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Abstract

Cellular plasticity and transitional phenotypes add to complexities of cancer metastasis that can be initiated by single
cell epithelial to mesenchymal transition (EMT) or cooperative cell migration (CCM). Our study identifies novel regulatory
cross-talks between Tcf21 and Slug in mediating phenotypic and migration plasticity in high-grade serous ovarian
adenocarcinoma (HGSC). Differential expression and subcellular localization associate Tcf21, Slug with epithelial,
mesenchymal phenotypes, respectively; however, gene manipulation approaches identify their association with additional
intermediate phenotypic states, implying the existence of a multistep epithelial-mesenchymal transition program.

Live imaging further associated distinct migratory modalities with the Tcf21/Slug status of cell systems and discerned
proliferative/passive CCM, active CCM and EMT modes of migration. Tcf21-Slug balance identified across a phenotypic
spectrum in HGSC cell lines, associated with microenvironment-induced transitions and the emergence of an epithelial
phenotype following drug exposure. Phenotypic transitions and associated functionalities following drug exposure were
affirmed to ensue from occupancy of Slug promoter E-box sequences by Tcf21. Our study effectively provides a framework
for understanding the relevance of ovarian cancer plasticity as a function of two transcription factors.

Introduction

Intrinsic cellular identities originate during embryonic com-
mitment and are fated for tissue specific spatiotemporal roles
through cross-talks with niche components (1). Destabilization
of homeostasis under pathological conditions alters the tissue
milieu to revoke inherent cellular plasticity and restore primi-
tive phenotype(s), architecture and functions to facilitate
disease progression (2,3). Cooperative action of regulatory mo-
lecular circuits such as the role of Slug-Sox9 in maintenance
of mammary basal and luminal epithelial cells, are diverted in
aberrant contexts like cell transformation to redefine cell fates

(4,5). Innate capabilities and perturbed microenvironment thus
align as distinct etiologies in cancer (6,7). Previous studies in epi-
thelial ovarian carcinomas (EOC) identified Stem-A, Stem-B, Epi-
A, Epi-B and Mes subtypes that correspond with epithelial (E),
intermediate epithelial (iE), intermediate mesenchymal (iM) and
mesenchymal (M) phenotypic features (8,9); a subsequent study
reported iE and iM as extensions of an epithelial-mesenchymal
hybrid state (EM). Furthermore, comprehensive analyses of
the most aggressive EOC viz. high-grade serous adenocarcin-
omas (HGSC) have revealed diverse molecular signatures that
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Abbreviations

aCCM active collective cell migration
BMP7 bone morphogenetic protein 7
CCM cooperative cell migration

Cdh1 E-cadherin

E epithelial

EM epithelial-mesenchymal hybrid
EMT epithelial to mesenchymal transition
HGSC high grade serous carcinoma

iE intermediate epithelial

iM intermediate mesenchymal

K/O knock-out

M mesenchymal

Nn nearest neighbors

OE overexpression

pCCM passive collective cell migration
SS serum starved

TCGA The Cancer Genome Atlas

TF transcription factors

TGFf transforming growth factor 3
Vim vimentin

correlate with epithelial/differentiated (E/D), mesenchymal (M),
proliferative (P), immunoreactive (IR) features and require adop-
tion of differential therapeutic strategies (10-13). Hence, the
disparate collation of EOC datasets can misrepresent the clin-
ical associations of tumor subtypes with phenotypic states and
should be avoided to improve disease management.

