemented with 10% FBS (Cellgro). 
MCF10A-Src inducible cell lines were cultured as 
previously described [17]. For all western blotting, cells 
were lysed in RIPA buffer with protease and phosphatase 
inhibitors. 

3D Morphogenesis assay

MCF10DCIS cells were grown in three dimensional 
Matrigel cultures as described [38]. Briefly, 3x103 cells 
were suspended in modified growth medium containing 
2% growth factor-reduced Matrigel, 2% Horse serum 
(Cellgro) and 5ng/ml EGF (R&D systems). Cell mixture 
was plated on top of a solidified layer of growth factor-
reduced Matrigel. Cells were fed every 4 days. Phase 
contrast images were acquired using the Nikon Eclipse Ti 
microscope.

Quantitative real-time RT PCR

Total RNA was isolated using the RNeasy kit 
following the manufacturer’s instructions (Qiagen). 
Reverse transcription was performed using Quantitect 
Reverse transcription kit according to the manufacturer’s 
instructions (Qiagen). Quantitative real-time RT-PCR was 
performed using SYBR Green PCR Master Mix (BioRad) 
and the ABI Prism 7900 sequence detector (Applied 
Biosystems). Relative mRNA expression was calculated 
by the ΔΔCT method with GAPDH as reference. Primer 
sequences:

LINC00520 sense: 5’- GTGTACATTTCTGG 
GTAGCTT

LINC00520 antisense: 5’ - AAAGGAAAACAATA 
CAGGCTTG

GAPDH sense: 5’ - GCAAATTCCATGGCACCGT
GAPDH antisense: 5’- TCGCCCCACTT 

GATTTTGG

Transwell migration assay

Transwell migration assay using SUM159-PT 
cells was performed as previously described [39]. Cells 
were allowed to migrate through an 8μm-pore transwell 
(Corning) for 16 hours and NIH3T3 conditioned media 
was used as a chemoattractant in the lower chamber. 
MCF10A-Src-Hygro inducible cells containing 
LINC00520 shRNA constructs were first treated with 
1μM Tamoxifen or ethanol (vehicle) for 48 hours prior to 
migration. Cells were then serum starved and then allowed 
to migrate for 16 hours using MCF10A growth media as 
the chemoattractant. MCF10A-Src-Hygro inducible cell 
lines were generated using a retroviral pLHCX vector 
(Clontech) containing an ER-Src inducible gene. Stable 
cell lines were established after selection with 150μg/ml 
hygromycin for 5 days and maintained thereafter in 50μg/
ml.
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RNA-Seq analysis and ChIP-Seq analysis

RNA whole transcriptome sequencing (RNA-
seq) was carried out at 0 (1 replicate), 4 (2 replicates), 
12 (1 replicate) and 36hrs (2 replicates) post tamoxifen 
treatment on polyA selected RNA using Illumina tru-seq 
library construction. RNA-seq was also carried out for the 
over-expression experiments in parental MCF10A cells 
that were untransduced (3 replicates), transduced with 
LINC00520 (2 replicates) or transduced with a control 
lincRNA AC006262.6 (2 replicates) on polyA selected 
RNA using Illumina tru-seq library construction harvested 
72 hours post transduction.

Transcript levels were quantified and differentially 
expressed genes were called using cuffdiff2 [40]. Relative 
transcript levels are expressed as a “Fragments Per 
Kilobase of transcript per Million mapped” (FPKM) which 
corrects for the length of the transcript and the depth of the 
libraries. Raw and processed ChIP-Seq data was retrieved 
from [18].

Expression analysis in clinical samples of human 
breast invasive carcinoma

Genomic alterations associated with LINC00520 
were identified by querying genomic data from Breast 
Invasive Carcinomas dataset of TCGA. Data from 
850 breast cancer cases were retrieved from the TCGA 
database (http://cancergenome.nih.gov/), including 
RNAseq gene expression (Illumina HiSeq RNASeqV2 
Level 3.1.9.0) and lncRNA expression from TANRIC 
database (http://bioinformatics.mdanderson.org/main/
TANRIC:Overview). Intrinsic molecular subtype data was 
obtained by applying the PAM50 algorithm to the RNA-
seq data. 

LINC00520 expression level was compared in 
normal-tumor paired samples (n = 105) using a T-test for 
paired samples and compared using One-way ANOVA 
(with unequal variance) in carcinoma samples (n = 741) 
by intrinsic molecular subtypes. Afterwards, LINC00520 
expression levels were dichotomized into low and high 
expression categories using univariate clustering based on 
finite normal mixture modeling (mclust 5.1 package, R 
3.2.2). Differential gene expression was performed using 
two-class unpaired significance of microarray analysis 
(SAM 2.0 package, R 3.2.2) [41] in basal carcinomas 
previously classified with low (n = 96) and high (n = 
30) expression of LINC00520. Next, we performed
a pre-ranked GSEA (Gene-Set Enrichment Analysis)
using software provided by the Broad Institute (http://
www.broadinstitute.org/gsea/msigdb/annotate.jsp) on
a gene list ranked based on the d-statistic computed
from the LINC00520 differential expression analysis,
and we assessed enrichment using the Broad Institute´s
Molecular Signatures Database (mSigDB) Hallmark

gene sets collection (n = 50) (http://www.broadinstitute.
org/gsea/msigdb/). Finally, functional annotation for the 
transcriptomic signature of basal-like high LINC00520 
expression carcinomas was performed using Database 
for Annotation, Visualization and Integrated Discovery 
(DAVID) 6.7 [42]. Gene set enrichments were assessed 
using Gene Ontology Biological Pathway and KEGG 
Pathways summarized version with 13,015 genes (total 
genes in RNASeqV2 data) as background list and gene 
sets containing a minimum of 15 genes. Statistical 
significance was considered when p-value was < 0.05 or 
false discovery rate (FDR) was < 0.05.

Sulforhodamine B (SRB) proliferation assay

For proliferation assay 0.01 x 10^6 cells were 
seeded in complete growth media. Relative number of 
adherent cells at day 0 (~16hrs post-seeding), days 1, 3, 
and 4, were assessed using sulforhodamine B assay as 
previously described [43]. Briefly, adherent cells were 
fixed with 12.5% (w/v) trichloroacetic acid for 1 hour at 
4°C. Cells were then rinsed three times with water and 
stained with a solution of 0.5% (w/v) SRB in 1% acetic 
acid for at least 30 minutes at room temperature. Cells 
were then washed three times with 1% acetic acid and 
allowed to dry. SRB was dissolved in 10 mmol/l Tris (pH 
10.5). Absorbance of solubilized SRB was measured at 
510 nm.
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ABSTRACT
Myeloid-derived suppressor cells (MDSCs) are immune suppressive cells that 

are hallmarks of human cancer. MDSCs inhibit cytotoxic T lymphocytes (CTLs) and 
NK cell functions to promote tumor immune escape and progression, and therefore 
are considered key targets in cancer immunotherapy. Recent studies determined a 
key role of the apoptosis pathways in tumor-induced MDSC homeostasis and it is 
known that ceramide plays a key role in regulation of mammalian cell apoptosis. In 
this study, we aimed to determine the efficacy and underlying molecular mechanism 
of ceramide in suppression of MDSCs. Treatment of tumor-bearing mice with 
LCL521, a lysosomotropic inhibitor of acid ceramidase, significantly decreased MDSC 
accumulation in vivo. Using a MDSC-like myeloid cell model, we determined that 
LCL521 targets lysosomes and increases total cellular C16 ceramide level. Although 
MDSC-like cells have functional apoptosis pathways, LCL521-induced MDSC death 
occurs in an apoptosis- and necroptosis-independent mechanism. LCL521 treatment 
resulted in an increase in the number of autophagic vesicles, heterolysosomes and 
swollen ERs. Finally, concomitant inhibition of cathepsin B and cathepsin D was 
required to significantly decrease LCL521-induced cell death. Our observations 
indicate that LCL521 targets lysosomes to activate cathepsin B and cathepsin D, 
resulting in interrupted autophagy and ER stress that culminates in MDSC death. 
Therefore, a ceramidase inhibitor is potentially an effective adjunct therapeutic agent 
for suppression of MDSCs to enhance the efficacy of CTL-based cancer immunotherapy.

INTRODUCTION

Myeloid-derived suppressor cells (MDSCs) are 
potent immune suppressive cells that are induced by 
various pathological conditions, particularly by cancer [1-
8]. In human cancer patients and mouse tumor models, 
massive accumulation of MDSCs is a hallmark of tumor 
progression [9-14]. It has been shown that MDSCs use 
diverse mechanisms to inhibit the effector function 

of T cells and NK cells [3, 15, 16]. Moreover, MDSCs 
modulate the tumor microenvironment rendering it 
favorable for angiogenesis, tumor growth, and progression 
through non-immunologic ways, which complement the 
pro-tumor activity of tumor-associated macrophages and 
neutrophils [15, 17]. Therefore, by virtue of their functions 
as suppressors of anti-tumor immunity and producers of 
growth enhancers, MDSCs are considered as key targets 
in cancer immunotherapy [7, 13, 18-23]. 
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The mechanism underlying MDSC differentiation 
has been the subject of extensive studies, and it has been 
well-documented that MDSCs are originated in the bone 
marrow and are recruited to peripheral sites and the 
tumor microenvironment by inflammatory factors [11, 
19, 24, 25]. Various pro-inflammatory factors, including 
IL-1β, IL-6, IL-10, prostaglandin E2 (PGE2), S100A8/9 
proteins, GM-CSF, VEGF and HIF-1α, have been linked 
to MDSC accumulation [2, 26-30]. These studies clearly 
established the concept that tumor-induced inflammatory 
factors mediate MDSC accumulation in tumor-bearing 
hosts. Accordingly, current approaches to suppress 
MDSCs have been largely focused on inhibition of MDSC 
differentiation and proliferation [31, 32]. 

As in T cells, the homeostasis of MDSCs seems 
to be regulated, at least in part, by the Fas-mediated 
apoptosis pathway. It has been shown that host cytotoxic 
T lymphocytes (CTLs), once activated, use FasL to induce 
apoptosis of MDSCs to regulate their homeostasis [33]. 
It should be noted that MDSCs are generally sensitive to 
apoptosis induction, including FasL- and TRAIL-induced 
apoptosis [7, 34]. However, tumor-induced MDSCs 
exhibit altered levels of apoptosis regulatory proteins and 
decreased Fas receptor, and are therefore less sensitive 
to FasL-induced apoptosis than MDSC-like cells from 
tumor-free mice [35]. Therefore, therapeutic approaches to 
target MDSC death pathways are potentially an effective 
treatment strategy to suppress MDSCs in tumor-bearing 
hosts. 

Sphingolipids are bioeffectors that mediate various 
cellular processes, including cell death [36-39]. Ceramide 
is the central molecule of sphingolipid metabolism 
pathways and has been shown to be effective in inducing 
tumor cell apoptosis. However, whether ceramide 
regulates MDSC apoptosis is unknown. In this study, we 
utilized LCL521 (prodrug of B13), a lysosomal inhibitor 
of acid ceramidase, and characterized its efficacy in 
suppressing MDSCs in tumor-bearing mice in vivo and 
in cultured cells in vitro and identified key effectors of the 
underlying molecular mechanism of suppression. We show 
that LCL521 induces MDSC death through a mechanism 
that is independent of apoptosis and necroptosis. Instead, 
LCL521 targets lysosomal cathepsins B and D to disrupt 
macroautophagy (hereafter referred to as autophagy) flux 
and induce endoplasmic reticulum (ER) stress, resulting 
in MDSC cell death. 

RESULTS

LCL521 suppresses MDSC accumulation in 
tumor-bearing mice

To determine whether inhibition of acid ceramidase 
increases MDSC death, we made use of a tumor-bearing 

mouse model and a lysosomotropic inhibitor of acid 
ceramidase [40, 41]. CMS4-met tumor cells were injected 
into BALB/c mice s.c. to establish tumor. Analysis of 
the tumor-bearing mice indicated, as expected, that 
CD11b+Gr1+ MDSCs massively accumulated in spleen, 
blood and BM (Figure 1A & 1B). To functionally validate 
these tumor-induced MDSCs are immune suppressive, 
MDSCs and T cells were co-cultured and analyzed for 
T cell proliferation. CD3+ T cells were purified from 
spleens of BALB/c mice and MDSCs were purified from 
tumor-bearing BALB/c mice. The purities of purified 
CD3+ T cells and CD11b+Gr1+ MDSCs are greater 
than 90% (Figure 1C). CD3+ T cells were labelled with 
CFSE and cultured in anti-CD3 and anti-CD28-coated 
plates. MDSCs were added to the T cell culture and T 
cell proliferation was analyzed 3 days later. The purified 
primary MDSCs apparently survived the 3 day culture 
(Figure 1D). Analysis of T cell CFSE intensity indicates 
that, as expected, T cell divided under the anti-CD3 and 
anti-CD28 stimulation conditions (Figure 1D). MDSCs 
dramatically inhibited T cell proliferation (Figure 1D). 

