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Abstract

Deaths from ovarian cancer usually occur when patients succumb to overwhelmingly numerous
and widespread micrometastasis. Whereas epithelial-mesenchymal transition is required for
epithelial ovarian cancer cells to acquire metastatic potential, the cellular phenotype at secondary
sites and the mechanisms required for the establishment of metastatic tumors are not fully
determined. Using /n vitro and in vivo models we show that secondary epithelial ovarian cancer
cells (sEOC) do not fully re-acquire the molecular signature of the primary epithelial ovarian
cancer cells from which they are derived. Despite displaying an epithelial morphology, SEOC
maintains a high expression of the mesenchymal effector, TWIST-1. TWIST-1 is however
transcriptionally non-functional in these cells as it is precluded from binding its E-box by the PcG
protein, CBX7. Deletion of CBX7 in SEOC was sufficient to reactivate TWIST-1-induced
transcription, prompt mesenchymal transformation, and enhanced tumorigenicity /n vivo. This
regulation allows secondary tumors to achieve an epithelial morphology while conferring the
advantage of prompt reversal to a mesenchymal phenotype upon perturbation of CBX7. We also
describe a sub-classification of ovarian tumors based on CBX7 and TWIST-1 expression, which
predicts clinical outcomes and patient prognosis.
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Introduction

Epithelial ovarian cancer (EOC) is the most lethal of all gynecologic malignancies and
accounts for more deaths than cervical and endometrial cancers combined [1, 2] [3].
Mortality in ovarian cancer occurs in part due to failures in early detection and in part due to
the lack of effective modalities that can combat the combined occurrence of chemoresistance
and carcinomatosis, which persistently develop during disease progression [4] [2, 5, 6].

Unlike other solid cancers, which metastasize via the hematogenous route and give rise to
discrete foci of secondary tumor implants, ovarian cancer metastasizes via the transcoelomic
route [7, 8] and yield overwhelmingly numerous and widely spread micrometastases
distributed throughout the peritoneal cavity [9]. This clinical presentation significantly
impacts the success of treatment as it limits the value of debulking surgery consequently
contributing to patient mortality.

Being epithelial in nature, metastasis in solid cancers (such as ovarian) requires the process
of epithelial-mesenchymal transition (EMT) wherein non-migratory epithelial cancer cells
reorganize their cytoskeletal and adhesion molecules and activate pro-survival pathways
leading to anoikis resistance and the acquisition of a mesenchymal and migratory phenotype
[10, 11]. In ovarian cancer, these mesenchymal cells are carried passively around the
abdominal cavity by the peritoneal fluid before attaching to their preferential “soil”, the
mesothelium [12, 13]. Upon attachment, cells undergo the reverse process of mesenchymal-
epithelial transition (MET) giving rise to secondary epithelial ovarian cancer cells (SEOC)
and establish tumors on secondary sites[14]. SEOC are characterized by the re-acquisition of
epithelial morphology and a more proliferative phenotype that supports the progression of
metastatic disease [15, 16]. MET is therefore considered a critical step in the formation of
secondary implants and is a final step in metastasis formation. In theory, the secondary sites
can also be a source of metastatic cells that would allow further tumor expansion leading to
generalized carinomatosis, which are typically observed in patients. This process may
require the reactivation of EMT in the SEOC in order to generate these additional metastatic
sites [17, 18] However, since the nature of the ovarian cancer cells in the secondary
metastatic sites is yet to be fully characterized, it is not clear if MET does occur in ovarian
cancer during metastasis formation. In addition, it remains to be deterimined if SEOC would
require repetitive EMT to generate additional metastatic sites. Its elucidation is a markedly
important step in the identification of effectors that can be targeted in the quest to develop
better therapeutic strategies to curtail metastatic tumor burden and improve patient survival.

The characteristic loss of intercellular adhesions, gain of cell motility, and increased invasive
activity observed during EMT are driven by the activation of several transcription factors,
which include members of the Snail (SNAI1 and SNAI2)[19, 20], Twist (TWIST1 and
TWIST2) [21-23] and ZEB families of protein (ZEB1/dEF1 andZEB2/SIP1) [16, 24-27].
The reverse process of MET is thought to be associated with the repression of these factors,
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allowing the re-expression of intercellular adhesion molecules, loss of cell motility and
acquisition of the epithelial phenotype [18, 28, 29]. The activation/inhibition of these
transcription factors, which control EMT/MET is regulated by multiple mechanisms such as
gene mutations, hypermethylations, and promoter repression [18, 30].

An important group of proteins controlling cell fate during development is the polycomb
group of proteins (PcG) that make up the Polycomb repressive complex 1 (PRC1) and
Polycomb repressive complex 2 (PRC). These complexes function as epigenetic regulators
in both normal and pathogenic conditions by silencing key genes that control cell fate and
differentiation [31-34]. Several studies suggest that PcG proteins play a role in EMT but its
function in MET is still poorly understood. This is especially true in the context of ovarian
cancer.

To this end we developed /in vitroand in vivo models of MET that would allow us to
determine the epithelial/mesenchymal nature of the SEOC that arise at the metastatic sites
and identify drivers that promote the unique characteristics of the micrometastases observed
in ovarian cancer patients. In this study we demonstrate that at the metastatic sites, the SEOC
that arise do re-acquire an epithelial morphology. However, contrary to previously thought,
the SEOC generated are molecularly distinct from the primary epithelial ovarian cancer cells
from which they were derived. SEOC, despite its epithelial morpholgy, are characterized by
the maintenance of TWIST-1 expression, which is a classical effector of the mesenchymal
phenotype. Interestingly, our data demonstrate that the epithelial morphology of the SEOC is
achieved by blocking TWIST-1 activity instead of down-regulating TWIST-1 expression. We
demonstrate that the PcG protein CBX7, is sufficient to block TWIST-1 function and
impacts the EMT/MET phenotype, tumorigenicity, and metastatic potential of the SEOC.
The ability of CBX7 to block TWIST-1 function allows the maintenance of TWIST-1
expression, hence a mesenchymal molecular phenotype, while achieving an epithelial
morphology. Additionally, we demonstrate that TWIST-1 and CBX7 expression can be used
as prognostic markers for ovarian cancer patients.