Our previous analyses of HGSC expression datasets in The
Cancer Genome Atlas (TCGA) resolved three molecular sub-
classes associated with discrete mechanisms of metastases.
Class 1 exhibited cooperative cell migration (CCM), Class 2 as-
sociated with epithelial-mesenchymal transitions (EMT) while
Class 3 presented with mixed features (11,14). Correlating
with reports using the same datasets suggested CCM-Class tu-
mors to present as P/D/iE subclass, EMT-Class tumors as M/IR/
iM while the heterogeneous Class 3 tumors possibly represent
IR/D phenotypes. While molecular signatures for HGSC sub-
types have been defined across multiple studies, the limited
comprehension of aberrantly activated plasticity programs curb
effective translation of previous findings. In the present study,
we discern HGSC cell phenotypes (E/M/intermediates) as a
function of Tcf21 and Slug expression, localization and activity.
Functional evaluation assisted by real-time imaging, associated
phenotypic states with either EMT, active CCM or proliferative
(annotated as passive CCM/pCCM) modes of wound closure. As
opposed to the rigidity of epithelial/mesenchymal phenotypes,
intermediate states exhibited transitions between EMT and, ac-
tive collective cell migration (aCCM) (but not pCCM) modalities
and responded with enhanced plasticity in presence of positive/
negative growth regulators as a function of altered Tcf21-Slug
subcellular localization. Strikingly, emergence of epithelial fea-
tures involved transcriptional repression of Slug by Tcf21. Our
study thus, highlights the antagonistic interplay of Tcf21-Slug
in maintenance of distinct cellular phenotypes and presents
them as potential biomarkers for phenotype-assisted tumor
stratification.

Materials and methods

Cell culture

Ovarian cancer cell lines used in the study were all of the high grade serous
histology (15,16). A4 cells were previously established in our lab from

ascites of a HGSC patient (17), OVCAR3 cells were obtained from the cell
repository at NCCS, Pune, India. Dr S. Mok (M. D. Anderson Cancer Center,
TX) and Prof. Viktor Magdalen (Klinische Forschergruppe der Frauenklinik
der TU Miinchen) provided OV90 and OVMZ6 cell lines, respectively.
OVCA420, PEO14, OVCA432 and CAOV3 cells were provided by Prof. Judith
Clements (Translational Research Institute, Australia). OVCAR3, OVCA432,
CAOV3, OV90, OVCA420 and PEO14 cells were grown in RPMI 1640 (Gibco,
Waltham, MA) supplemented with 10% fetal bovine serum. A4 cells were
cultured in Minimal Essential Medium/MEM (Gibco) supplemented with
5% fetal bovine serum and 1% nonessential amino acids; Dulbecco’s
Modified Essential Medium/DMEM (Gibco) supplemented with 5% serum,
100 pM asparagine (Sigma, St. Louis, MO) and 100 pM arginine (Sigma) was
used for culturing OVMZ6 cells. All cell lines were maintained in a humidi-
fied incubator at 37°C under a 5% CO, atmosphere. Cell lines were authen-
ticated by short tandem repeat profiling and comparison with ATCC and
EACC databases (June 2018).

Transfection, generation of TF derivative clones

For generation of knockouts via genomic editing OVCAR3 and A4 cells
were transfected with 500 ng of commercially available CrispR_GFP vec-
tors against Tcf21 and Slug (Sigma), respectively using Lipofectamine 3000
(Invitrogen, Carlsbad, CA) as per the manufacturer’s protocol. Post trans-
fection, cells were incubated at 30°C for 48 h to ensure optimal CrispR
activity that was confirmed by the T7 endonuclease assay (data not pro-
vided). Single cell sorting of GFP positive cells was performed with BD Aria
11 SORP into 96 well plates. Sorted cells were allowed to grow for clone es-
tablishment and subjected to molecular (QPCR, immunoblotting, immuno-
fluorescence staining) and functional (in vitro wound closure) validation.
Successful knockouts (E2-Tcf21 knockout, D7-Slug knockout) obtained
from CrispR transfections, were further transfected with GFP vectors for
Slug and Tcf21, respectively, sorted to obtain single cell clones and valid-
ated. Tcf21¥°Slug®® clones could not be established due to rapid apoptosis.

Treatments

Cells were treated as follows before RNA extraction and immunofluores-
cence staining:

Serum deprivation: cells were allowed to grow for 24 h post-seeding, fol-
lowing which spent medium for each cell line was replaced with equal
volume of serum free media as indicated for each cell line. Growth factor
exposure: 24 h following serum deprivation, cell lines were exposed to ei-
ther bone morphogenetic protein 7 (BMP7) (10 ng/ml), TGFf (10 ng/ml) or
a combination of both (Invitrogen). Paclitaxel treatment: cells were allowed
to grow for 24 h post-seeding, after which spent medium for each cell
line was replaced with equal volume of complete medium containing
IC50 concentrations of paclitaxel (Sigma) optimized for each cell line (IC50
values for each cell line are available on request). 0.1% DMSO was used as
a vehicle control.