To determine whether LCL521 suppresses MDSC 
accumulation in vivo, we treated tumor-bearing mice with 
LCL521 and analyzed MDSC accumulation. LCL521 has 
been shown to exhibit direct tumor suppression activity 
[42]. Indeed, LCL521 effectively induces mouse tumor 
cell death in vitro (Figure 1E). Because tumor sizes 
determine MDSC accumulation level [43] and LCL521 
may suppress tumor growth to indirectly suppress MDSC 
accumulation, we injected tumor cells to mice and let 
tumor grow to close to maximal size allowed by the 
animal protocol. The rationale is that LCL521 treatment 
will not significantly suppress tumor growth if the tumor 
burden is extensive. Therefore, the effect of LCL521 on 
MDSCs in tumor-bearing mice can be directly evaluated. 
The tumor-bearing mice were treated with LCL521 and 
tumor sizes were measured. LCL521 did not significantly 
decrease tumor size under this extensive tumor burden 
condition (Figure 1F). Analysis of MDSCs in spleens, 
blood and BM of the tumor-bearing mice revealed that 
MDSC levels were significantly lower in LCL521-treated 
mice as compared to control mice (Figure 1G). Therefore, 
we conclude that LCL521 can effectively suppress MDSC 
accumulation in tumor bearing host in vivo. 

LCL521 is a potent inducer of MDSC-like myeloid 
cell death

To elucidate the mechanism underlying LCL521-
mediated suppression of MDSCs, we then used an in 
vitro MDSC-like cell model. J774 cells are monocyte 
macrophages of BALB/c mouse origin that express 
high levels of CD11b and low levels of Gr1. We sorted 
CD11b+Gr1+ cells from the parent J774 cells and 
established a CD11b+Gr1+ cell line, termed J774M (Figure 
2A). To determine whether J774M cells functionally 
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Figure 1: LCL521 suppresses MDSC accumulation in tumor-bearing mice in vivo. A. CMS4-met tumor cells were injected 
into BALB/c mice sc. Spleen, blood and bone marrow (BM) were collected from tumor-free and tumor-bearing mice thirty days after tumor 
cell injection. Cells were stained with CD11b- and Gr1-specific mAbs and analyzed by flow cytometry. Shown are representative plots of 
MDSCs from one mouse of three mice in each group. B. The CD11b+Gr1+ MDSCs were quantified as percentage of total cells. Column: 
mean, Bar: SD. C. CD3+ T cells were purified from spleens of tumor-free BALB/c mice, and MDSCs were purified from spleens of tumor-
bearing mice as described in the materials and methods. The purified cells were analyzed by flow cytometry for purity. The purities of the 
purified cells are indicated in the plots. D. The purified CD3+ T cells (1.5 x 105 cells/well) were labelled with CFSE, and then cultured in 
anti-CD3 and anti-CD28-coated plates in the absence or presence of purified MDSCs (1x106 cells/well) for 3 days. Cell culture mixtures 
were stained with anti-CD11b and anti-Gr1 mAbs. CD11b-Gr1- cells were gated (left panel) and analyzed for CFSE intensity (right panel. 
The unstimulated (resting), and stimulated T cells in the absence (stimulated) or presence (stimulated + MDSCs) of MDSCs were overlayed 
for CFSE intensity. Shown is a representative images of CSFE intensity of the three groups of cells (right panel). Cells were quantified 
based on CFSE intensity and presented in the bottom panel. E. Mouse tumor cell line CMS4-met was cultured in the presence of LCL521 
at the indicated doses for approximately 24 hours. Cells were stained with PI and analyzed for cell death. % cell death is calculated as % 
PI+ cells. F. CMS4-met tumor cells were injected into BALB/c mice. Thirty days later, tumor-bearing mice were treated with LCL521 at a 
dose of 75 mg/kg body weight every two days twice. Shown are tumor volumes in control and LCL521-treated mice. G. Spleens and tumors 
were collected from control and LCL521-treated tumor-bearing mice. Spleen cells were stained with CD11b- and Gr1-specific mAbs and 
analyzed by flow cytometry. Tumors were digested with collagenase solutions to make single cell suspension. The tumor tissue single cell 
suspension was then stained with CD11b- and Gr1-specific mAbs and analyzed by flow cytometry. Shown are representative results of 
one of three pairs of untreated and LCL521-treated tumor-bearing mice. The % CD11b+ Gr1+ MDSCs were quantified and presented at the 
right. Column: Mean, Bar: SD.
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mimic MDSCs, we performed T cell-J774M cell co-
culture. Purified CD3+ T cells were labelled with CFSE 
and cultured under stimulation conditions in the presence 
of various doses of J774M cells. J774M cells inhibited 
T cell proliferation (Figure 2B) and the inhibitory effect 
is J774M cell dose-dependent and a 0.33:1 ratio of 
J774M and T cells almost completely inhibited T cell 
proliferation in vitro (Figure 2C). Therefore, J774M cells 
phenotypically and functionally mimics tumor-induced 
MDSCs. 

J774M cells were then used as an in vitro 
MDSC model and cultured in the presence of various 
concentrations of LCL521 for 24h, stained with PI, and 
analyzed by flow cytometry. LCL521 induced J774M 
cell death in a dose-dependent manner (Figure 2D & 2E). 
Next, a complementary approach was performed utilizing 
the MTT assay to identify effects of LCL521 on J774M 
cell viability. As expected, the MTT assay showed that a 
24 hour treatment with LCL521 significantly decreased 
J774M cell viability in a dose-dependent manner (Figure 

Figure 2: LCL521 exhibits potent cytotoxicity against MDSC-like cells in vitro. A. J774M cells were stained with IgGs or 
CD11b- and Gr1-specific mAbs, and analyzed by flow cytometry. Shown are representative images of J774M phenotype. B. CD3+ T cells 
were purified from spleens of BALB/c mice and labeled with CFSE. The labelled T cells were then cultured in anti-CD3 and anti-CD28-
coated plates in the presence of J774M cells at the indicated cell densities for 3 days. Cell mixtures were stained with CD11b-specific 
mAb and CD11b- cells were gated for analysis for CFSE intensity by flow cytometry. Shown are representative images of CFSE intensity 
of T cells. Control indicates CFSE intensity of CFSE-labelled CD3+ T cells without stimulation. C. The dividing T cells as shown in B 
were calculated based on CFSE intensity. D. J774M cells were cultured in the presence of LCL521 at the indicated concentrations for 
approximately 24h. Cells were collected, stained with PI and analyzed by flow cytometry. Shown are representative results of one of three 
experiments. E. The % PI+ cells as shown in B were quantified. Column: mean; Bar: SD. F. J774M cells were cultured in the presence of 
LCL521 at the indicated concentrations for approximately 24h and analyzed by MTT assay. The viability of untreated cells was set at 100%. 
The viability of the treated cells was expressed as percentage over the control cells.
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Figure 3: LCL521 targets lysosome and increase total cellular C16 ceramide. A. J774M cells were cultured in the absence 
or presence of LCL521 (15 µM) for 30 min. Mitochondria were isolated using the cell fraction kit. Mitochondria were lysed in total lysis 
buffer and measured for LCL521 content. The mitochondria lysate was also analyzed by Western blotting for acid ceramidase protein 
levels. LAMP1 was used as normalization control. B. J774M cells were cultured in the absence or presence of LCL521 (15 µM) for 30 min. 
Lysosomes were isolated using Lysosome Enrichment Kit. Lysosomes were lysed in total lysis buffer and analyzed for ceramide content. 
The lysosome lysate was also analyzed by Western blotting analysis for acid ceramidase protein level (right panel). Cox-IV was used as 
normalization control. C. The mitochondria (top panel) and lysosome (bottom panel) lysates as shown in A and B, respectively, were also 
measured for ceramide contents. D. J774M cells were cultured in the absence or presence of LCL521 (5 µM) for 24h. Cells were then 
lysated to make total cellular lysates and analyzed for total cellular ceramide contents (bottom panel). The ceramide content was normalized 
to the total cellular protein level.
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2F). Taken together, we conclude that LCL521 suppresses 
MDSC accumulation through inducing MDSC cell death.

LCL521 targets lysosome to increase total cellular 
C16- ceramide level

To identify the mechanism of LCL521-induced 
cell death, we next sought to determine the subcellular 
localization of LCL521. J774M cells were treated with 

LCL521. Mitochondria and lysosomes were isolated 
from control and treated cells. LCL521 levels were 
measured in the control and treated cells. LCL521 level 
was dramatically higher in the lysosomes compared 
to the mitochondria (Figure 3A & 3B). The levels of α 
and β subunits of acid ceramidase were not significantly 
different between control and LCL521-treated cells 
in mitochondria (Figure 3A). The β subunit of acid 
ceramidase protein increased after LCL521 treatment in 

Figure 4: Ceramide mediates MDSC cell death through an apoptosis- and necroptosis-independent mechanism. A. 
J774M cells were cultured in the presence of Z-VAD at the indicated dose (top left panel), LCL521 (5 µM) plus caspase (top right panel) 
or necroptosis (bottom panel) inhibitors as indicated, for approximately 24h. Cells were collected, stained with PI solution and analyzed by 
flow cytometry. % cell death is expressed as % PI+ cells. B. J774M cells were cultured in the presence of caspase and necroptosis inhibitors, 
either alone or in combinations as indicated, for 24h, stained with PI and analyzed by flow cytometry. % cell death is expressed as PI+ cells. 
C. J774M cells were stained with IgG isotype control or Fas-specific mAbs and analyzed by flow cytometry (top left panel). J774M cells
were cultured in the presence of FasL at the indicated concentrations for approximately 24h. Cells were stained with PI and analyzed by
flow cytometry for cell death (top right panel). Bottom left panel: J774M cells were treated with FasL for the indicated time and analyzed
by Western blotting analysis for cleavage/activation of the indicated caspases, cytochrome C (Cyto C) release and PARP cleavage. Bottom
right panel: J774M cells were cultured in the presence of the indicated caspase inhibitors for approximately 24h. Cells were then stained
with PI and analyzed by flow cytometry. D. J774M cells were treated with LCL521 (5 µM) for the indicated time. J774M cells were also
treated with STA and FasL for 6h. Cytosol fractions were then prepared from the cells and analyzed by Western blotting analysis for the
indicated proteins. Western blots in C and D were cropped to improve the clarity and conciseness of the results. Gels were run and blotted
under the same experimental conditions.
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lysosomes after LCL521 treatment (Figure 3B). Levels 
of most of the ceramide species were relatively low in 
mitochondria. LCL521 decreased C16 and sphingosine 
and increased C24 and C24:1 ceramide (Figure 3C). In 
stark contrast, levels of ceramides were much higher in 
the lysosomes than in mitochondria, and surprisingly, 
LCL521 treatment decreased almost all ceramides in the 
lysosomes (Figure 3C). Analysis of total cellular ceramide 
levels revealed that LCL521 increased total cellular C16 
ceramide and decreased C22, C24, C24:1, dhC16 and 
sphingosine (Figure 3C). 

These observations indicate that the lysosome is a 
major target of LCL521 action, and potentially identify 
C16 ceramide as one of the effector of LCL521 cytotoxic 
action [44].

LCL521 induces MDSC death by an apoptosis 
and necroptosis-independent mechanism

Having determined that LCL521 induces MDSC 
cell death, we next sought to characterize the mechanism 
of cell death with a focus on apoptosis and necroptosis 
as the potential death pathways. To determine if LCL521 
induces apoptosis, J774M cells were cultured in the 
presence of various concentrations of the pan-caspase 
inhibitor Z-VAD. Interestingly, Z-VAD treatment induced 
J774M cell death in a dose-dependent manner (Figure 
4A). We therefore used inhibitors of individual caspases, 
including caspase 3, caspase 8 and caspase 9. J774M cells 
were incubated in the presence of LCL521 plus or minus 
these caspase inhibitors and cell death was quantitated. 
LCL521 induced J774M cell death was not ameliorated 
by the presence of caspase 3, 8 or 9 inhibitors (Figure 4A). 
Next, we sought to determine whether LCL521 induces 
J774M cell death through necroptosis, J774M cells were 
treated with LCL521 plus Nec1, NSA, or Nec1 and NSA 
together. Cell death was then quantitated. As expected, 
LCL521 induced widespread cell death, but neither the 
RIP1 inhibitor Nec1 nor the RIP3 inhibitor NSA had any 
effect on LCL521-induced J774M cell death (Figure 4A).