Materials and Methods

Cell lines, culture conditions, and generation of spheroids and seOC

Three epithelial ovarian cancer cell lines were used: R182, R2615, and OVCAR3. OVCAR3
was purchased from ATCC. R182 and R2615 were isolated from ascites obtained from
patients diagnosed with stage 111/IV serous ovarian carcinoma and their characterization has
been previously reported by our group [35-40]. Similarly, the isolation and characterization
of mCherry+ OCSC1-F2 ovarian cancer cell line have been previously described [41-44].
STR profiling was performed every year and mycoplasma testing was performed every
month. In this study, these three cell lines are designated as “primary” epithelial ovarian
cancer cells. The ovarian cancer cell lines R182 and R2615 have been previously described
by our group as negative for TWIST-1 [40] and the epithelial markers they express are
shown in Supp. Fig. 1. All patients signed consent forms and the use of patient samples was
approved by Yale University’s Human Investigations Committee (HIC no. 10425). Cells
were grown in RPMI media supplemented with 10% FBS, 1000 U/ml penicillin, 200 ug/ml
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streptomycin, 10 mM HEPES, 100 nM non-essential amino acids, and 1mM sodium
pyruvate and cultured at 37°C with 5% CO,.

3D spheroids were derived from the primary epithelial ovarian cancer cells as previously
described [45]. Briefly, cells were maintained in high confluence in low-serum conditions
(1% fetal bovine serum) until multiple foci undergo morphological changes to a fibroblastic
phenotype (Supp. Fig. 2), typically after two weeks in culture. Media collection followed by
centrifugation isolated cells that have detached. Cell pellets were re-suspended in growth
media and cultured in ultra-low attachment plates (Corning Life Sciences, Corning, NY) for
5 days to promote spheroid formation. The resulting spheroids are typically not uniform in
size but exhibit a compacted morphology with a distinct outer layer. Without any further
selection, 5-day old spheroids were transferred to tissue culture-treated flasks, allowed to re-
attach, and passaged 5 times. The resulting sEOC at p5 to p10 were used for the
experiments.

Plasmid transfection

Cells were transfected using FUGENE 6 Transfection Reagent (Roche Diagnostics,
Indianapolis, IN) according to the manufacturer’s instructions. For transient transfection,
transfected cells were grown for 48 h before RNA or proteins were extracted. For stable
transfection, transfected cells were selected by treatment with 1 pg/mL puromycin. shCBX7
plasmid was a gift from Dr. Tom Kerppola, University of Michigan Medical School, Ann
Arbor, MI. pPCDNA-TWIST-1 was a gift from Dr. Carlotta Glackin, City of Hope, Duarte,
CA. pGL3 was a gift from Dr. Xiaoyong Yang, Yale University, New Haven, CT. The
miR-199A promoter sequence was obtained by PCR amplification from total cDNA from
SEOC and was cloned into pGL3. The primers for the miR-199A promoter used for vector
construction are shown in Supplementary Table 1.

Quantification of mir-199A promoter activity

5 x 10° cells were seeded in 6-well plates and transfected with 800 ng of pGL3-miR-199a
[46] with or without CBX7 and/or TWIST-1 plasmid. 48 h after transfection, cell extracts
were prepared and luciferase activity quantified using the Dual Luciferase Reporter Assay
Kit (Promega, Madison, WI, USA). The pRL-TK vector expressing Renilla gene was used to
normalize transfection efficiency. For all transfections, the total amount of transfected DNA
was equilibrated with the empty vector.

RNA extraction and qRT-PCR analysis

Total RNA was extracted using either the RNeasy Mini kit (Qiagen, Valencia, CA) or
TRIZOL reagent (Invitrogen, Thermo Fisher Scientfic, Waltham, MA). 1 ug of RNA was
reverse transcribed to cDNA using first-strand cDNA synthesis kit (Invitrogen) for mRNA or
Ncode miRNA first-strand cDNA synthesis kit (Invitrogen). cDNA at 1:10 dilution was used
for each PCR reaction with appropriate primers using Real-Time SYBR Green/Rox PCR
supermix (Invitrogen). All PCR reactions were performed on CFX96- Real-Time System
(Bio-Rad,Hercules, CA) in triplicates and validated by the presence of a single peak in the
melt curve analysis. GAPDH or NRU6B was used as reference gene. Relative expression
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was calculated using the 2-2ACt method. Primer sequences are listed in Supplementary Table
1.

RNA sequencing and enrichment analysis

Total cellular RNA was prepared using TRIZOL reagent and used as input. The RNA-seq
library was enriched using KAPA mRNA HyperPrep Kit (KAPA Biosystem, Wilmington,
MA). The multiplex library was then subjected to high-throughput sequencing using HiSeq
4000 platforms (Illumina) at Yale Center for Genome Analysis. Differential expression
analysis was conducted using limma R package. Raw counts were normalized using “limma-
trend” approach. Differentially expressed genes were identified by treating group as a fixed
effect variable and subjects as a random effect variable.

Protein extraction and quantification

Protein extraction was carried out as previously described [37, 47]. Protein samples were
quantified using Pierce™ BCA protein assay kit (Thermo Fisher Scientific) according to
manufacturer’s instructions.

SDS polyacrylamide gel electrophoresis and western blot analysis

Protein samples were denatured in sample buffer and subjected to 12% SDS—polyacrylamide
gel as previously described [39, 48]. Protein was transferred to PVDF membranes and the
blots were developed using enhanced chemiluminescence (NEN Life Sciences, Waltham,
MA\) and imaged using Kodak 20000MM Image Station.

Antibodies were diluted as follows: anti-CBX7 (1:1000, no. 21873, Abcam, Cambridge,
MA), anti-TWIST-1 (1:200, no. 81417; Santa Cruz Biotechnology, CA), anti-Slug (1:1000,
no. 9585; Cell Signaling Technology, Danvers, MA), anti-FOXC2 (1:1000, no. 12974; Cell
Signaling Technology, Danvers, MA), anti-B-actin (1:10000, KM9001; Sungene Biotech,
Tianjin, China) and anti-GAPDH (1:1000, Sigma-Aldrich, Cell Signaling Technology,
Danvers, MA).