Derivation of TF network, correlation and expression
analysis of TFs and phenotypic markers in TCGA-
HGSC dataset

Details are provided in Supplementary Material, available at Carcinogenesis
Online.

RNA extraction, cDNA synthesis, RT-PCR and qPCR

Trizol (Invitrogen) based total RNA extraction was achieved from 80% con-
fluent cultures of cell lines following respective treatments as described
previously (18). Details are provided in Supplementary Material, available
at Carcinogenesis Online along with list of primers.

Immunostaining, image acquisition and
quantification of signal intensity

Immunostaining was performed as described previously (18).
Quantification of signal intensities for transcription factors was per-
formed with the LAS-AF software (Leica Microsystems, Wetzlar, Germany).
Briefly, ROIs were defined from phase contrast images around nuclear
margins (for TFs) or cell boundaries (for E-cadherin [Cdh1], Vim) of each
cell followed by extraction of signal intensities for Hoechst and respective
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fluorescent channels. Relative nuclear signal intensity for transcription
factors was determined as a ratio of TF-/Hoechst-associated fluores-
cence, while Cdh1,Vim were normalized to unstained (primary antibody
control) samples to eliminate nonspecific signals obtained due to the
staining protocol. Quantification was performed for a minimum of 50 nu-
clei for each sample. List of antibodies used is provided in Supplementary
Material, available at Carcinogenesis Online.

Immunoblotting

Immunoblotting protocols were followed as described previously (18). List
of antibodies used is provided in Supplementary Material, available at
Carcinogenesis Online.

In vitro wound healing assay, live cell imaging,
processing and quantification of data, principal
component analysis for migration

Wound healing assay was performed as per previous protocols (14).
Under specific experimental conditions media additives were adminis-
tered including 5% serum, TGF{ (10 ng/ml), BMP7 (10 ng/ml) or a combin-
ation of both growth factors. The wound was allowed to heal and was
monitored up to 144 h. Images were captured on Olympus IX71 micro-
scope and analyzed by the T-Scratch Software (Tobias Gebédck and Martin
Schulz).

For live cell imaging, images were acquired for 30 h, following
infliction of wound on a cell monolayer, on an inverted laser scan-
ning confocal fluorescence LPSS5 microscope maintained at 37°C, 5%
CO, atmosphere (Leica Microsystems). In case of specific treatments,
additives were added as described previously. For live cell imaging
of paclitaxel-treated cells, drug treatment for 48 h was followed by
harvesting of residual cells and seeding for wound healing assay. In
the absence of additives, live cell imaging was performed in serum free
media in the presence of 20 ng/ml of mitomycin ‘C’ (Sigma). Images
captured for live cell imaging were exported from the LAS AF software
(Leica Microsystems) with .avi extensions. For elimination of shadow
effects in images.avi files were opened in Fiji software, duplicated, in-
verted and averaged with original image using the Image Calculator.
Processed files were subjected to thresholding to obtain binary images
which were eventually processed through MTrack2 plugin to obtain X
and Y coordinates for all the cells detected in the microscopic field of
interest. Positional coordinates over a period of 16 h was used to cal-
culate mean displacement and velocity for each cell, however, cells
lacking this data at any time point were excluded from further analysis.
Furthermore, binary images were processed through the BioVoxxel
plugin to determine the mean number of nearest neighbors (Nn)
around each cell particle. One cell diameter was used as a threshold
to identify Nn around each cell as depicted in Supplementary Figure
S2, available at Carcinogenesis Online. Mean displacement, velocity and
number of Nn were analyzed in matlab2013b (Mathworks) with an open
source code available for principal component analysis. First two com-
ponents capturing maximum variance of the data were represented
using SigmaPlot 10.0 software (SPSS).

Boyden chamber invasion assay

Trans-well invasion assays were performed, as described previously (19).