It is generally believed that inhibition of apoptosis 
promotes necroptosis [45]. However, we observed here 
that inhibition of either apoptosis or necroptosis did not 
affect LCL521-induced J774M cell death. To determine 
whether apoptosis and necroptosis compensate each other 
in LCL521-induced J774M cell death, we treated J774M 
cells with LCL521 and inhibitors of both apoptosis and 
necroptosis. If apoptosis and necroptosis compensate for 
each other in LCL521-induced cell death, then blocking 
both apoptosis and necroptosis should diminish LCL521-
induced cell death. Analysis of J774M cells indicated 
that inhibition of apoptosis with Z-VAD and inhibition of 
necroptosis with Nec1 and NSA does not reverse LCL521-
induced J774M death (Figure 4B). Therefore, we conclude 
that LCL521 does not induce apoptosis and necroptosis in 

J774M cells.
To determine whether the apoptosis signaling 

pathway is functional in J774M cells, we analyzed J774M 
cell sensitivity to FasL. Flow cytometry analysis revealed 
that the death receptor Fas is expressed on the J774M cell 
surface and J774M cells are sensitive to FasL-induced 
apoptosis (Figure 4C). As expected, FasL induced rapid 
activation of caspases 3, 8 and 9, cytochrome C release 
and apoptosis as evidenced by cleaved PARP (Figure 4C). 
Furthermore, inhibitors for caspases 3, 8 and 9 all inhibited 
FasL-induced J774M cell death (Figure 4C). To determine 
whether LCL521 activates caspases, we treated J774M 
cells with LCL521 and analyzed caspase activation using 
FasL and staurosporine as positive controls. Staurosporine 
and FasL both induced rapid caspase activation in J774M 
cells, but LCL521 did not induce detectable cleavage of 
caspase 3, 8 or 9 or PARP (Figure 4D). 

It is well-documented that ceramide mediates 
expression of apoptosis regulatory genes [44, 46-48]. 
We then treated J774M cells with LCL521 and prepared 
cytosol and mitochondria-enriched fractions. Western 
blotting analysis of the commonly known apoptosis 
regulators indicated that LCL521 did not alter these 
apoptosis regulators in J774M cells (Figure 5). These 
observations thus strength our findings that LCL521 
induces MDSC death through an apoptosis- and 
necroptosis-independent mechanism.

Inhibition of acid ceramidase increases 
autophagosome accumulation and increases ER 
stress

To determine which cell death mechanism was 
induced by LCL521 in J774M cells, we then analyzed 
cellular ultrastructure in J774M cells by electron 
miscroscopy following LCL521 treatment. Nuclei 
were mostly normal in growing J774M cells and very 
few cells exhibited condensed chromatin (Figure 6A). 
The cytoplasm of untreated cells contained abundant 
autophagosomes, often inside multivesicular bodies 
typical of secondary lysosomes (Figure 6B & 6C). The 
ER appeared mostly normal (Figure 6B & 6C) with 
only a few cells showing a small amount of swollen 
ER. Many lysosomes were visible inside multivesicular 
bodies and appeared to be involved in the breakdown 
of autophagosomes (Figure 6B & 6C). Mitochondria 
exhibited normal morphology (Figure 6B & 6C). In 
LCL521-treated J774M cells nuclear morphology was 
mostly normal with few signs of condensed chromatin, 
suggesting that LCL521 does not induce apoptotic 
cell death (Figure 6D). However, in the cytoplasm of 
LCL521-treated J7784M cells, grossly elevated numbers 
of autophagic vesicles were observed compared to 
untreated cells. Many of these autophagic vesicles were 
located in association with lysosomes (Figure 6E & 
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Figure 5: Ceramide does not alter apoptosis regulatory protein level in MDSC-like myeloid cells. Cells were treated with 
LCL521 (15 µM) and harvested at the indicated time points. Cytosol, mitochondrial fractions and total lysate were prepared and resolved in 
4-20% SDS-polyacrylamide gels, and then analyzed by Western blotting analysis using antibodies for the indicated proteins. β-actin is used
as normalization control for the cytosol fractions and total lysate. Cyto C is used as normalization control for the mitochondrial fractions.
Western blots were cropped to improve the conciseness of the results. Gels were run and blotted under the same experimental conditions.
Blots from different gels are separated by white space.
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6F). Normal ER morphology was rare with widespread 
swollen ER visible in almost all cells (Figure 6E & 6F), 
indicating ubiquitous ER stress. Greatly elevated numbers 
of heterolysosomes were also observed in LCL521-treated 
cells. These heterolysosomes were often located in close 
proximity to swollen ER (Figure 6E & 6F), indicating 
possible lysosomal degradation of swollen ER. Most 

mitochondria in LCL521-treated cells appeared normal, 
but some enlarged mitochondria with swollen christae 
were visible and were often associated with swollen ER 
(Figure 6E). Taken together, these observations indicate 
that autophagy is active in J774M cells under normal 
conditions while LCL521 targets lysosomes to alter 
structures of autophagosomes, lysosome and ER. 

Figure 6: LCL521 treatment disrupts autophagy to activate lysosomal degradation of stressed ER. J774M cells were 
either untreated A.-C. or treated with LCL521 (5 µM) D.-F. for approximately 24h. Cells were then fixed and embedded in resin. Thin 
sections were stained with uranyl acetate and lead citrate. Ultracellular structures were observed in a transmission electron microscope. M: 
mitochondrion, N: nucleus, sER: swollen ER, 
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LCL521 induces MDSC death through 
interrupting autophagy flux

Ceramide mediates autophagy [49]. Our above 
cellular ultrastructure analysis indicated that LCL521 
caused grossly elevated numbers of autophagic vesicles 
in the cytoplasm of J774M cells, suggesting interruption 
of autophagic flux in J774M cells. To examine the 
induction of autophagy after LCL521 treatment, we 
assessed the level of microtubule-associated protein 1 
light chain 3 (LC3) in J774M cells by Western blotting 
analysis. Conversion of LC3 I to the lipidated form (LC3-
II) by addition of phosphatidylethanolamine is essential
for the formation of autophagosomes and is considered
as a reliable biochemical marker of autophagosome
formation and accumulation. Levels of LC3 II increased
rapidly after LCL521 treatment (Figure 7A), indicating
accumulation of autophagosomes soon after LCL521
treatment. To validate this finding, we then ectopically
expressed LC3-GFP in J774M cells and analyzed GFP
puncta. In contrast to the cytoplasmic localization of
LC3 I, LC3 II associates with both the outer and inner
membranes of the autophagosome. After fusion with the
lysosome, LC3 on the outer membrane is cleaved off by
Atg4, and LC3 on the inner membrane is degraded by
lysosomal enzymes, resulting in very low LC3 levels in
the autolysosome. Thus, endogenous GFP-LC3 should
be present either as a diffuse cytoplasmic pool external to
autophasomes or as puncta that represent autophagosomes.
Therefore, the number of punctate GFP structures per cell
is an accurate measure of autophagosome number [50].
J774M cells exhibited some GFP punctate structures,
indicating rapid fusion of autophagosmes and lysosomes.
However, LCL521 treatment significantly increased the
number of GFP puncta (Figure 7B), suggesting interrupted
autophagosome degradation by lysosomes.

To elucidate the mechanism underlying LCL521 
induction of autophagy interruption in J774M cells, 
we examined biochemical markers that are involved 
in regulation and formation of autophagosomes. It 
is known that Beclin 1 plays a key role in initiation of 
autophagy [51], and conjugation of autophagy proteins 
5 and 12 (Atg5-Atg12) is essential for autophagosome 
elongation[52]. However, LCL521 treatment neither 
altered beclin 1 protein level nor changed Atg5 and Atg12 
protein levels (Figure 7C). These observations indicated 
that LCL521 did not affect autophagosome formation in 
J774M cells. 

Increased LC3 II could be due to either increased 
autophagosome formation or decreased autophagosome 
degradation. P62 is an adapter protein that mediates 
ubiquitinated cargo entry to the autophagosome. P62 is 
degraded alongside its cargos by auotphagosomes, and 
accumulation of p62 is thus an indicator of impaired 
autophagic degradation [53]. However, treatment of 
J774M cells did not increase p62 level (Figure 7C). 

Therefore, LCL521 did not alter autophagosome 
degradation in J774M cells (Figure 7C). 

Autophagy can either promote cell survival or 
death depending on the cellular context [54]. We then 
analyzed LCL521-induced J774M cell death in the 
presence of autophagy inhibitors 3-Methyladenine (3-
MA) and chloroquine (CQ). 3-MA inhibits autophagy by 
blocking autophagosome formation through the inhibition 
of class III phosphatidylinositol 3-kinases (PI3K) [55] 
and thus is an inhibitor autophagy in the early stages. 
CQ targets lysosomes to cause an increased lysosomal 
pH resulting in inactivation of lysosomal hydrolysates to 
increase autolysosomes accumulation. CQ is thus is a late 
autophagy inhibitor [56]. Treatment of J774M cells with 
3-MA did not induce J774M cell death, indicating that
although autophagy is active in J774M cells (Figure 6),
autophagy is not essential for J774M cell survival or there
is a compensatory cell survival pathway. 3-MA slightly
increased J774M cell sensitivity to LCL521-induced cell
death. Treatment of J774M cells with CQ induced a small
degree of J774M cells death and significantly increased
J774M cells to LCL521-induced cell death (Figure 7D).
These observations indicate that autophagy promotes
J774M survival and LCL521 may interrupt autophagy flux
at the late stage to induce J774M cell death.

LCL521 induces ER stress

In addition to altered autophagy flux, our cellular 
ultrastructural analysis revealed that LCL521 induced 
widespread swollen ER. Although autophagy is primarily 
a lysosome-mediated degradation pathway for recycling 
and elimination of proteins and damaged organelles, it has 
emerged that autophagy also protects against ER stress 
and these two processes are dynamically interconnected 
[57-61]. To determine whether LCL521-induced swollen 
ER (Figure 6E & 6F) was associated with ER stress, we 
analyzed IRE1a, an ER stress sensor, by Western blotting. 
LCL521 treatment rapidly increased IRE1a levels in a 
dose-dependent manner in J774M cells (Figure 7E). 

LCL521 induces MDSC cell death through a 
cathepsin-dependent mechanism

LCL521 targets lysosomes (Figure 3B) and since 
cathepsins are lysosomal proteases that are known to 
mediate cell death [62, 63], we hypothesized that LCL521 
might target lysosomal cathepsins to induce J774M cell 
death. To test this hypothesis, J774M cells were treated 
with LCL521 in the presence of inhibitors for cathepsin B 
(CA-074me) and cathepsin D (Pepstatin A), respectively. 
Inhibition of either cathepsin B or cathepsin D alone 
did not block LCL521-induced cell death. However, 
simultaneous inhibition of both cathepsin B and cathepsin 
D significantly decreased LCL521-induced cell death 
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Figure 7: Inhibition of acid ceramidase increase autophagy in MDSC-like myeloid cells. A. J774M cells were treated with 
LCL521 (15 µM) for the indicated time and analyzed by Western blotting for LC3 protein level. β-actin was used as normalization control. 
B. J774 cells were transfected with GFP-LC3-expressing vector for 24h, followed by treatment with LCL521 (5 µM) for 24h. Shown are
representative images of GFP fluorescence (left panel). The number of GFP puncta were counted and presented at the right. Column: mean;
Bar:SD. C. J774M cells were cultured in the presence of LCL521 (15 µM) and analyzed for the indicated proteins by Western blot at the
indicated time points. β-actin was used a normalization control. D. J774M cells were cultured in the presence of LCL521 (15 µM) plus
3-MA and CQ either alone or in combination, as indicated, for 24 h and analyzed for cell death by PI staining. Column: mean; Bar: SD. E.
J774M cells were cultured in the presence of LCL521 (15 µM) for the indicated time or cultured in the presence of various concentrations
of LCL521 as indicated, and analyzed for IRF1a protein level by Western blotting. β-actin was used as normalization control. Western blots
in C and E were cropped to improve the conciseness of the results. Gels were run and blotted under the same experimental conditions.
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Figure 8: LCL521 induces MDSC-like myeloid cell death through a cathepsin-dependent mechanism. A. J774M cells 
were pre-treated with CA-074 Me (4 µM) or Pepstatin A (4 µM), respectively for 30 min, and then either untreated or treated with LCL521 
(15 µM) for approximately 24h. Cells were stained with PI and analyzed by flow cytometry. Cell death is expressed as % PI+ cells. Column: 
mean; Bar: SD. B. J774M cells were cultured in the presence of LCL521 at the indicated doses for approximately 24 hours. Cell total lysates 
were analyzed by Western blotting using antibodies that are specific for the indicated proteins.