Chromatin-immunoprecipitation and PCR

Chromatin immunoprecipitation (ChIP) was performed as previously described [49]. Anti-
CBX7 antibody (ab21873, abcam, Cambridge, MA, USA) was added to the test groups
rabbit 1gG (sc-2027, Santa Cruz Biotechnology, Dallas, TX, USA) was used as control.
Quantitative PCR (gPCR) primer sequences are listed in Supplementary Table 1. GAPDH
primers were used negative control.

Immunoprecipitation

500 ug of total protein was used for immunopreciptation (IP) using anti-CBX7 or anti-
TWIST (both at 1:100 dilution). Rabbit IgG or mouse IgG were used as controls. After an
overnight incubation, the IP product was isolated using Protein-A-Sepharose beads (Life
technologies, Carlsbhad, CA).
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KO of CBX7 and TWIST-1 using CRISPR/Cas9

CBX7 was KO in sEOC using protocols that were previously described [48]. Briefly, the
guide RNAs (gRNASs) were designed using CRISPR design tool (http://
guides.sanjanalab.org). gRNA sequences for CBX7 are: AGAGAGGTCCGAAACCCAAG
(sgl) and TCTCCTCGTAGGCCATGACG (sg4). These gRNAs were introduced to
lentiCRISPRV2 plasmid. 10 pg of the resulting plasmid was co-transfected with 8 g
packaging plasmid (pVVSVg) and 4 pg envelope plasmid (psPAX2) in the presence of 60 pg
PEI on HEK293T cells in 100mm dish. The packaged plasmids were collected and
transduced into the SEOC cells.

TWIST-1 was KO in mCherry+ OCSC1-F2 [41, 42, 48, 50]. TWIST-1 guides were designed
using the CRISPR design tool (crispr.mit.edu). Due to predicted off target effects, a double
nickase approach was selected. Two sets of complementary oligos were hybridized and each
hybrid pair was cloned into the PX462 vector. pSpCas9n(BB)-2A-Puro (PX462) V2.0 was a
gift from Feng Zhang (Addgene plasmid # 62987 ; http://n2t.net/addgene:62987 ;
RRID:Addgene_62987) [51]. Oligos were: 1F, 5’-
CACCGGGCCGGCGAGACTGGCGAGC-3";1R,5’-AAACGCTCGCCAGTCTCGCCGG-
CCC-3’;2F,5’-CACCGCGACAGCCTGAGCAACAGCG-3’;2R,5’-
AAACCGCTGTTGCTCAGGCTGTCGC-3’. Following sequence verification, the full U6-
gRNA cassette was PCR amplified from one vector and cloned into the other to create a
single vector with both gRNAs expressed. 5 pg of this final plasmid was mixed with 15 pl of
XtremeGene 9 (Sigma Aldrich, St. Louis, MO) and added to F2 cells in suspension in a T25
flask. Knockout cells were selected by growth in puromycin.

Mouse xenograft studies

The Yale University Institutional Animal Care and Use Committee and the Animal Care and
Use Committee at Central South University approved the /n vivo studies described. Sample
size is based on statistical analysis of variance and on prior experience with specific
experimental setup.. Human ovarian cancer xenografts were established in 4-6 week old
female athymic nude mice. For studies involving spheroids, 100 ul packed volume of
pelleted spheroids were re-suspended in 200 ul of RPMI supplemented with 10% FBS and
injected either sub-cutaneously (s.c.) or intra-peritoneally (i.p.) using a 26G needle. For
studies involving knock-out (KO) cells, mice were randomly assigned to control or
experimental groups ( n=6 per group). 3 x 10° cells were resuspended in 200 ul of growth
media and injected i.p. Depending on the study, animals were euthanized between 3 to 8
weeks and resulting tumors were dissected and snap frozen in liquid nitrogen or fixed in 4%
paraformaldehyde for further analysis. No inclusion/exclusion criteria were used. All
animals were included in the analysis Investigators were not blinded during data acquisition
and analysis.

Patient samples

Written informed consent was obtained from all patients prior to the study. The Ethics
Review Committee of The Affiliated Cancer Hospital of XiangYa School of Medicine and
the Ethics Review Committee of Xiangya Hospital of Central South University approved the
use of patient samples. The 211 paraffin-embedded archived ovarian cancer tissues used in
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this study were histopathologically and clinically diagnosed at the Xiangya Hospital and the
Affiliated Cancer Hospital of XiangYa School of Medicine between 2008 and 2012. The
tumors were obtained from the primary site (ovarian tumor). Supplementary Table 2 shows
patient demographics and clinical information. All samples were obtained from newly
diagnosed patients and from the ovarian primary site.

Immunohistochemistry

Tissue sections were deparaffinized and rehydrated in ethanol. Antigen retrieval was
performed in a pressure cooker using Tris-EDTA (pH=8.0). Endogenous peroxidase activity
was blocked with 1% hydrogen peroxide for 20 min. Slides were incubated overnight at 4°C
with antibody against TWIST-1 (1:150; no. 81417; Santa Cruz Biotechnology, CA) or with
antibody against CBX7 (1:50; no. 21873, Abcam, Cambridge, MA) followed by incubation
with labeled polymer-HRP solution for 30 min. Staining was developed using

3,3’ Diaminobenzidine according to the manufacturer’s instructions. Nuclei were stained
with hematoxylin. Staining was analyzed by two pathologists and scored by evaluating both
the staining intensity and percentage of positive cells.

Statistical analysis

Results

Sample size is based on statistical analysis of variance and on prior experience with specific
experimental setup. All data are presented as mean +/— SEM. Data were analyzed using
unpaired t test when analyzing two groups or Ordinary One-way ANOVA followed by post
hoc analysis when analyzing multiple groups. p < 0.05 was considered as statistically
significant. Data were graphed and analyzed using Prism Graph Pad v7. Investigators were
not blinded during all data acquisition and analysis.