Suspension culture assessment

Suspension cultures for HGSC cell lines were generated as described by
earlier studies (20).

FACS sorting and flow cytometry

FACS and Flow cytometry were performed as described previously (20).
List of antibodies used is provided in Supplementary Material, available
at Carcinogenesis Online.

Cloning, expression and purification of GST-Tcf21
protein

Human Tcf21 ¢cDNA was amplified from A4 cells, cloned into pGEX-6P-1
GST vector and transformed into Escherichia coli BL21 codon Plus (Agilent
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Technologies, Santa Clara, CA). Details of cloning and protein purifica-
tion are provided in Supplementary Materials and Methods, available at
Carcinogenesis Online.

Electrophoretic mobility shift assay (EMSA)
EMSA was performed as described previously (18).

Chromatin immunoprecipitation assay and
ChIP-PCR

ChIP was performed as described earlier (19); ChIPped DNA amplified
using the GenomePlex Complete Whole Genome amplification kit as per
manufacturer’s instructions (Sigma). Specific primers were used to amp-
lify E-boxes within promoter regions of genes, amplified products run on
1.5% agarose gels, and band intensities measured by densitometric ana-
lysis using Genetool3.6 (Syngene, Bengaluru, India). List of antibodies
and primers used is provided in Supplementary Material, available at
Carcinogenesis Online.

Luciferase constructs and luciferase assay

Luciferase constructs for E-cadherin and Slug wild-type promoters along
with deletion mutants AS1-S2 were previously generated in the pGL3
luciferase plasmid (18). All constructs were verified by sequencing. 0.5 x
10° OVCARS3, A4, and derivatives were transfected with 0.5 ug luciferase
reporter plasmids control and E-cadherin/Slug promoter containing plas-
mids in 24-well plates using Lipofectamine 3000 (Invitrogen). Renilla
luciferase was added (10 ng) to each transfection as control. Luciferase ac-
tivity was measured using a Dual Luciferase assay kit (Promega, Madison,
WI) either post-transfection with pEGFP-Tcf21 and/or post paclitaxel
treatment. Empty pEGFP and pGL3 vectors were used as controls.

Quantitative and statistical analysis

Pearson’s correlation coefficient across the TCGA-HGSC datasets was cal-
culated using the GraphPad Prism 6.0 software. Significant differences
in gene expression profiles across the HGSC cell line panel were calcu-
lated by one-way analysis of variance using the Sigma Stat 3.5 Software.
Significant differences following treatments in gene expression profiles,
invasive capabilities and wound healing properties of HGSC cell lines
and derivative clones, and luciferase activity for promoter assays were
calculated by paired Student’s t-test using the Sigma Stat 3.5 Software.
Similarly, ChIP binding efficiencies were calculated by unpaired Student’s
t-test. Differences in nuclear intensities of Tcf21, Slug, Cdh1 and Vim were
calculated by Tukey’s test using the Sigma Stat 3.5 Software. Differences
were considered significant if P <0.05.