Oncotarget    698www.impactjournals.com/oncotarget

(Figure 8A). Western blotting analysis indicated that 
LCL521 does not alter the levels of cathepsin B and 
cathepsin D proteins (Figure 8B), suggesting that LCL521 
activates the enzymatic activity but not the protein levels 
of cathepsin B and cathepsin D. Previous studies have 
shown that ceramide induces xIAP degradation to mediate 
cell death [44, 46, 48]. Western blotting analysis indicates 
that although LCL521 treatment decreased xIAP protein 
level in J774M cells, xIAP protein level is essentially low 
in J774M cells (Figure 8B), suggesting that xIAP may 
not play a significant role in MDSCs. Taken together, our 
observations indicate that LCL521 induces J774M cell 
death through a cathepsin B- and cathepsin D-dependent 
mechanism and that cathepsin B and cathepsin D 
compensate each other in LCL521-induced cell death. 

DISCUSSION

Ceramides are known to function as general cell 
death or survival regulators in various types of cells 
[36-39]. One of the mechanisms underlying ceramide 
regulation of cell death is enhancement of death receptor 
clustering to increase extrinsic apoptosis [64]. Ceramide 
also regulates the expression of apoptosis regulatory 
genes, including Bax, Bak, xIAP, Bcl-x, to increase 
the sensitivity of various types of mammalian cells 
to apoptosis. LCL521 is an acid ceramidase inhibitor 
that inhibits acid ceramidase to increase ceramide 
accumulation and sensitizes tumor cells to apoptosis 
[44, 46-48]. B13, the parent form of LCL521, has also 
been shown to increase ceramide levels in tumor cells to 
induce tumor cell apoptosis [41]. However, in this study, 
we observed that although LCL521 induces MDSC-
like J774M cell death in vitro and suppresses MDSC 
accumulation in tumor-bearing mice in vivo, LCL521-
induced cell death is apoptosis-independent. Consistent 
with the apoptosis-independent mechanism, LCL521 did 
not alter the expression levels of the known apoptosis 
regulatory proteins. Therefore, our data demonstrated that 
LCL521 induces MDSC death through a mechanism that 
is different to that in tumor cells. 

Under normal culture conditions, the cytoplasm 
of J774M cells contains high levels of autophagosomes. 
The LC3I/II ratio and level of LC3-GFP puncta are low. 
In addition, lysosomes and ERs appear all normal. These 
observations indicate that active autophagy occurs in 
MDSCs to maintain normal cellular homeostasis. Analysis 
of cellular ultrastructure revealed that LCL521 primarily 
targets three cellular organelles: autophagosomes, 
lysosomes and ER. The increased LC3II/I ratio and 
LC3-GFP puncta indicate that LCL521 either stimulates 
autophagosome initiation or inhibits autophagosome 
degradation. Our observations that LCL521 did not change 
Beclin 1 and Atg5-Atg12 levels suggest that LCL521 
does not alter autophagosome initiation in J774M cells. 
However, neither did LCL521 alter p62 protein level in 

J774M cells, suggesting that LCL521 does not impair 
autophagosome degradation. After LCL521 treatment, 
normal autophagosomes numbers are reduced while 
autophagic vesicle numbers are increased, suggesting 
interruption of normal autophagosome degradation 
leading to generation of abnormal autophagic vesicles. 
Although many of the LCL521-induced autophagic 
vesicles were located in association with lysosomes, 
lysosomes apparently failed to degrade these autophagic 
vesicles. Therefore, instead of inducing autophagosome 
accumulation or inhibiting autophagosome degradation, 
LCL521 induces accumulation of autophagic vesicles 
which may represent dysfunctional autophagosomes. 
This type of dysfunctional autophagosome/autophagic 
vesicle may impair normal autophagic flux to induce cell 
death and thus represent a novel cell death mechanism in 
MDSCs. 

LCL521 is a lysosomotropic inhibitor of acid 
ceramidase [40, 41, 65]. As an acid ceramidase, LCL521 
inhibits acid ceramidase to cause ceramide accumulation 
to enhance tumor cell sensitivity to apoptosis [41]. 
However, treatment of LCL521 resulted in decreased 
ceramide level in lysosomes. Because LCL521 treatment 
leads to altered lysosome structure, it is possible that 
LCL521 induces lysosome structure changes to cause 
ceramide leakage from lysosome. This notion is supported 
by the observation that total cellular C16 ceramide, a 
ceramide known to promote cell death [66], is increased 
in LCL521-treated J774M cells. It has been shown that 
ceramide binds to cathepsin to activate their enzymatic 
activity [46, 67]. In natural killer/T lymphoma cells, 
ceramide can activate cathepsin B to degrade xIAP to 
induce caspase-dependent apoptosis [46]. However, in 
MDSCs, xIAP protein level is low. Although LCL521 
did decrease xIAP protein level, it is unlikely that xIAP 
plays a significant role in MDSC survival. Furthermore, 
LCL521-induced MDSC cell death does not require 
caspase activation. Instead, we observed that inhibition of 
cathepsin B and cathepsin D diminished LCL521-induced 
MDSC cell death. Therefore, it is reasonable to assume 
that LCL521 inhibits acid ceramidase to increase ceramide 
accumulation to activate cathepsins B and D to induce 
MDSC cell death. LCL521 is a prodrug of B13 and B13 
is structurally similar to ceramide [40, 41]. Therefore, it is 
also possible that LCL521 itself may actually function as 
a ceramide analog in the lysosome to bind to cathepsins 
B and D to activate these two proteases. The downstream 
targets of cathepsin B and cathepsin D in MDSCs remain 
to be identified. 

It is also possible that LCL521 induces 
lysosomal cell death of MDSCs. Lysosomal membrane 
permeabilization and the resultant leakage of the 
lysosomal hydrolases into the cytosol leads to lysosomal 
cell death [62, 63]. Lysosomal cell death can be apoptosis- 
and necroptosis-independent [68]. We show here that 
LCL521 rapidly accumulates in the lysosomes. If LCL521 
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acts as a ceramide analog, it may binds to cathepsin B 
and D directly to activate cathepsins B and B and cause 
lysosomal cell death. Although cathepsins are usually 
considered as downstream executors of lysosomal cell 
death pathway, they can also initiate lysosomal membrane 
permeabilization and subsequent lysosomal cell death. 
This is supported by the observation that cathepsin B 
deficiency prevents hepatocyte lysosomal membrane 
permeabilization induced by sphingosine [69]. Therefore, 
LCL521 may directly activate cathepsins B and D to 
induce lysosomal cell death. Although ER stress leads to 
lysosome-mediated protein degradation via autophagy [57, 
70], the sworn ER and the interrupted autophagy might 
also be the consequences of lysosomal cell death. This 
notion also requires further study. 

MATERIALS AND METHODS

Mice and cells

BALB/c mice were obtained from Charles River 
Laboratories. Experiments and care/welfare of mice were 
carried out in accordance with the approved guidelines 
and according to an approved protocol by the Augusta 
University Institutional Animal Care and Use Committee. 
Myeloid J774 (J774A.1) cells were obtained from 
American Type Culture Collection (Cat# TIB-67, ATCC, 
Mannassas, VA). Mannassas, VA). ATCC characterizes 
these cells by morphology, immunology, DNA fingerprint, 
and cytogenetics. Murine CMS4-met sarcoma cells were 
generated as previously described [71]. All experimental 
procedures were performed according to guidelines of 
Augusta University institutional biosafety committee. 

LCL521 therapy

CMS4-met cells (2.5x105 cells/mouse) were injected 
into the right flank of BALB/c mice subcutaneously. 
Thirty days after tumor cell injection, tumor-bearing mice 
were twice treated with LCL521 (75 mg/kg body weight) 
with a two day interval between treatments. Tumor tissues 
were collected and digested in collagenase solution and 
cell digests were passed through a 75-µM cell strainer. The 
single cell suspension was stained with anti-CD11b and 
anti-Gr1 mAbs (Biolegend, San Diego, CA) and analyzed 
by flow cytometry. Cells were also prepared from spleen, 
blood, and bone marrow of tumor-free and tumor-bearing 
mice, stained with anti-CD11b and anti-Gr1 mAbs and 
analyzed by flow cytometry.

MDSC functional analysis

Single cell suspension was prepared from spleens of 
BALB/c mice and passed through 100 µM cell strainers. 
CD3+ T cells were then isolated from the spleen cells using 
MojoSort Mouse CD3 T Cell Isolation Kit (Biolegend). 
MDSCs were purified from spleens of tumor-bearing 
BALB/c mice using CD11b MicroBeads and MACS 
separation column according to the manufacturer’s 
instructions (Miltenyi Biotec Inc. San Diego, CA). Purities 
of the isolated T cells were determined by staining the 
purified cells with anti-CD3 mAb and flow cytometry 
analysis as previously described [72]. Purities of isolated 
MDSCs were determined by staining the purified cells 
with anti-CD11b and anti-Gr1 mAbs and flow cytometry 
analysis. The purified CD3+ T cells were labeled with 
CellTrace CFSE Cell Proliferation Kit according to the 
manufacturer’s instructions (Life Technologies, Carlsbad, 
CA), and cultured in anti-CD3 and anti-CD28 mAbs-
coated 96-well plates (1.5x103 cells/well). J774M cells 
were added to the T cell culture at various cell densities. 
The purified MDSCs from tumor-bearing mice were added 
to the T cell culture at a cell density of 1x106 cells/well. 
The cell culture mixtures were collected 3 days later and 
stained with anti-CD11b and anti-Gr1 mAb, and analyzed 
by flow cytometry. The CD11b-Gr1- cells were gated out 
and analyzed for CFSE intensity. 

Reagents

LCL521 is lysosomotropic inhibitor of acid 
ceramidase [65]. LCL521 was synthesized by Lipidomics 
Shared Resources at Medical University of South 
Carolina. Z-VAD was obtained from Enzo Life Sciences 
(Farmingdale, NY). Chloroquine (CQ) was obtained 
from Sigma-Aldrich, 3-methyladenine (3MA) was 
obtained from Invivogen (San Diego, CA). FasL (Mega-
Fas Ligand, kindly provided by Drs. Steven Butcher 
and Lars Damstrup at Topotarget A/S, Denmark) is a 
recombinant fusion protein that consists of three human 
FasL extracellular domains linked to a protein backbone 
comprising the dimmer-forming collagen domain of 
human adiponectin. The Mega-Fas Ligand was produced 
as a glycoprotein in mammalian cells using Good 
Manufacturing Practice compliant process in Topotarget 
A/S (Copenhagen, Denmark). 

Western blotting analysis

Western blotting analysis was performed as 
previously described [73]. Sources of antibodies are: 
BAX, BNIP3, Mcl-1 and acid ceramidase; Bcl-xL, Bcl-
2, Beclin-1 and Cytochrome C: BD Biosciences (San 
Diego, CA); BAK, BOK, BIM, BAD, PUMA, xIAP 
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and Cathepsin D: Cell Signaling Tech (Danvers, MA); 
Cathepsin B: Abcam (Cambridge, MA); β-actin: Sigma-
Aldrich (St Luis, MO). 

Cell viability and death analysis

For cell viability assay, cells were seeded in 96-well 
plates in the absence and presence of various compounds 
and cultured for approximately 24h. Cell viability was 
then analyzed by the MTT cell proliferation kit according 
to the manufacturer’s instructions (ATCC, Manassas, VA). 
Cell death was analyzed as previously described [35]. 
Briefly, both floating and adherent cells were collected 
and incubated with propidium iodide (PI) solution and 
analyzed by flow cytometry. The percentage of cell death 
was calculated by the formula: % cell death = % PI+ in the 
treatment group - % PI+ in the control group as previously 
described [74]. 

Isolation of mitochondria and lysosomes

Isolation of the mitochondria was performed using 
the Cell Fractionation kit according to the manufacturer’s 
instructions (Abcam). Isolation of the lysosomes was 
performed using the Lysosome Enrichment kit according 
to the manufacturer’s instructions (Thermo-Fisher 
Scientific). 