In vivo and in vitro process of Mesenchymal-Epithelial Transition (MET): generation of
secondary epithelial ovarian cancer cells (SEOC)

Whereas EMT initiates metastasis formation by creating a mobile and migratory cancer cell
phenotype, the final step in the establishment of tumors on secondary metastatic site
involves the reverse process of transitioning from the mesenchymal state back to an
epithelial phenotype, known as MET. In ovarian cancer, this process creates “secondary”
epithelial ovarian cancer cells (SEOC). Our first objective was to develop /n vitroand in vivo
models that would allow us to generate SEOC cells, characterize the transition and determine
in more detail their epithelial/mesenchymal status. Thus, human ovarian mesenchymal
cancer cells in the form of 3D spheroids were generated from epithelial ovarian cancer cells
(Supp. Fig. 1) as previously described [45] and as detailed in the Material and Methods
section and depicted in Supplementary Figure 2. The generated spheroids were compact and
varied in size (Fig. 1). The spheroids, without further pre-selection, were injected either s.c.
(Fig. 1A) or i.p (Fig. 1B) in athymic nude mice. I.p. injection is able to measure i.p.
dissemination, which involves steps such as anoikis resistance, attachment and tumor
growth. Spheroids injected s.c. formed a single solid tumor while the spheroids injected i.p.
formed multiple i.p. implants comparable to carcinomatosis observed in advanced stage
ovarian cancer patients. Histological evaluation of the subcutaneous tumors and the i.p.
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tumors showed a morphologically epithelial phenotype by H&E (Fig. 1). These data
demonstrate that independently of the location (s.c or i.p.) once mesenchymal cells implant,
they acquire an epithelial morphology.

Next, we recapitulated the process /n vitro by transferring mesenchymal spheroids grown in
ultra-low attachment plates to tissue culture-treated flasks (Fig. 1C). Real-time imaging
showed spheroids attach to the plate surface within 2—4h followed by outward migration of
cells with fibroblast-like morphology (Fig. 1C white arrows). The cells maintained this
fibroblast-like phenotype until about 48h and acquired an epithelial morphology around 72h
(Fig. 1C). Thus morphologically, these /n vitro and /n vivo models demonstrate the
occurrence of MET and the generation of SEOC as such allowing us to further characterize
its molecular signature.

Molecular signature of SEOC is distinct from the primary epithelial ovarian cancer cells

Our next objective was to characterize the gene expression profile of the SEOC and
determine if these cells also re-acquire the epithelial molecular signature of the “primary”
epithelial ovarian cancer cells from which they were derived. Thus, we performed RNA
sequencing using the three primary epithelial ovarian cancer cell lines (Supp. Fig. 1), their
derived mesenchymal spheroids (Fig. 1), and their corresponding sEOC (Fig. 1C and Supp.
Fig. 2). Enrichment analysis by Process Networks showed that genes involved in
“Development EMT regulation of epithelial to mesenchymal transition” are significantly
differentially expressed between the primary epithelial ovarian cancer cells and spheroids (p
= 0.00008). Classical mesenchymal markers such as TWIST-1 and TGFB3 (marked with *)
are increased in the spheroids compared to the primary epithelial cells demonstrating the
acquisition of a mesenchymal molecular signature (Fig. 2Ai). However, the molecular
signature of the SEOC maintained a high degree of similarity with the mesenchymal
spheroids rather than the primary epithelial ovarian cancer cells, suggesting that the original
epithelial phenotype was not completely re-gained by the SEOC. Indeed, cluster analysis
shows that the molecular signature of the SEOC recapitulates the signature of the
mesenchymal spheroids more than the signature of the primary epithelial ovarian cancer
cells (Fig. 2Aii). Validation of several epithelial markers at the protein level showed that
markers originally expressed by primary epithelial cancer cells are lost in the spheroids and
more importantly, not re-gained by the sEOC (Fig. 2Bi). Analysis of several mesenchymal
markers showed that markers gained by spheroids are maintained by sEOC. For instance, in
the OVCARS3 cell line, Keratin 18, B-catenin, and Claudin-3 are expressed by the primary
epithelial cancer cells, lost in the spheroids, and not re-gained by the sEOC. In addition,
compared to primary epithelial cancer cells, the OVCARS3 spheroids gained TWIST-1,
FOXC2, and Vimentin (Fig. 2Bii). Interestingly, although SEOC obtained from the
OVCAR3 cell line demonstrated an epithelial morphology and lower levels of FOXC2, the
cells gained Slug, maintained the expression of Vimentin, and moreover showed upregulated
TWIST-1 expression (Fig. 2Bii). Indeed, the upregulation of TWIST-1 in the SEOC
compared to the spheroids can be observed in all the cell lines tested (Fig. 2Bii and Supp.
Fig. 3). Taken together, these results demonstrate that during the formation of SEOC from
mesenchymal spheroids, distinct mesenchymal markers such as FOXC2 are lost but overall,
although sEOC present an epithelial morphology, it does not fully recapitulate the molecular
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signature of the primary epithelial ovarian cancer cells. Of particular note is the increase in
the master EMT effector TWIST-1, which remained to be highly expressed when
mesenchymal spheroids differentiate into SEOC /n vitro and upon formation of xenografts /n
vivo (Fig. 2Bii and iii).

TWIST-1 is upregulated but inactive in the sEOC

To better understand the functional relevance of the observed increase in the transcription
factor TWIST-1 in the SEOC [22] we measured the mRNA levels of FOXC2and miR-199a,
which are two known downstream target genes of TWIST-1 [22, 45, 46, 52, 53](Fig. 3Ai).
The expression of these genes was compared between the mesenchymal spheroids and
SEOC. Since TWIST-1 expression is higher in SEOC than the spheroids (Fig. 2Bii and Supp.
Fig. 3), the expectation was that both FOXCZ2and miR-199awould also be higher in the
SEOC. Interestingly, gRT-PCR results showed that the two genes were significantly lower in
SEOC when compared to spheroids (Fig. 3Aii) despite TWIST-1 being higher in the SEOC.
This suggests that in the SEOC, TWIST-1 is not able to access the promoter region of these
genes.

To validate this hypothesis we used a miR-199a promoter reporter plasmid (pGL3-
miR-199a-Luc; Fig. 3Bi) which contains TWIST-1 binding sites (E-box) [46]. Co-
transfection of this reporter plasmid with pcDNA-TWIST-1 in 293T cells (Fig. 3Bii) resulted
in increased luminescence compared to empty vector control (Fig. 3Biii) validating the
functionality of the reporter plasmid. However, transfection of pGL3-miR-199a-Luc in
SEOC, which harbor abundant levels of endogenous TWIST-1 (Fig. 3Bii) demonstrated
significantly lower levels of luciferase activity compared to 293T cells expressing ectopic
TWIST-1 (Fig. 3Biii). These results demonstrate that indeed TWIST-1 is not able to access
the promoter region of mir-199A in the SEOC. Taken together our results so far demonstrate
that even though TWIST-1 is highly increased in SEOC, its transcriptional functionality is
not proportionately enhanced and that regulatory mechanisms are in place in the SEOC,
which control TWIST-1 transcriptional activity.