Results

Tcf21 and Slug expression governs a multistep
phenotypic axis in HGSC

Previous data (14) identified class-specific expression of 13
transcription factors that were examined in the present study
for association with distinct phenotypic states in HGSC (TFs;
Supplementary Table S1, available at Carcinogenesis Online);
immunomodulatory TFs AIF1, ETV7 were excluded from fur-
ther analysis due to limitations of our experimental systems.
Promoter occupancies between the remaining TFs, derived
from consensus DNA binding sequences, predicted a cross-
regulatory network that included 10 TFs from Class 1 (CCM/
epithelial tumor class) viz., Tcf21, Sall2, Peg3, Gata4, Kcnip3,
Znf219, Fox12, Gli1, Sox12, Tcf711 and one TF viz., Slug from Class
2 (EMT/mesenchymal tumor class; Figure 1a; Supplementary
Figure Sla, available at Carcinogenesis Online; details of TF
network generation are provided in Supplementary Material,
available at Carcinogenesis Online) Correlation analysis among
these TFs predicted coregulation of Tcf21, Gata4, Peg3, Glil,
FoxI2 that correlated positively with each other and negatively
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Figure 1. Tcf21 and Slug govern cellular phenotypes in HGSC. (a) Predicted transcription factor (TF) network of cross-regulatory activities, red arrows/green bars repre-
sent likely activator/repressor functions respectively; (b) Expression profiling of Snai2(Slug), Gli1, Gata4, Peg3, Tcf21, FoxI2 in OVCAR3 and A4 cells by (i) qPCR (heatmap)
and (ii) immunoblotting, GAPDH used as endogenous control. Immunoblots represented in the panel are derived from the same experiment and have been processed
in parallel; (c) Immunostaining of Tcf21, Slug, Ecad, Vim in parental (OVCAR3/Tcf21"tv, A4/Slug*<) and derivative cells (E2/Tcf21¥°, D7/Slug°® and TCF_OE/Slug¥
0Tcf21°F), nuclei visualized with Hoechst, Scale bars—20 pm; (d) Expression profiles of phenotypic markers (Cdh1, Vim) and TFs (Snai2-Slug, Tcf21, Snail, Zeb1, Zeb2, Twist1,
Prrx1) in parental (OVCAR3, A4) and derivative (E2, D7, TCF_OE) cells, normalization with GAPDH; (e) Reporter assays to determine the E-cadherin promoter activity in
derivative clones (E2, D7, TCF_OE) and parental cells (OVCAR3, A4), luciferase activity normalized to native luciferase vector: pGL3; f. Graphical representation of wound
healing efficiency of parental (OVCAR3, A4) and derivative cells (E2, D7, TCF_OE), in the absence and presence of serum (upper and lower panels respectively); (g) Flow
chart depicting an epithelial-mesenchymal (EM) axis along which parental (OVCAR3, A4) and derivative cells (E2, D7, TCF_OE) are placed. Color scheme depicts each
of the cell lines represented in preceding panels. All data are representative of experiments performed in triplicate and depicted as mean + SEM. *P < 0.05, **P < 0.01,

P < 0.001.

with Snai2 (Slug) in the TCGA dataset (Supplementary Figure
S1b, available at Carcinogenesis Online). Profiling these TFs in
class-representative cell lines robustly associated CCM-Class
(OVCAR3 cells) with Tcf21 and EMT-Class (A4 cells) with Slug
expression; however, the lack of a strong correlation between
mRNA and protein profiles limited their further validation
(Figure 1b; Supplementary Figure Slc, available at Carcinogenesis
Online). Thus, molecular profiles in our cell line models and

previous association of Tcf21, Slug with the epithelial, mesen-
chymal phenotypes, respectively (19,21), prompted our focused
efforts on discerning their role in cellular plasticity of ovarian
cancer cell lines.

Toward ascertaining the role of Tcf21 and Slug in phenotype
maintenance, we further derived knockout (K/O) clones of the
dominant TF (genomic editing by commercial CrispR constructs)
followed by overexpression (OE) of the other TF in parental cell
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lines—OVCAR3 (Tcf217¢) and A4 (Slug™te; Supplementary
Figure S1d, available at Carcinogenesis Online); stable knock-
outs were affirmed by sequencing (data not shown). Molecular
profiles revealed high Tcf21, E-cadherin (Cdhl) expression in
OVCAR3 cells whereas Tcf21¥°(E2) exhibited high nuclear Slug
and low Cdh1. A4 cells expressed high Slug, Vimentin (Vim) with
low Cdhl, however, sustained expression of other EMT-TFs
(Zeb1/2, Twist1, Snail, Prrx1) in the Slug° (D7) led to minimally
altered Cdhl and Vim despite enhanced nuclear Tcf21 localiza-
tion (Figures 1c and d). Interestingly, A4_Slug¥°Tcf21°¢ (TCF_OE)
cells exhibited reduced expression of EMT-TFs and correlated
with enhanced Cdhl while retaining Vim expression (Figures
1c and d). High luciferase activity in OVCAR3 and TCF_OE cells
(reporter assay for Cdhl promoter harboring Slug binding E-box
sequences), and reduced activity in E2, A4 and D7 cells sug-
gested phenotypic variability as a function of Tcf21 and Slug ex-
pression (Figure le). Functional validation identified differential
rates of wound closure between parental and derivative clones
to be positively influenced by serum (Figure 1f). In the absence
of serum, OVCAR3 and E2 cells failed to induce wound closure,
suggesting the absence of functional EMT despite enhanced Slug
and reduced Cdh1 levels in E2 cells; wound healing efficacy was
drastically curbed in TCF_OE as compared with A4 and D7 cells.
Derivative clones, thus represented intermediate phenotypes
along the EM axis wherein OVCAR3 (Tcf21"%*) and E2 (Tcf21¥°)
exhibited a rigidity toward functional phenotypic alteration as
compared with A4 (Slugrtie), D7 (Slug®’®) and TCF_OE (Slug¥
OTcf21) cells as indicated by molecular and functional readouts
(Figure 1g). These findings while associating Tcf21, Slug with epi-
thelial, mesenchymal phenotypes, respectively, highlight the
inability of these TFs toward inducing a bilateral phenotypic
switch and possibly imply EM transitions as a multistep process.