Measurement of sphingolipids

Endogenous sphingolipids (ceramide, sphingosine, 
and sphingosine 1-phosphate) and level of LCL521 were 
measured by Lipidomics Shared Resources, Medical 
University of South Carolina using high-performance 
liquid chromatography-mass spectrometry approach 
(LC-MS/MS). Sphingolipids and LCL521 levels were 
normalized to the total cellular protein contents.

Cell surface protein analysis

Cells were stained with anti-mouse Fas (BD 
biosciences), anti-CD11b and anti-Gr1 (Biolegend) mAbs. 
Isotype-matched control IgG (Biolegend) was used as a 
negative control. The stained cells were analyzed by flow 
cytometry as previously described [27]. 

Ultrastructure analysis of cellular organelles

Cells were fixed in 4% paraformaldehyde, 2% 
glutaraldehyde in 0.1 M sodium cacodylate (NaCac) 
buffer, pH 7.4, postfixed in 2% osmium tetroxide 
in NaCac, stained en bloc with 2% uranyl acetate, 
dehydrated with a graded ethanol series and embedded 

in Epon-Araldite resin. Thin sections were cut with a 
diamond knife on a Leica EM UC6 ultramicrotome (Leica 
Microsystems, Inc, Bannockburn, IL), collected on copper 
grids and stained with uranyl acetate and lead citrate. 
Cells were observed in a JEM 1230 transmission electron 
microscope (JEOL USA Inc., Peabody, MA) at 110 kV and 
imaged with an UltraScan 4000 CCD camera & First Light 
Digital Camera Controller (Gatan Inc., Pleasanton, CA).

Quantitative analysis of GFP-LC3 level

J774M cells were transfected with a LC3-GFP-
expressing vector by electroporation using the gene Pulser 
Xcell PC module (Bio-Rad Laboratories). Cells were 
then treated with LCL521 and directly observed with an 
inverted fluorescence microscope (Nikon Eclipse TE300). 
The number of GFP-LC3 dots in each cell was counted in 
a blind fashion.

Statistic analysis

Where indicated, data were represented as the 
mean ± SD. Statistical analysis was performed using two-
sided t test, with p-values<0.05 considered statistically 
significant. 
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ABSTRACT
Dysregulated Wnt signalling is associated with human infertility and testicular 

cancer.  However, the role of Wnt signalling in male germ cells remains poorly 
understood.  In this study, we first confirmed the activity of Wnt signalling in 
mouse, dog and human testes.  To determine the physiological importance of the 
Wnt pathway, we developed a mouse model with germ cell-specific constitutive 
activation of βcatenin.  In young mutants, similar to controls, germ cell development 
was normal.  However, with age, mutant testes showed defective spermatogenesis, 
progressive germ cell loss, and flawed meiotic entry of spermatogonial cells.  Flow 
sorting confirmed reduced germ cell populations at the leptotene/zygotene stages 
of meiosis in mutant group.  Using thymidine analogues-based DNA double labelling 
technique, we further established decline in germ cell proliferation and differentiation. 
Overactivation of Wnt/βcatenin signalling in a spermatogonial cell line resulted in 
reduced cell proliferation, viability and colony formation.  RNA sequencing analysis 
of testes revealed significant alterations in the non-coding regions of mutant mouse 
genome.  One of the novel non-coding RNAs was switched on in mutant testes 
compared to controls.  QPCR analysis confirmed upregulation of this unique non-
coding RNA in mutant testis.  In summary, our results highlight the significance of 
Wnt signalling in male germ cells.

INTRODUCTION

Spermatogonial stem cells (SSCs) sustain 
spermatogenesis throughout the life of a male by self-
renewal and differentiation to committed progenitors 
[1]. These SSCs maintain testicular homoeostasis, and 
give rise to less differentiated spermatogonia which act 
as transit amplifying cells, thereby generating a large 
pool of cells which subsequently, in a series of steps, 
undergo terminal differentiation [1]. Signals deciding the 
fate of SSCs have been well-described in Drosophila [2], 
however, little is known about these signals in mammalian 
testis. Moreover, SSCs comprise only 0.02-0.03% of the 
testis and differentiate in a highly synchronized manner, 
consisting of mitotic expansion, meiotic divisions, and 
spermiogenesis. These stages are difficult to distinguish 
from committed progenitors via morphological analysis 
[1, 3]. Detailed analysis of SSC division is difficult due to 

lack of stage-specific markers. These factors make it hard 
to find cues deciding the fate of SSCs.

In seminiferous tubules, germ cells are organised 
in a highly orderly fashion where undifferentiated 
germ cells (SSCs and spermatogonia) are located at 
the periphery close to the basement membrane in the 
basal compartment and the differentiated germ cells are 
situated towards the lumen in the adluminal compartment. 
During spermatogenesis, spermatogonia undergo a 
series of developmental steps involving mitosis, meiosis 
and differentiation to produce round spermatids. These 
spermatids then transform to spermatozoa through a 
series of morphogenic events known as spermiogenesis 
[4]. Precisely balanced germ cell proliferation and 
differentiation is essential for the maintenance of 
homeostasis between different germ cell populations and 
any disruptions result in fertility defects and/or testicular 
cancer [5]. However, the mechanisms involved in dictating 
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SSC’s commitment to differentiation and spermatogenic 
progression remains undefined.

A number of evolutionarily conserved pathways are 
reported to be important for development, maintenance 
and differentiation of stem cells. These include Notch, 
the Transforming growth factor superfamily, Hedgehog, 
Fibroblast growth factor, and the Wnt signalling 
pathway [6]. Among these, the Wnt pathway has been 
reported as the most important pathway involved in the 
self-renewal and differentiation of stem cells in many 
different tissue types [7, 8]. Wnt signalling is essential 
for the development of primordial germ cells, which is 
the most primitive germ cell population [9]. Previous 
in vitro studies have shown involvement of the Wnt 
pathway in SSC homeostasis [10, 11]. Wnt signalling 
has been suggested to stimulate self-renewal of SSCs 
and proliferation of progenitor cell population [10, 11]. 
However, the precise role of Wnt/βcatenin signalling in 
germ cell development and differentiation in adult testis 
is currently unclear.

To infer the role of Wnt signalling in post-natal 
mammalian spermatogenesis, we first examined and 
detected active Wnt/βcatenin signalling in mouse, dog 

and human testes under normal physiological conditions. 
Using RNA and protein analysis, spermatgonial cell 
culture, thymidine analogues labelling, flow sorting, and 
a genetically modified mouse model, we have shown 
that overactivation of Wnt signalling in germ cells 
causes defects in proliferation and differentiation leading 
to premature loss of germ cells. Thus, our study has 
deciphered the precise role of Wnt signalling in germ cell 
development and differentiation.

RESULTS

Active Wnt signalling in testis of different 
mammalian species

The Wnt signalling pathway plays an important 
role in the development of mammalian gonads [12-14]. 
To ascertain the activity of Wnt signalling in testes of 
different mammalian species, we analyzed mouse, dog 
and human testes for the expression of well-established 
downstream targets, TCF1 (T-Cell Factor 1) and LEF1 

Figure 1: Wnt signalling activity in mammalian testis across the species. A.-F. TCF1 (A-C) and LEF1 (D-F) expression 
(downstream targets of the Wnt pathway) in the seminiferous tubules of mouse, dog and human testis (N=5/each). G.-I. Nuclear GFP 
expression in GCNA positive-germ cells of TCFGFP mice marking active Wnt signalling. Nuclei are marked blue by DAPI. Bars: 100 µm.
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(Lymphoid Enhancer-binding Factor 1), of this signalling 
pathway [13]. We found that across the species, testicular 
germ cells express TCF1 and LEF1 (Figure 1A-1F; N=5/
each), suggesting that Wnt signalling is active during 
spermatogenesis in different mammalian species. We also 
examined testes from a well characterized Wnt reporter 
mouse model (TCFGFP, [15]). In this model, six copies 
of TCF/LEF responsive elements are placed upstream 
of the sequence coding for a fusion protein complex 

of Green Fluorescent Protein (GFP) and H2B histone 
protein, thereby expressing nuclear GFP in cells with 
active Wnt signaling [15]. Nuclear GFP expression was 
observed in the cells in seminiferous tubules (Figure 1H). 
Co-localization of GFP with GCNA (Germ Cell Nuclear 
Antigen; a germ cell marker) [13], confirmed that these 
GFP positive cells were indeed germ cells (Figure 1G-1I). 
These results confirm the activity of Wnt signalling in 
male germ cells of different mammalian species. 

Figure 2: Overactivation of Wnt signalling in germ cells results in defective spermatogenesis. A. Schematic representation 
of the mouse model. B. 700 bp amplified PCR product (marked by arrowhead), using DNA isolated from mutant testes (M1, M2, M3), 
confirming successful recombination of the βcatenin gene. Only wild-type (900 bp) band is present in control (C) group. C. Western blot 
analysis exhibiting a band in mutant testes corresponding to the truncated form of βcatenin (66 kDa), in addition to the band for wild 
type protein (96 kDa), which was found in both control and mutant testes. Da. Whole-mount X-Gal staining of the seminiferous tubules 
from control (C) and mutant (M) mice. Only seminiferous tubules from mutant mice exhibit lacZ expression. Db. lacZ expression was 
only present in germ cells (counterstained with Nuclear Fast Red). No lacZ expression was observed in Sertoli cells (inset, marked by 
arrowhead) indicating germ cell-specific cre activity. E. Testes weight/body weight ratio in mutant mice showing a progressive decline with 
age, as compared to control. F. Testis from 75 weeks old mutant mouse (M) exhibiting relatively smaller size compared to control (C). G. 
Histology of control and mutant testes exhibiting tubules with defective spermatogenesis in mutant mice. H. Graph depicting a progressive 
increase in percentage of defective tubules in mutant testes. Data are presented as mean ± SEM (N=3). Scale bars: 100 µm.
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Development of a mouse model with germ cell-
specific constitutive activation of Wnt/βcatenin 
signalling

To study the role of Wnt/βcatenin signalling in 
germ cells, we developed a mouse model in which Vasa, 
a germ cell specific promoter, driven cre recombination 
removes floxed exon 3 sequence of the βcatenin gene, 
thereby resulting in constitutive activation of Wnt 
signalling specifically in germ cells (Vasacre;Ctnnb1fl(ex3/+); 
Figure 2A). Exon 3 of the βcatenin gene harbors the 
phosphorylation sites that are targeted by the Apc 
(Adenomatous polyposis coli) complex for its subsequent 
recognition by E3 ubiquitin ligase complex, and 
degradation by proteasome [16]. The deletion of exon 
3, therefore, generates a stable and functional form of 
βcatenin protein, mimicking the activation of canonical 
Wnt signalling [16]. Successful recombination of the 
βcatenin gene was confirmed by polymerase chain reaction 
(PCR) using DNA isolated from mutant and control testes 
by presence of a 700 bp amplified PCR product (Figure 
2B). Western blot analysis revealed a band in mutant testes 
corresponding to the truncated form of βcatenin (66 kDa), 
in addition to the band for wild type protein (96 kDa), 
which was found in both control and mutant testes. (Figure 
2C). We detected both mutant and wild type protein bands 
in mutant testes because recombination of βcatenin allele 
only occurs in germ cells, but not in somatic cells (Leydig, 
Sertoli, peritubular, immune and endothelial cells). To 
confirm the germ cell specificity of Vasacre-mediated 
recombination, we mated Vasacre;Ctnnb1ex3/+ mice with 
ROSA26flGFP-NLS-lacZ reporter mice, in which lacZ expression 
is dependent on cre-mediated recombination. The resulting 
Vasacre;Ctnnb1ex3/+;lacZfl/+ mice showed lacZ expression 
specifically in germ cells (Figure 2D, a&b), but not in 
testicular somatic cells (Figure 2Db, inset). These results 
validate the specificity of our mouse model, in which 
successful cre-mediated recombination of βcatenin exon 
3 allele results in constitutive activation of Wnt signalling 
in germ cells.