CBX7 inhibits TWIST-1 activity and maintains the epithelial morphology of SEOC

Our next objective was to further investigate the mechanisms and functional significance of
the discordance between TWIST-1 protein levels and its transcriptional activity in SEOC.
The Polycomb Repressive Complex (PRC) is a major transcriptional regulator during cell
differentiation and controls the expression and function of mesenchymal/stem cell-
associated genes [31, 33]. Thus, we investigated whether there are changes in the expression
of the PRC1 and PRC2 family members during the formation of SEOC from spheroids.
Quantification of the different family members at the mMRNA level showed most members to
have increased expression in SEOC compared to spheroids with CBX7 and PCGF2,
members of the PRC1 complex, as being the most differentially expressed (Fig. 4Ai [39,
40]. We then validated CBX7 expression at the protein level and as shown in Figure 4Aii,
the highest expression of CBX7 was mainly observed in the SEOC, with very minimal
expression in the spheroids and the primary epithelial cells. Upon validation of the increased
protein expression of CBX7 in SEOC, we then determined if its knock-down (KD) would
have a functional impact on the SEOC. We achieved CBX7 KD using shRNA (Fig. 4Bi) and
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interestingly observed that the decrease in CBX7 in SEOC was associated with
morphological changes such as the acquisition of a fibroblastic morphology, detachment
from the tissue culture-treated plate, and formation of spheroids (Fig. 4Bii). This is in
contrast to SEOC transfected with empty vector control, which remained to grow as a
monolayer and continued to display an epithelial morphology (Fig 4Bii). These results
suggest that inhibition of CBX7 expression is sufficient to push the cells towards a more
mesenchymal phenotype.

We then hypothesized that this observed effect of CBX7 KD in SEOC may due to the re-
activation of TWIST-1 transcriptional activity in these cells. To test this hypothesis we
evaluated the mRNA levels of miR-199a, which as stated above is a TWIST-1 regulated
gene. As shown in Figure 4Biii, KD of CBX7 in sEOC is associated with increased mRNA
levels of miR-199a. In addition, KD of CBX7 in SEOC is associated with increased protein
expression of FOXC2, another TWIST-1 target (Fig. 4Bi). No change in TWIST-1 protein
expression was observed between sEOC transfected with control ShRNA and those
transfected with shCBX7 (data not shown). These results are indicative of the restoration of
TWIST-1 activity in SEOC cells upon CBX7 KD and suggest that CBX7 can function as a
break, which inhibits TWIST-1 activity.

CBX7 shares a common promoter-binding region with TWIST-1 and precludes TWIST-1
from the promoter

We then determined the mechanism by which CBX7 might inhibit TWIST-1 function. First,
we tested whether CBX7 could directly bind TWIST-1 (protein-protein interaction) and
consequently sequester TWIST-1 to prevent it from accessing its target genes’ promoters. To
test this hypothesis, we immunoprecipitated (IP) TWIST-1 in SEOC and determined the
presence of CBX7 in the IP complex. As shown in Supp. Fig. 4A, we did not detect CBX7
in the IP complex. Similarly, IP of CBX7 in sEOC did not show the presence of TWIST-1
(Supp. Fig. 4B) demonstrating that in SEOC, CBX7 is not bound to TWIST-1. To further
confirm these results we performed the same IP assays in 293T cells transiently transfected
with pcDNA-TWIST-1 and pcDNA-CBX7. Similarly, we were not able to detect the
presence of CBX7 in the TWIST-1 IP complex or the presence of TWIST-1 in the CBX7 IP
complex (data not shown) demonstrating that indeed CBX7 and TWIST-1 do not readily
bind in cells.

Another possible mechanism by which CBX7 may prevent TWIST-1 from accessing its
target genes’ promoters is by binding directly to the promoter and thus precluding TWIST-1.
To test this hypothesis, we determined whether CBX7 could bind to the E-box, which is the
TWIST binding motif, at its target genes’ promoter region. Thus, we performed chromatin
immunoprecipitation (ChlP) in SEOC using a specific antibody against CBX7. The
chromatin was then released from the immunecomplex and the presence of the E-box was
determined by qPCR using two sets of primers that are specific for the E-box within the
mirl199A promoter (Fig. 5A). As shown in Figure 5B, we observed an enrichment of
mir-199A promoter in the anti-CBX7 IP product compared to 1gG control using both primer
sets. These results demonstrate that CBX7 could bind to or close to the E-box of the
promoter region of miR-199A, indicative that the presence of CBX7 precludes TWIST-1
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from accessing the E-box at the promoter region consequently inhibiting TWIST-1
transcriptional activity.

To conclusively show that CBX7 can block TWIST-1 initiated transcription we performed a
competitive assay in 293T cells. Cells were co-transfected with pGL3-miR-199a-Luc
(containing the E-box) and pcDNA-TWIST-1 in the presence of either pcDNA-CBX7 or
empty vector control (Fig. 5C). Co-transfection of pGL3-miR-199a-Luc and pcDNA-
TWIST-1 showed significantly higher promoter activity compared to pGL3-miR-199a-Luc
and empty pCDNA vector showing that the promoter activity is specifically coming from
TWIST-1 (Fig. 5D). However, the presence of pcDNA-CBX7 significantly decreased this
TWIST-1-initiated promoter activity (Fig. 5D) conclusively demonstrating that CBX7 is
indeed able to inhibit TWIST-1-initiated transcription. Collectively our results demonstrate
that CBX7 is able to bind the E-box and as a result preclude TWIST-1 from accessing its
target gene’s promoters and thus inhibiting its transcriptional activity. Thus in SEOC, the
presence of CBX7 confers an epithelial phenotype against a molecular background of high
TWIST-1.