Defective spermatogenesis in mutant mice

To study the effect of overactive Wnt signalling 
on germ cell development, we collected and analysed 
mutant (Vasacre;Ctnnb1fl(ex3/+)) and control testes at 
different developmental stages. There was a progressive 
reduction in testicular weight in mutant mice compared to 
controls (Figure 2E; N ≥ 3/each). Grossly, mutant testes 
were markedly smaller than control testes (Figure 2F, 75 
weeks), which is indicative of defective spermatogenesis. 
Histological analysis at 5 weeks of age revealed no 
difference between control and mutant testes (N=3/each; 
Figure 2Ga and b). Both control and mutant testes had 
normal testicular architecture with a full complement of 

germ cells within seminiferous tubules (Figure 2Ga and 
b). However, at 13 weeks of age, germ cells were lost in 
some of the seminiferous tubules in mutant testes, but not 
in control testes (Figure 2Gc and d, and 2H). The number 
of defective seminiferous tubules with germ cell loss in 
mutant testes were increased progressively at 13, 20, 30, 
40 and 75 weeks of age (Figure 2G and 2H; n ≥ 3/each). 
At 75 weeks of age, differentiated germ cells from more 
than 40% of seminiferous tubules were lost, and only 
a single layer of spermatgonial cells was present in the 
basal compartment of seminiferous tubules (Figure 2Gi 
and j). These results suggest that constitutive activation 
of Wnt/βcatenin signalling causes defects in germ cell 
development. Overactive Wnt signalling results in cancer 
development in various organ systems, such as ovary [17]. 
However, we did not find cancerous growth in testes of 
mutant or control mice (Figure 2G). 

To confirm overactivation of Wnt/βcatenin 
signalling in mutant mice, we examined expression of 
βcatenin in control and mutant testes (Figure 3A-3E). In 
mutant testes, germ cells showed cytoplasmic and nuclear 
accumulation of βcatenin (Figure 3B, 3C and 3E, N=3), 
whereas, mainly membranous expression of βcatenin 
was observed in control testes (Figure 3A and 3D, N=3). 
Histological examination of mutant testes revealed that 
spermatogonial cells were maintained in mutant mice at all 
the developmental stages examined in this study (Figure 
2G). To rule out that spermatogonial cell are maintained 
due to the lack of recombination in this cell type, we 
determined βcatenin protein expression in spermatogonial 
cells by colocalising with a spermatogonial cell marker, 
Plzf (Promyelocytic leukaemia zinc finger protein) [18]. 
We found cytoplasmic and nuclear accumulation of 
βcatenin in Plzf-positive cells of mutant testes (Figure 
3G), suggesting that hyperactivation of Wnt signalling 
also occurs in spermatgonial cells. Analysis of the key 
downstream targets of the Wnt pathway (TCF1, LEF1 and 
cyclin D1) showed a significant increase in the number 
of TCF1, LEF1, and Cyclin D1 positive germ cells in 
mutant testes compared to controls (Figure 3H-3P; N=3/
each). Collectively, these results confirmed the abnormal 
accumulation of βcatenin in germ cells leads to defective 
spermatogenesis. 

Loss of differentiated germ cells (spermatocytes 
and spermatids) but not spermatogonial cells in 
mutant testes

To precisely determine the stages of germ cell 
development that are most affected by hyperactive of 
Wnt/βcatenin signalling, we compared expression of 
GCNA, which marks all the germ cells [13], Foxo1 
(Forkhead box protein O1) and Plzf, two well-known 
markers of spermatogonial stem/progenitor cells [19], 
and Stra8 (Stimulated by retinoic acid 8), a marker for 
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Figure 3: Altered expression of βcatenin and downstream targets of the Wnt pathway in germ cells of mutant mice. 
A.-E. Immunostaining for βcatenin in control and mutant testes. C. Quantification of βcatenin expression manifesting 74% of seminiferous 
tubules with cytoplasmic and nuclear accumulation of βcatenin protein in mutant group while only 1.24% tubules with higher expression of 
βcatenin in control group. F. and G. Colocalization of βcatenin with Plzf (marks SSCs) depicting cytoplasmic and nuclear accumulation of 
βcatenin in Plzf positive cells of the mutant testis. H.-P. Quantification of expression of downstream targets of the Wnt signalling pathway 
(TCF1, LEF1 and Cyclin D1) demonstrating significantly higher expression in mutant mice as compared to controls. J, M and P represent 
the quantification graphs for the number of cells positive for TCF1 (J), LEF1 (M) and Cyclin D1 (P). Nuclei are marked blue by DAPI. Data 
are presented as mean ± SEM (N=3). Scale bars: 100 µm.
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Figure 4: Hyperactive Wnt signalling results in reduced differentiation of germ cells. A.-C. Reduced number of GCNA (a 
germ cell marker) positive cells are observed in mutant mice as compared to control group (N=3/each). Graphical representation of the 
number of GCNA positive cells at different ages in control and mutant mice. D.-I. Foxo1 and Plzf (markers for SSCs) positive cells in 
mutant animals compared to controls. J.-L. Significant decline in the number of Stra8 (marks spermatogonial cells committed for meiosis) 
positive cells in mutant testes with respect to control. M.-O. Number of γH2AX (marks meiotic germ cells) positive cells is significantly 
diminished in mutant testes. Nuclei are marked blue by DAPI. Data are presented as mean ± SEM (N=3). P value of <0.05 was considered 
significant. Scale bars: 100 µm.
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meiotically committed spermatogonial cells [20], in 
control and mutant testes (Figure 4; N = 3/each). We 
particularly examined mutant testes at 30 weeks of age, 
because both defective and normal seminiferous tubules 
were present in the same tissue section. We found a 
marked reduction in the number of GCNA positive cells 
per tubule in mutant testes compared to controls (Figure 
4A-4C; N=3/each). However, the number of Foxo1 and 
Plzf positive cells were similar between control and 
mutant testes (Figure 4D-4I; N=3/each), suggesting that 
abnormal spermatogenesis in mutant mice might be 
due to defects in meiotic cells. Stra8-positive cells were 
significantly reduced in the mutant testes compared to 
controls (Figure 4J-4L; N=3/each). Next, we evaluated 
the expression of γ-histone 2AX (γH2AX), a well-
established marker of meiotic germ cells [21], and found 
that γH2AX-postive cells were significantly reduced in 
mutant testes compared to respective controls (Figure 4M-
4O; N=3/each). These findings suggested that constitutive 
activation of Wnt/βcatenin signalling in germ cells 
adversely affects meiotically committed progenitor cells 
and meiotic cells (spermatocytes and spermatids) without 
significantly influencing spermatogonial stem/progenitor 
cell population.

Reduced germ cell proliferation in mutant testes

Wnt signalling is a key regulator of cell proliferation 
and death [22]. To determine whether reduced germ cell 
proliferation or increased cell death are also responsible 
for the premature loss of germ cells in mutant testes, 
we analysed the expression of PCNA (Proliferating cell 
nuclear antigen; a marker for cell proliferation) [23], and 
TUNEL (Terminal deoxynucleotidyl transferase; a marker 
for cell death) [24] in mutant and control testes (Figure 5). 
In control testes, as expected, PCNA-positive cells were 
present only in the basal compartment of seminiferous 
tubules where mitotically active spermatogonial cells are 
normally located (Figure 5A; N=3). However, there was 
a significant reduction in the number of PCNA positive 
cells in mutant testes (Figure 5A-5C; N=3/each). No 
significant differences were observed in TUNEL positive 
cells between control and mutant testes (Figure 5D-5F; 
N=3/each), suggesting a limited contribution of germ cell 
death to the mutant phenotype.

In order to quantify, more accurately, the changes 
in proliferation of germ cells, we labelled germ cells 
sequentially with two different thymidine analogues 
(chloro-deoxyuridine; CldU and iodo-deoxyuridine; IdU) 
in both control and mutant mice. This method of sequential 
labelling enables identification of two or more successive 

Figure 5: Sustained activation of Wnt signalling results in defective germ cell proliferation. A.-C. Significant reduction in 
the number of PCNA (a marker for cell proliferation) positive cells in mutant mouse testes relative to controls. D.-F. TUNEL positive cells 
(a marker for cell death) in testes of both groups. Areas outline with squares in panel A and B are presented at a higher magnification in 
insets. Dotted lines outline seminiferous tubules. Nuclei are stained blue by DAPI. Data are presented as mean ± SEM (N=3). P value of 
<0.05 was considered significant. Scale bars: 100 µm.
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Figure 6: Thymidine analogue labelling unveils reduction in cellular turn over in mutant mice. A.-B. Representative 
images of seminiferous tubules from control and mutant testes labelled by CldU followed by IdU at 5 days post-CldU administration. 
Areas outline with squares in panel A and B are presented at a higher magnification in insets. Dotted lines mark seminiferous tubules. C.-
K. Reduced percentage of CldU+ve or IdU+ve or CldU+ve IdU+ve tubules in mutant testes. Percent of mono or colabelled cells and number of
labelled cells/tubule also exhibit a decline in mutant group as compared to control. Nuclei are marked blue by DAPI. Data are presented as
mean ± SEM (N=3). P value of <0.05 was considered significant. Scale bars: 100 µm.
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rounds of cell division [25]. Since the doubling time of 
mouse spermatogonial cells is approximately 5 days [26], 
therefore, we administered both control and mutant mice 
sequentially with CldU followed by IdU, with a time-gap 
of 5 days to label the majority of cycling spermatogonial 
cells (Figure 6; N=3/each). Testes were collected 8 days 
post CldU injection (3 days-post IdU administration) 
because mouse spermatogenic cycle is of around 8 days 
in duration [27]. Immunofluorescence-based detection 
of CldU and IdU showed a decline in the number of 
seminiferous tubules with individually labelled as well 
as co-labelled germ cells in mutant testis (Figure 6C-6E). 
Furthermore, there was a reduction in the total number of 
labelled cells (Figure 6F-6H), as well as the number of 
labelled cells per tubule (Figure 6I-6K) in mutant testes 
as compared to controls. These results confirmed that 

germ cell proliferation was compromised upon sustained 
activation of Wnt/βcatenin signalling.

Decreased post-leptotene germ cell population in 
mutant testes due to defective meiotic entry

The mammalian testis contains heterogeneous 
population of germ cells, including spermatogonial stem 
and progenitor cells, spermatocytes, and spermatids. SSCs 
both self-renew and generate a population of committed 
progenitor cells that later differentiate into meiotic 
spermatocytes, haploid spermatids, and spermatozoa 
[12, 13]. Our results so far have shown diminished 
proliferation in germ cells and reduction in the number 
of meiotically committed progenitor cells in mutant testes 

Figure 7: Flow sorting of germ cells shows reduction in meiotic germ cell population in mutant testes. A. Representative 
scatter plot of different germ cell populations of a mouse testis. B.-J. No change in side population and Pre-leptotene germ cells. However, 
L/Z and subsequent meiotic populations are significantly reduced in mutant group. Total meiotic population was decreased in mutants. Ka-f 
SCYP3 and γH2AX double immunostaining on spread nuclei from flow sorted different testicular germ cell populations (SP, PL, L/Z, P, D, 
RS). Nuclei are stained blue by DAPI. SP: spermatogonia; PL: pre-leptotene; L/Z: leptotene/zygotene; D: diplotene; RS: round spermatids. 
Data are presented as means ± SEM (N=3). P value of <0.05 was considered significant. Scale bars: 5 µm.
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(Figure 4-6). To determine the specific stage of germ 
cell development affected by overactive Wnt/βcatenin 
signalling, we flow sorted different populations of 
testicular germ cells (N=3/each; Figure 7A). In agreement 
with the results of expression analysis (Figure 4), there 
was no difference in the number of spermatogonial 
stem/progenitor cells, as represented by the fraction of 
side population cells, between control and mutant testes 
(Figure 7B). Pre-leptotene (PL) is a stage before the actual 
start of meiosis that is characterised by physiological 
changes in the cytoplasm and nucleus, and marks the 
beginning of chromosomal condensation [28]. There was 
a non-significant increase in this population of germ cells 
(%PL) in mutant testes as compared to controls (Figure 
7C). The beginning of meiosis is marked by Leptotene/
Zygotene (L/Z) stage that is characterised by the 
assembly of synaptonemal complexes, and chromosomal 
pairing [28]. We found a significant reduction in %L/Z 
population in mutant testes as compared to controls 
(Figure 7D), indicating suppression at the beginning 
of meiotic division. Consistent with these results, there 
was a reduction in the percentage of cells at subsequent 
meiotic stages, which include pachytene (%P) identified 
by chromosomal crossover, diplotene (%D) marked by 
degradation of synaptonemal complexes and separation of 
homologous chromosomes, and round spermatids (Figure 
7E-7G). 

To ascertain the purity of sorted germ cell 
populations, we stained them with γH2AX and SCYP3 (a 
marker of synaptonemal complex assembly) [29] (Figure 
7Ka-f’’’). The percent purity for different cell population 
was as follows: SP=94%, PL=86.53%, L/Z=96%, P=96%, 
D=72%, RS=86.67%. It was difficult to obtain a very pure 
%D population (72% purity) due to the presence of some 
pachytene stage spermatocytes. Therefore, the total of %P 
and %D populations was compared between control and 
mutant testes (Figure 7H). Similar to the individual results 
for %P and %D populations, a significant reduction was 
observed in the total of %P and %D populations of meiotic 
germ cells in mutant testes as compared to controls (Figure 
7H). Moreover, the total meiotic population with (Figure 
7I) and without (Figure 7J) %PL population was also 
reduced in mutant testis. These results revealed a stage 
specific brake in the meiotic progression of germ cells in 
mutant testis. 

Sustained activation of Wnt signalling does not 
affect regeneration potential of SSCs following 
chemical ablation of germ cells

To examine if overactivation of Wnt/βcatenin 
signalling has any effect on the regenerative potential of 
SSCs, we treated 5 weeks old control and mutant mice 
with busulfan (N=3/each). Busulfan has been used in 
previous studies for ablation of germ cells to study the 

regenerative potential of SSCs [30, 31]. As expected, a 
complete loss of germ cells was observed in control and 
mutant testes, 4 weeks post-treatment (Figure 8A and 8B). 
After 14 weeks of the treatment, histological analysis 
revealed that spermatogenesis has recovered in many 
tubules in both control and mutant testes with no apparent 
difference in the rate of germ cell repopulation (Figure 
8C and 8D). Immunolabelling with germ cell markers 
showed no significant differences in spermatogonial stem/
progenitor cells (Foxo1 and Plzf) between two groups 
(Figure 8E-8J). However, consistent with previous results 
(Figure 4M-4O), a significant reduction in meiotic germ 
cell population (γH2AX) was observed (Figure 8K-8M). 
These data demonstrated that overactive Wnt signalling 
causes no obvious perturbations in repopulating potential 
of spermatgonial stem cells. 

In vitro model of spermatogonial cells confirmed 
reduced cell proliferation and viability due to 
overactivation of Wnt signalling

In order to manipulate Wnt signalling more 
precisely without the influence of paracrine signals that 
are operational in vivo, we utilized a well-studied in 
vitro model of spermatogonial cells (GC1 cells, [32]) to 
investigate effects of overactive Wnt signalling on germ 
cells. GC1 cells were cultured in presence of 5 mM 
LiCl (Lithium Chloride), a well-known activator of Wnt 
signalling [33]. LiCl treated GC1 cells showed 1.4-fold 
increase in βcatenin expression as compared to control 
(NaCl) (Figure 9A), thereby, confirming hyperactive Wnt 
signalling in these cells. There was a significant reduction 
in the number of colonies formed, colony area and colony 
staining intensity in LiCl treated cells as compared to 
control groups (Figure 9B, 9E-9F and 9G-9I). In order 
to confirm that the reduction is mediated through Wnt 
signalling, we treated these cells with both LiCl and 
PKF118-310, a potent inhibitor of Wnt signalling pathway 
[34]. Western blot analysis confirmed that βcatenin protein 
levels were decreased in the presence of PKF118-310, and 
were similar to NaCl treated group (Figure 9A). A similar 
trend was observed in LEF1 protein levels with LiCl and/
or PKF118-310 treatments (SFigure 1). The addition of 
PKF118-310 diminished the effect of LiCl on colony 
number, area and staining intensity (Figure 9C and 9D, 
9G-9I). Similar to our in vivo results, activation of Wnt 
signalling with LiCl treatment reduced cell viability and 
cell proliferation as compared to controls (Figure 9J and 
9K).

LiCl activates Wnt signalling by inhibiting of 
GSK3β [35]. However, GSK3β is also involved in other 
signalling pathways, such as the PI3K pathway [36]. To 
confirm that reduced cell proliferation and viability of LiCl 
treated GC1 cells is specifically mediated through Wnt 
signalling, we cultured GC1 cells in Wnt3a conditioned 
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Figure 8: Active Wnt signalling does not affect regenerative potential of spermatgonial cells. A.-B.Complete loss of germ 
cells 4 weeks after busulfan administration in both control and mutant mice. C.-D. Histological analysis of testes showed recovery of 
spermatogenesis in some tubules at 19 weeks. E.-J. No change in Foxo1 and Plzf-positive spermatgonial stem/progenitor cells in both 
groups. K.-M. Mutant testis shows reduced number of γH2AX-positive meiotic cells as compared to controls. Areas outline with squares 
in panel E, F, H, I, K and L are presented at a higher magnification in insets. Dotted lines outline seminiferous tubules. Nuclei are marked 
blue by DAPI. Data are presented as mean ± SEM (N=3/each). P value of <0.05 was considered significant. Scale bars: 100 µm.
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media or control media for 5 days, and proteins were 
isolated from these cells. Western blot analysis revealed 
1.7 fold increase in βcatenin expression in GC1 cells 
cultured with Wnt3a conditioned media, relative to 
controls (Figure 9L and 9M). Similar to LiCl treatment, 
Wnt3a conditioned media treatment also led to reduction 
in colony number, colony area, and colony staining 
intensity (Figure 9N-9R). Cell viability and proliferation 

of GC1 cells was also decreased in Wnt3a conditioned 
media treated group (Figure 9S and 9T). Collectively, 
these results showed overactive Wnt/βcatenin signalling 
negatively regulate spermatgonial cell proliferation and 
viability. 

Figure 9: Pharmacological activation of Wnt signalling reduces colony formation, cell viability, and cell proliferation 
of spermatogonial cells. A. Western blot analysis showed enhanced expression of βcatenin in GC1 cells with LiCl treatment. B.-I. 
LiCl treatment reduced colony number, colony area, and colony staining intensity as compared to NaCl and no treatment group. Images 
presented in panel B’-F’ are used for quantification from panel B-F. (A-I) The presence of 0.125 µM PKF118-310 (a Wnt inhibitor) rescued 
the effect of LiCl by decreasing the levels of βcatenin protein. J.-K. Overactive Wnt signalling reduced proliferation and viability of GC1 
cells. L.-M. Increased expression of βcatenin in GC1 cells cultured in presence of Wnt3a condition media. N.-T. Wnt3a treatment results 
in reduced colony number, colony area, colony intensity, cell proliferation, and cell viability as compared to control group (O). Data are 
representative of at least three independent experiments and are expressed as the mean ± SEM. P value of <0.05 was considered significant.
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Abnormal expression of non-coding RNAs in 
mutant testis

To identify the probable targets of the Wnt signalling 
pathway responsible for pathological changes in mutant 
testes, we performed RNA sequencing analysis of control 
and mutant testes (N=3/each). We were able to identify 20 
genes of unknown functions, 15 of which were switched 
off (solid arrow head), and 5 were switched on (hollow 
arrowhead) in mutant testes (Figure 10A). 15 genes 
showed a minimum of two fold change in expression 
between control and mutant group (Figure 10B). We 
also found a novel non-coding RNA at chromosome-1, 
loci:19037508-19037682 with FPKM (Fragments Per 
Kilobase of transcript per Million mapped reads) value of 
21.13 in mutant testes, and zero case value in control group 
(Figure 10C). This was further confirmed by quantitative 
PCR, which revealed 4-fold up-regulation of this non-
coding RNA (Figure 9D) in mutant testes. These results 
suggest that Wnt signalling regulates spermatogenesis 
possibly through non-coding RNAs.

DISCUSSION

In this study, we have developed a mouse model 
with germ cell specific overactivation of Wnt signalling, 
and demonstrated the requirement of this pathway for 
the proliferation and differentiation of germ cells in 
mammalian testis, which was also confirmed using an in 
vitro cell culture system. We flow sorted different germ 
cell populations, and were able to trace overactive Wnt 
signalling mediated differentiation defects at the leptotene/
zygotene stage of meiosis, suggesting that this specific 
stage is an important check point in the process of germ 
cell development (Figure 7). Our results have highlighted 
the requirement of balanced Wnt signalling in mammalian 
spermatogenesis.

In recent years, few studies have contributed towards 
understanding the role of Wnt signalling in male germ cell 
biology. However, insufficient data is available regarding 
the functional relevance of this signalling pathway in male 
germ cell development and differentiation because these 
studies have reported many divergent phenotypes probably 
due the use of different Cre mice. For example, the loss of 
βcatenin in testicular germ cells using Stra8-icre results in 
no defects in germ cell development, sperm production, 
and fertility [37], suggesting Wnt/βcatenin is dispensable 

Figure 10: Altered expression of non-coding RNAs in mutant testes. A. Heat-map from RNA sequencing of whole testes of 
control and mutant mice. The log2 FPKM (Fragments Per Kilobase of transcript per Million mapped reads) values for 104 genes are used 
for generation of the heat map in two groups. The colours correspond to the log2 of FPKM values, ranging from bright brown (2.5) to 
white (zero). Solid arrowhead marks genes that are turned off in mutant condition while empty arrowhead marks genes turned on in mutant 
condition. B. Graphical representation of the genes showing at least two-fold change in mutant testes. C. Putative structure of a novel non-
coding RNA switched on in mutant mouse testes. D. Four fold up-regulation of expression of the novel non-coding RNA in the mutant testis 
using qRT-PCR analysis. Data is presented as means ± SEM (N=3/each).
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for male germ cell development and fertility. In contrast, 
ablation of βcatenin in germ cells using Axin2cre and 
Protamine 1-cre leads to premature germ cell loss, reduced 
sperm count and infertility [38, 39]. Similarly, alterations 
in Wnt signalling using Cytochrome P4501A1cre/Ahcre 
causes disruption of spermatogenesis and loss of germ 
cells [40]. Unintended cre recombination in other testicular 
cell types, such as somatic cells, has been proposed 
as one of the reasons for the differences in testicular 
phenotypes reported in these studies [37]. For example, 
Protamine 1-cre and Ahcre, in addition to germ cells, 
also induce recombination of flox alleles in the somatic 
cells of testis [37, 40]. It is already well established that 
balanced Wnt/βcatenin signalling in testicular somatic 
cells is essential for male germ development and fertility, 
and any aberrations in this signalling pathway in these 
cells cause severe defects in germ cell development and 
spermatogenesis [12, 13, 41-43]. Therefore, it is unclear 
whether previously reported phenotypes in germ cells are 
due the defective Wnt signalling in testicular germ and/or 
somatic cells. Our study is the first to use the germ cell-
specific cre, Vasacre, model to provide evidence for the 
role of Wnt signalling in germ cell biology. 

In seminiferous tubular environment, 
undifferentiated spermatogonia proliferate and differentiate 
to constitute a heterogeneous population of germ cells 
that can be divided into two pools, spermatogonial stem/
progenitor population and differentiated spermatocytes 
[1]. A fine balance between these two populations is 
essential to maintain testicular homeostasis and deviations 
result in testicular cancer or infertility [5]. Wnt signalling 
is a known driver of self-renewal and differentiation of 
adult stem cells [44]. Sertoli cells secrete Wnt6 that acts on 
SSCs leading to the activation of Wnt pathway which then 
regulates proliferation of undifferentiated spermatogonia 
[38]. Using marker analysis and sequential DNA double 
labelling technique, we have shown that sustained 
Wnt activity results in reduced germ cell proliferation. 
Moreover, DNA double labelling has shown increased 
refractory period between two successive germ cell 
divisions (indicated by reduced co-labelled cells in mutant 
testes), leading to diminished capacity of individual germ 
cell to contribute towards the germ cell pool. Unchanged 
spermatogonial stem/progenitor population with decreased 
germ cell proliferation raises the possibility of reduced 
generation of progenitor population committed for 
differentiation. Marker analysis (Stra8 and γH2AX) and 
FACS results confirmed reduced germ cell differentiation. 
Therefore, our results demonstrate that overactivation of 
Wnt pathway causes premature germ cell loss by affecting 
their proliferation and differentiation.

Most of the studies focusing on the role of 
Wnt pathway in SSCs have drawn conclusions 
from results based on mRNA expression profile and 
immunofluorescence or histology. Little has been done 
to understand the mechanisms underlying Wnt signalling 

mediated regulation of spermatogenesis. Towards this 
end, we sequenced RNA isolated from whole testis of 
control and mutant mice, and found differential expression 
of many genes. Some of the non-coding RNAs were 
completely switched off while some were specifically 
switched on in the knockout condition only. Non-
coding RNAs plays critical roles in transcriptional and 
posttranscriptional gene regulation and also affects mRNA 
expression [45]. One example of such non-coding RNAs 
is mhrl (meiotic recombination hot spot locus) which 
negatively regulates Wnt signalling pathway through its 
protein partner Ddx5/p68 [46]. The functions of non-
coding RNAs reported by our study have not yet been 
defined in the literature. Currently, we are investigating the 
functions performed by these non-coding RNAs, and are 
developing assays to validate the results. In future studies, 
we seek to look into the functional relevance of these non-
coding RNAs and other differentially expressed genes in 
the regulation of spermatogenesis.