Loss of CBX7 enhances tumorigenicity and metastatic potential in SEOC

Our results thus far show the mechanism by which CBX7 can block TWIST-1 function and
consequently promote an epithelial morphology even in cells with high levels of TWIST-1.
To further demonstrate that the presence of CBX7 is able to block TWIST-1 function and
maintain an epithelial phenotype, CBX7 was knocked-out (KO) in SEOC using CRISPR-
Cas9. Figure 6Ai shows that CBX7 KO was achieved in two clones (SG-1-1 and SG-4-1)
and that KO of CBX7 did not have any effect on the levels of TWIST-1 (Fig. 6Ai); therefore,
we were able to establish SEOC cell lines that are TWIST-1*/ CBX7". The parental cell line
and each clone were then injected i.p. in athymic nude mice and tumors were allowed to
progress for 8 weeks. Necropsy at this point showed that mice inoculated with parental wild-
type cells (TWIST-1*/CBX7") developed few i.p. tumors weighing up to 0.5 g (Fig. 6Aii).
In comparison, mice that were inoculated with either SEOC SG1-1 or SEOC SG-4-1 (both
TWIST1+/CBXT7-) had significantly heavier tumor burden compared to the parental cell line
and were considerably more aggressive as demonstrated by generalized carcinomatosis (Fig.
injected with clones sEOC SG1-1 and SEOC SG-4-1 (TWIST1+/CBX7-) is associated with
reactivation of TWIST-1 function we determined the expression levels of TWIST-1 target
genes, mir-199A and FOXCZin the resulting i.p. tumors. Tumors formed from clones SEOC
SG1-1 and SEOC SG-4-1 had significantly increased expression of both TWIST-1 target
genes, mir-199A and FOXCZ2 compared to tumors obtained from parental cells (Fig. 6Bi and
ii). Taken together, these results demonstrate that the loss of CBX7 allows the re-activation
TWIST-1, which translates to increased tumorigenicity and metastatic potential in ovarian
cancer cells.

Loss of TWIST-1 reduces tumorigenicity and metastatic potential in sEOC

To further demonstrate that TWIST-1 is able to regulate the capacity of cells to form
extensive carcinomatosis, TWIST-1 was stably KO in OCSC1-F2 (F2-wt) cells using
CRISPR-Cas9. F2-wt cells express high levels of TWIST-1 [43] and very low levels of
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CBX7 (TWIST-1igh/CBX7!%W) when compared to primary epithelial ovarian cancer cells
and sEOC (Fig. 7Ai). In addition, F2-wt cells are tumorigenic and form extensive
carcinomatosis [56]. After validating the success of TWIST-1 KO (Fig. 7Ai), the parental
F2-wt cell line (F2-wt) and the TWIST-1 KO clone (F2-TWKO) were inoculated i.p. in
athymic nude mice. The loss of TWIST-1 had major impact on the capacity of the cells to
form carcinomatosis. Quantification of tumor burden showed that animals inoculated with
F2-TWKO cells had significantly less implantation sites and significantly less i.p. tumor
TWIST-1 expression and function and its impact on ovarian cancer tumorigenicity and
metastatic potential.

Finally, to determine the impact of the loss of both TWIST-1 and CBX7 in tumor formation,
we used human ovarian cancer cells that do not express endogeneous TWIST-1 nor CBX7
(TWIST-1-/CBX7") (Fig. 7Bi). l.p. injection of these cells to nude mice did not result in
tumor formation (Fig. 7Bii). In contrast, carcinomatosis was observed in mice that were
injected with OCSC1-F2 wild-type cells (F2-wt; TWIST-1high/cBX7!ow),

Prognostic value of CBX7 and TWIST-1 in patients with ovarian cancer

Given that our data demonstrate the ability of CBX7 to inhibit the pro-mesenchymal and
pro-invasiveness function of TWIST-1, we hypothesize that patients expressing CBX7 would
exhibit better prognosis, especially in the context of TWIST-1 positivity. Thus, we quantified
the expression of TWIST-1 and CBX7 in tumor samples obtained from patients diagnosed
with ovarian cancer. We observed a varied expression pattern and intensity among the
samples investigated (Fig. 8A) and were able to group the patients into 4 categories: double
negative (TWIST-1"®9/CBX7"€9); double positive (TWIST-1P%S/CBX7P%S); and single
positives, TWIST-1PoS/CBX7"¢d or TWIST-1"€9/CBX7P%S, We then evaluated whether we
can define a correlation between these four groups and clinical outcome. Survival analysis
shows that TWIST-1"¢9 patients generally do better than TWIST-1P%S patients. In
TWIST-1"¢9 patients, the presence of CBX7 does not have a significant impact on survival.
However, a clear separation can be observed in TWIST-1P0S patients depending on whether
CBX7 is co-expressed or not with TWIST-1PS/CBX7PS patients showing better overall
survival than TWIST-1P%/CBX7"€9 (Fig. 8B). Taken together, these findings demonstrate
that the absence of TWIST-1 is a positive predictor. However in the presence of TWIST-1,
the co-expression of CBX7 allows further stratification of patients and identifies those with
better prognosis.

Discussion

We demonstrate in this study that despite the epithelial morphology of SEOC, these cells do
not fully re-acquire the molecular signature of the primary epithelial cancer cells from which
they are derived. Instead, these cells maintained a mesenchymal molecular signature.
TWIST-1 expression is upregulated in these cells but its transcriptional activity is blocked by
CBX7 (Supp. Fig. 5A). The transcriptional inactivity of TWIST-1, at least for the FOXC2
and mir-199A promoters, is due to competition with CBX7 on these genes’ E-box. CBX7
bound at or near the E-box region prevents TWIST-1 from accessing these promoters
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consequently preventing the initiation of TWIST-1 induced transcription. Loss of CBX7 was
sufficient for TWIST-1 to re-gain its transcriptional activity and for sEOC to obtain a
mesenchymal morphology and enhanced tumorigenicity and metastatic potential (Supp. Fig.
5B).