In conclusion, our work using in vitro and in vivo 
model systems showed that aberrations in Wnt signalling 
leads to defective spermatogenesis primarily due to the 
abnormalities in meiotically committed germ cells. As 
abnormal Wnt signalling is associated with human male 
infertility and testicular cancer, it is likely that similar 
mechanisms might be operational in human patients.

MATERIALS AND METHODS

Mouse breeding and husbandry

Mice used in this study were maintained on 
C57BL/6;129SvEv mixed genetic background and 
were kept under standard animal housing conditions. 
All the experimental procedures undertaken on 
mice were approved by the Animal Care and Ethics 
Committee, University of Newcastle. For animal care and 
experimental procedures guidelines of, New South Wales 
Animal Research Act, New South Wales Animal Research 
Regulation, and the Australian code for the care and use of 
animals for scientific purposes guidelines were followed. 
For developing a mouse model (Vasacre;Ctnnb1ex3/+) 
with germ cell specific overactivation of Wnt/βcatenin 
signalling, Tg(Ddx4-cre)1Dcas/J (Vasacre) mice [47] were 
crossed with Ctnnb1tm1Mmt [16]. Vasacre;Ctnnb1ex3/+ mice 
were crossed with homozygous ROSA26flGFP-NLS-lacZ mice 
[48] to develop Vasacre;Ctnnb1ex3/+;lacZfl/+. REDExtract-
N-Amp™ Tissue PCR Kit (Sigma, MO, USA) was used
for DNA isolation. Primers used for genotyping are listed
in Table 1. Dog testicular tissue samples were collected
at the department of Veterinary Pathology, University of
Sydney.
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Germ cell ablation model

A minimum of three mice from each control 
and mutant group (5 weeks old) were given a single 
intraperitoneal injection of Busulfan (10 mg/ml in a 1:1 
mixture of dimethyl sulfoxide and distilled water; @ 40 
mg/Kg body weight). The animals were sacrificed 14 
weeks post-injection and testes were collected. The testes 
were then fixed overnight in 4% paraformaldehyde (PFA, 
Electron Microscopy Sciences, PA, USA) at 4°C. Until 
processing, the tissues were stored in 70% Ethanol at 4°C.

Thymidine analogue labelling

Control and mutant mice (N=3/each) were 
administered with CldU and IdU (10 mg/ml) by 
intraperitoneal injections (100 µg/g body weight) at 
30 weeks of age. For labelling, first CldU was injected 
followed by IdU with a gap of 5 days. The animals were 
sacrificed and tissues were collected 3 days after IdU 
administration. The tissues were then fixed overnight at 
4°C in 4% PFA.

Histology, immunohistochemistry/immuno-
fluorescence and TUNEL assay

Histology and immunohistochemical analysis 
were done as described by us in [12]. Briefly, tissues 
were overnight fixed at 4°C, in 4% PFA, embedded in 
paraffin and 5 µm sections were prepared. Slides were 
deparaffinised and incubated with primary antibodies 
including βcatenin (610154, BD Transduction Labs, 
CA, USA); PCNA, Plzf (sc-56: PCNA; sc-22839: Plzf 
; Santa Cruz Biotechnology, CA, USA); Foxo1, LEF1, 
TCF1 (#2880: Foxo1; #2230: LEF1; #2203: TCF1; Cell 
Signaling Technology, MA, USA); Cyclin D1, SCYP3, 
Stra8 (ab16663: Cyclin D1; ab15093: SCYP3; ab49602: 
Stra8; Abcam, Vic, Australia); GCNA [49]; γH2AX (#05-
636: γH2AX; Millipore, MA, USA), αSMA (c6198, 
Sigma, MO, USA) and AlexaFluor secondary antibodies 
(1:250; Jackson ImmunoResearch Labs, PA, USA). For 
detection of apoptotic cells, TUNEL assay was performed 
on paraffin sections as per the instructions provided 
with the kit (Millipore). For cell counting images at 20x 
magnification were taken with Olympus DP72 microscope 

keeping same exposure and gain for both control and 
mutant tissues. Each testis was divided into four sections 
and at least two images were randomly selected from each 
section from minimum three control and mutant animals. 
The cells were counted using ImageJ (National Institute 
of Health, USA).

Flow sorting of germ cells

Digestion of testes and flow sorting of germ 
cells were performed as described in [29] with minor 
modifications. Briefly, testes from 30 weeks old control 
and mutant mice (N=3/group) were decapsulated and 
gently washed with DMEM High Glucose (HyClone, GE 
Life Sciences) to remove interstitial cells. Seminiferous 
tubules were collected and digested with collagenase (1 
mg/ml) and DNase (5 units, Promega) for 15 minutes. 
Tubules were removed from collagenase and digested with 
0.25% trypsin/EDTA and DNase (5 units) for 15 minutes. 
Tissue digestion was then stopped by adding foetal bovine 
serum (FBS). The digested cell suspension was filtered 
through 40 µm tissue filter (BD Biosciences). The cells 
were given one wash with DMEM and 1x106 cells/ml 
suspension was prepared. The cells were incubated with 
Hoechst 33342 (1:5000; 10 mg/ml stock; Sigma) at 25°C 
for 1 hour. The Hoechst 33342 labelled cells were again 
filtered with 40 µm tissue filter. Propidium Iodide was 
added to distinguish live and dead cells (1:2000; 10 mg/
ml; Sigma) and the cells were sorted using FACSDiva 
(version 6.1.3).

Meiotic spread and SCYP3/Plzf immunostaining

Meiotic spreads were prepared as described in a 
previous report [29]. Briefly, 50 µl of flow sorted cell 
suspension was mixed with equal volume of hypotonic 
extraction buffer (30 mM Tris, 50 mM Sucrose, 17 mM 
trisodium citrate dihydrate, 5 mM EDTA in water) for 30 
minutes at room temperature. Cells were pelleted at 5000 
g, 4 minutes and resuspended in 100 mM Sucrose. The 
cell suspension was then applied on Poly-L-Lysine coated 
cover glass slides containing 1% PFA/0.15% Triton X-100 
and spread using coverslip. These slides were then dried 
overnight in humidified chamber at RT and immersed into 
0.4% Photoflo and dried at RT. These slides can be stored 
at -20°C. 

Table 1: List of Primers used for genotyping
Transgene Forward Primer Reverse Primer

Vasacre 5’CACGTGCAGCCGTTTAAGCCGCGT3’ 5’TTCCCATTCTAAACAACACCCTGAA3’
Ctnnb1tm1Mmt 5’GACACCGCTGCGTGGACAATGA3’ 5’GTGGCTGACAGCAGCTTTTCTA3’
ROSA26flGFP-NLS-lacZ 5’AAAGTCGCTCTGAGTTGTTAT3’ 5’TCCAGTTCAACATCAGCCGCTACA3’
Novel non-coding RNA 5’CCACATAGAAATACTCTGCTCTC3’ 5’TAAGGCTCTGTAACCCTCAT3’
βactin 5’TGTTACCAACTGGGACGACA3’ 5’GGGGTGTTGAAGGTCTCAAA3’
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For immunostaining, frozen slides were thawed and 
washed serially for 5 minutes each with PBS containing 
0.5% and 0.05% Triton X-100, followed by a 5 minutes 
wash with PBS only. Slides were blocked with blocking 
buffer (3% BSA, 0.15% Triton X-100 in PBS) for 30 
minutes at RT followed by overnight incubation in 
γH2AX (1:1000) and SCYP3 (1:750) primary antibodies 
at 4°C. AlexaFluor secondary antibodies (1:250; Jackson 
ImmunoResearch Labs) were used for signal detection. 
Images were taken with Olympus FV1000 confocal 
microscope (Olympus, Japan).

Cell culture

GC1 cells were cultured in Dulbecco’s modified 
Eagle’s medium (HyClone, GE Life Sciences), 
supplemented with 10% FBS (Interpath, Vic, Australia), 
1% L-Glutamine (Sigma), 1% Penicillin-Streptomycin 
(Lonza, Vic, Australia) and 1% Sodium pyruvate 
(HyClone, GE Life Sciences) at 37°C in a humidified, 5% 
CO2 incubator. These cells were treated with 5 mM LiCl (a 
Wnt activator, [32]), 5 mM NaCl and 0.125 µM PKF118-
310 (a Wnt inhibitor, [34]). For immunostaining of LEF1, 
GC1 cells were cultured on Poly-L-Lysine coated cover 
glass slides and treated as above. Cell viability assay 
was performed using Vision Blue Assay kit (Biovision) 
and cell proliferation assay was done using WST assay 
(Sigma), as per manufacturer’s instructions. Colony 
formation assay (CFA) was performed and analysed as 
described by Guzman et al [50]. Wnt3a and Lcell were 
purchased from the American Type Culture Collection 
(ATCC). Conditioned media were prepared as mentioned 
in [51].

Western blot analysis

Proteins were extracted from 5 weeks old 
mouse testes and from GC1 cells using ice-cold 
radioimmunoprecipitation assay buffer (RIPA) 
supplemented with protease and phosphatase inhibitors. 
Equal amounts of protein were loaded and resolved by 
10% SDS-PAGE gel, and transferred to nitrocellulose 
membrane. The membrane was blocked in 5% milk (w/v) 
in Tris-buffered saline (0.1% Tween-20) for 1 hour at room 
temperature followed by overnight incubation at 4°C with 
primary antibodies (βcatenin 1:2000, LEF1 1:1000 in 2.5% 
w/v BSA, 1x TBS, 0.1% Tween-20; #8480 and #2230: 
Cell Signalling Technologies; βactin as loading control 
1:5000 in 2.5% w/v BSA, 1x TBS, 0.1% Tween-20; 
JLA20: DSHB). Membranes were developed following 1 
hour incubation with horseradish peroxidase-conjugated 
secondary antibodies (Jackson ImmunoResearch, West 
Grove, PA). Densitometric analysis was performed using 
ImageJ (National Institute of Health, USA). 

RNA isolation and sequencing

Total RNA was isolated from 30 weeks old control 
and mutant mice (N=3/each) using RNeasy® Mini 
kit (Qiagen, Vic, Australia) following manufacturer’s 
instructions. RNA sequencing was performed at the 
Australian Genome Research Facility (AGRF, Brisbane, 
QLD, Australia) using Illumina platform (Illumina Inc. 
San Diego, CA, USA). Illumina HiSeq 2000 RNA-seq 
sequence of a 50 bp single end run were produced and 
libraries were prepared using Illumina TrueSeq stranded 
protocols. Image analysis was performed in real time 
by the HiSeq Control Software (HCS) v1.4.8 and Real 
Time Analysis (RTA) v1.18.61. RTA performs real-time 
base calling on the HiSeq instrument computer. The 
Illumina CASAVA 1.8.2 pipeline was used to generate 
the sequence data in a standard FASTQ format. Per 
base sequence quality for all the samples were analysed 
and values above Q30 were considered excellent. The 
cleaned sequence reads were then aligned against the Mus 
musculus genome (Build version mm10). The Tophat 
aligner (v1.3.1) was used to map reads to the genomic 
sequences. The transcripts were assembled utilizing 
reference based annotation with the Cufflinks tool (v2.1.1) 
using the reference annotation based assembly option 
(RABT) generating assembly for known and potentially 
novel transcripts. 

Quantitative real-time polymerase-chain reaction 
(qRT-PCR)

RNA isolated from 30 weeks old control and 
mutant testes (N=3/each), as described above, were used 
for analysis of novel non-coding RNA. RNA (1 μg) was 
added as a template to reverse-transcriptase reactions 
carried out using RT² First Strand Kit (Qiagen). qRT-PCR 
were carried out with the resulting cDNAs in triplicate 
using SYBR Green ROX qPCR Mastermix (Qiagen) and 
ABI 7900 HT FAST (Applied Biosystems). Experimental 
Ct values were normalized to βactin and relative RNA 
expression in mutant versus control animal was calculated. 
Specificity of primer binding only to non-coding RNA of 
interest was confirmed by presence of a single band of 
101 base pairs in PCR. Sequences of primers used are 
mentioned in Table 1.

Statistical analysis

For every experiment, data were collected from a 
minimum of three repeats or three animals from control 
and mutant group. Data were analysed and graphed 
with GraphPad Prism 6.0. Student’s t tests were used to 
calculate significance and P value of <0.05 was considered 
significant. Data are expressed as mean ± SEM.
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