The persistence of TWIST-1 upon the formation of SEOC and the concomitant gain in CBX7
contributes to molecular mechanisms that confer to these cells the ease to revert from an
epithelial to a mesenchymal state, and vice versa. This may contribute to the rapidly
expanding intra-abdominal carcinomatosis observed during ovarian cancer progression.
Indeed, our analysis of patient samples demonstrated the value of the addition of CBX7 to
TWIST-1 as a marker for prognosis. Whereas CBX7 positivity does not affect overall
survival in TWIST-1"8 patients, the presence of CBX7 improves survival in TWIST-1P%S
patients, potentially by decreasing the metastatic capacity. This clinical observation ties in to
the detected anti-metastatic properties of CBX7 observed in the described in vitroand in
vivo studies. Based on these mechanisms we can sub-classify ovarian tumors based on the
expression of CBX7 and TWIST-1 and this can be used to predict clinical outcomes and
patient prognosis.

TWIST-1 is a transcription factor that is essential during development [57, 58]. Its absence is
lethal to mouse embryos and its mutations cause several diseases in humans such as the
Saethre-Chotzen syndrome [59-62]. During development, TWIST-1 is a robust effector of
EMT and promotes this differentiation process by controlling the transcription of key
regulatory genes (i.e. repression of E-cadherin, transcription of Slug, etc. [63, 64] ).
Interestingly, EMT induced by other effectors such as Snail and Zeb has been shown to be
“moderate” when compared to TWIST-1-induced EMT[64]. The ability of TWIST-1 to
promote cell mobility is a property that has been hijacked by cancer cells. Overexpression of
TWIST-1 is sufficient for cancer cells to acquire a mesenchymal phenotype with enhanced
migratory and invasive properties [65, 66]. In mouse models of squamous cell carcinoma,
induction of Twist-1 is sufficient for cancer cells to undergo EMT and disseminate to distant
sites [67]. At the distant sites however, the establishment of tumors on these secondary
locations required the loss of Twist-1 function as Twist-1 negatively correlates with cell
proliferation[68]. Consequently, it has been thought that the final step in cancer cell
metastasis requires the process of MET, which occurs with the loss TWIST-1 transcription
factor activity. Indeed, studies using patient samples have demonstrated the high expression
of TWIST-1 in primary tumors and very low expression in metastatic sites [16]. Our findings
suggest that in ovarian cancer, complete MET does not occur in the metastatic sites; and that
the metastatic cells are in a transitional state (Supp. Fig. 5) as demonstrated by the
persistence of TWIST-1 expression. The demonstration that TWIST-1 activity is essentially
blocked in these cells by CBX7 showcases a novel regulation of TWIST-1 activity and
demonstrates a mechanism that can maintain a transitional stage (between epithelial and
mesenchymal phenotype). This regulatory mechanism conferred by CBX7 evidently
presents a quicker and more robust control of TWIST-1 function as it is controlled not at the
transcription level but at the protein level.

CBX7 belongs to the PcG family of proteins that make up the PRC1. Together with the
PRC2, PRC1 maintains the silencing of genes required for development [69]. Specifically,
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PRC1 has E3 ligase activity with CBX7 conferring the ability to bind to H3K27me3 sites
and thus controlling gene expression [70]. Interestingly, CBX7 has been demonstrated to be
both an oncogene [71] [72] [73], wherein together with c-Myc it promotes aggressiveness in
lymphomas; and a tumor suppressor, wherein it inhibits HDAC2 in repressing the
transcription of the gene that codes for E-cadherin [74, 75]. Seminal work by Forzati et al
established CBX7 as a tumor suppressor as its ablation leads to the development of liver and
lung adenocarcinomas [72, 76]. CBX7 has since been demonstrated to be inversely
correlated with tumor stage, malignant grade, aggressiveness, and patient survival in
multiple tumor types [70, 77]. In our studies, CBX7-induced regulation of TWIST-1 activity
allows the acquisition of an epithelial morphology in the setting of high levels of TWIST-1.
This regulatory network results in a molecular mechanism that can be promptly overturned
by the loss of CBX7 leading to the acquisition of mesenchymal phenotype and enhanced
tumorigenic potential, which may explain the rapid disease progression and dissemination
observed in ovarian cancer patients. A well-known mechanism that controls CBX7
expression are microRNA’s [78, 79] and on-going studies in our lab are trying to determine
key stimuli in the ovarian tumor microenvironment that can lead to the loss of CBX7 in
secondary metastatic sites.

In conclusion we demonstrate that mesenchymal ovarian cancer cells do not undergo
complete MET in the secondary sites. Although SEOC display an epithelial morphology,
they do not re-gain the full epithelial molecular signature of the primary epithelial ovarian
cancer cells from which they were derived. Instead, SEOC maintain high levels of TWIST-1
whose activity is blocked by CBX7 (Supp. Fig. 5A). This regulation allows secondary
tumors to achieve an epithelial morphology while maintaining the expression of TWIST-1
and confers an advantage of prompt reversal to a mesenchymal morphology and gain in
tumorigenic potential upon perturbation of CBX7 (Supp. Fig. 5B). This may explain the
rapid progression of metastasis in ovarian cancer patients. More importantly, based on this
regulatory mechanism we can sub-classify ovarian tumors based on CBX7 and TWIST-1
positivity and this can be used to predict clinical outcomes.
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secondary epithelial ovarian cancer cells (SEOC)

Figure 1. Derivation of secondary epithelial ovarian cancer cells (SEOC) in vivo and in vitro.
Spheroids obtained from epithelial ovarian cancer cell lines (detailed in the Materials and

Methods section) and grown in ultra-low attachment plates were injected (A) subcutaneously
(s.c.) or (B) intra-peritoneally (i.p.) in athymic nude mice and resulting tumors (after 8
weeks for s.c. model and after 3 weeks for i.p. model) were stained with H&E. Red arrow
points to s.c. tumor formed and yellow arrows point to i.p. tumors. Spheroids were also
transferred to tissue culture-treated plates (C) and their attachment and growth catalogued.
Note cellular outgrowths from the spheroids at the 4h time-point (white arrows) and the
cultures’ monolayer growth and epithelial morphology by the 72h time-point.
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Figure 2. SEOC ismolecularly distinct from the primary epithelial ovarian cancer cells.
Three epithelial ovarian cancer cell lines (detailed in the Materials and Methods section and

designated in text as primary epithelial ovarian cancer), their derived spheroids and
corresponding SEOC were subjected to RNA sequencing. (A) i, Heat map from enrichment
analysis by Process Network: “Development EMT regulation of epithelial to mesenchymal
transition” showing that SEOC do not re-acquire the molecular signature of the primary
epithelial ovarian cancer cells; for each phenotype (i.e. primary epithelial, spheroids, SEOC),
the three columns are results for R182, R2615, and OVCARS, respectively; each cell line
was sequenced once; ii, Principal component analysis showing that SEOC have more
variance when compared to primary epithelial ovarian cancer cells than when compared to
the spheroids. (B) The expression of EMT markers were validated in the OVCAR3 cell lines
by western blot analysis. Expression of epithelial markers (i) and mesenchymal markers (ii)
were determined in primary epithelial cells, spheroids, and SEOC. (C) Expression of
TWIST-1 protein is compared between spheroids obtained from the R182 cell line and the
resulting i.p. tumor.
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Figure3. TWIST-1isinactivein the sEOC.
(A) i, Depiction of E-box, the promoter element recognized by TWIST-1; ii, RT-gPCR

analysis of TWIST-1 target genes, mir-199A and FOXCZ, showing significantly lower levels
in SEOC compared to spheroids, ** p < 0.01 by unpaired student’s ¢ftest; (B) i, Map of
mir-199A reporter plasmid; ii, Western blot analyses showing levels of ectopically expressed
TWIST-1 in 293T cells and endogenously expressed TWIST-1 in R182 sEOC; iii, 293T cells
were transiently transfected with pGL3-miR-199a-Luc and pCDNA-TWIST-1 or pGL3-
miR-199a-Luc and empty vector control and activity of ectopically expressed TWIST-1 on
mir-199A promoter was quantified by measuring luminescence; R182 sEOC cells were
transiently transfected with pGL3-miR-199a-Luc and activity of endogenously expressed
TWIST-1 on mir-199A promoter was also quantified, * p < 0.05, ** p < 0.01 by unpaired
student’s ztest.
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Figure 4. Loss of CBX7in sEOC is sufficient to promote a mesenchymal phenotype and induce
TWIST-1 target genes.

(A) i, RT-gPCR data showing that specific PcG proteins that make up PRC1 and PRC2 are
differentially expressed in spheroids and R182 sEOC, * p <0.05, ** p < 0.01, *** p < 0.001;
ii, Upregulation of the PcG protein, CBX7 in R182 sEOC is confirmed at the protein level
by western blot analysis; (B) i, CBX7 was stably knocked-down in SEOC using shRNA and
effect on the TWIST-1 target, FOXC2 was determined by western blot; ii, KD of CBX7 in
R182 sEOC leads to acquisition of a mesenchymal phenotype and iii, higher levels of
mir-199A transcript, ** p = 0.004 shCBX7 vs control by unpaired student’s #test.
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Figure 5. CBX7 bindsto mir-199A promoter region at or near the TWIST-1 binding site.
(A) Schematic diagram showing the location of the primers used within the mir-199A

promoter region; (B) CBX7 was chromatin-immunoprecipitated in R182 sEOC and presence
of mir-199A promoter region determined by PCR using primers in A, ** p < 0.01; (C) 293T
cells were transiently transfected with the described combination of plasmids and TWIST-1
activity on the mir-199A promoter was determined by measuring luminescence, ** p <
0.001 by One way ANOVA with post hoc analysis.
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_FigL_Jre 6. Loss of CBX7 leads to enhanced metastatic potential and enhanced TWIST-1 activity
1N vivo.

(A) i, CBX7 was KO in R182 sEOC using CRISPR-Cas9. The parental cell line and two KO
clones (SEOC-SG1-1 and sEOC-SG1-4) were injected i.p. in athymic nude mice; ii,
Animals were sacrificed after 8 weeks and tumor implants were dissected and, * p < 0.05;
iii, Gross morphology of i.p. tumors formed; two representative animals are shown per
group; red arrows point to i.p. tumors; (B) i, mir-199A transcript was quantified in the
resulting i.p. tumors by RT-gPCR, * p < 0.05, ** p < 0.01 compared to sEOC analyzed by
unpaired student’s ftest; ii, FOXCZ2transcript was quantified in the resulting i.p. tumors by
RT-gPCR, ** p < 0.01 compared to SEOC analyzed by unpaired student’s ¢test.
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Figure7. Lossof TWIST-1 leads to decreased metastatic potential.
(A) i, TWIST-1 was KO in mCherry+/TWIST-1M3"/CBX7!oW OCSC1-F2 ovarian cancer

cells using CRISPR-Cas9; ii, The parental cell line (F2-wt) and KO clone (F2-TWKO) were
injected i.p. in athymic nude mice and tumor progression was followed for 8 weeks; fop
panel shows fluorescence imaging at end of study and bottorn panel shows necropsy images
from representative animals; red arrows point to i.p. tumors; iii, I.p. tumors were dissected
and separated by location, ov, ovarian; om, omental; mes, mesentery; dia, diaphragm; fat,
omental implant; peri, implants on peritoneal lining; and number of implants were quantified
and graphed, ** p < 0.01 compared to wt analyzed by unpaired student’s ¢test; (B) i,
TWIST-17/CBX7- human ovarian cancer cells (n = 10) and mCherry+/TWIST-1igh/
CBX7'°% OCSC1-F2 (F2 wt) were injected i.p. in athymic nude mice and tumor burden
evaluated; ii, necropsy was performed after 33 days; note the absence of i.p. tumors in
TWIST-1-/CBX7- human ovarian cancer cells and the carcinomatosis formed by mCherry+/
TWIST-1hgh/CBX7!°W OCSC1-F2 cells (F2-wt).
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Figure 8. CBX7 is positive predictor of survival in TWIST-1P% patients.
Patient tumor samples were immunostained for TWIST-1 or CBX7 and classified into four

groups: TWIST-1"€9/CBX7"¢9, TWIST-1POS/CBX7PS, TWIST-1PS/CBX7"¢9, and
TWIST-1"€9/CBX7P%, (A) Representative images of patient staining for each group; (B)
Kaplan Meier survival plot based on expression of TWIST-1 and CBX7 showing that in
TWIST-1POS patients, the presence of CBX7 improves outcome, p = 0.0024.
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