Tcf21-Slug status of HGSC cells associates with
differential modes of migration

A disconnect between wound closure efficacies and expression
of phenotypic markers in derivative clones prompted the adop-
tion of high-resolution approaches to investigate their respective
migratory modalities. Time lapse microscopy imaging improved
the in vitro wound healing assay by enhancing the visual output.
OVCAR3 and E2 cells exhibited proliferation-driven cell dis-
placement that we termed passive CCM (pCCM), A4 mediated
rapid wound healing through a combination of single cell and
active CCM (EMT and aCCM, respectively) while its derivatives
D7, (Slug¥°Tcf21°F) exhibited aCCM exclusively (Supplementary
Video S1, available at Carcinogenesis Online). Cell position coord-
inates during wound closure allowed quantification of these
processes by virtue of migration trajectories, mean cell velocity
and Nn (Supplementary Figure S2, available at Carcinogenesis
Online). pCCM driven wound closure was associated with min-
imal cell displacement, low migratory velocity and a high Nn;
aCCM was defined by moderate displacement/velocity and high
Nn while EMT cells exhibited high displacement/velocity with
low Nn (Figure 2a—-c). Serum addition enhanced displacement,
velocity and reduced Nn in aCCM and EMT phenotypes while
pCCM cells increased Nn by virtue of extensive cell proliferation.
Presence of mitomycin ‘C’, a proliferation inhibitor, in the ab-
sence of serum distinguished cell displacement attributed by
active migration (aCCM/EMT) as opposed to cell division driven
passive movement (pCCM). Principal component analysis per-
formed with these datasets supported differential migratory
modes wherein PC1 (variance between velocity and displace-
ment versus Nn) and PC2 (variance between displacement
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versus velocity) effectively resolved cell lines associated with
pCCM, aCCM and EMT-aCCM modes of migration while cap-
turing serum induced shifts in respective modalities (Figure 2d).
Differential Nn frequencies between A4 and D7 proved a useful
metric for distinguishing EMT from aCCM apart from the visu-
alization in real time imaging. While visual outputs affirmed
association of Tcf21 and Slug with distinct migratory modes in
the derivative clones, principal component analysis permitted
an unbiased segregation of these modalities as a function of
TF expression. This gradient of migration modalities effectively
agrees with the artificial E to M spectrum depicted in Figure 1g,
emphasizing rigidity of the E phenotype, and supporting the ab-
sence of biphasic phenotypic switches in HGSC.

Tcf21 is a transcriptional repressor of Slug

In view of the predictive TF network and inverse associations in
our derivative clones, we probed possible cross-regulation be-
tweenTcf21 and Slug. Luciferase activity (reporter assay for SNAI2
promoter harboring Tcf21-binding consensus E-box sequences)
was severely reduced in A4 cells exogenously overexpressing
Tcf21 (Figure 3a and b). In vitro binding assays also affirmed
physical interactions between recombinant Tcf21 and S1, S3, S5
SNAI2 E-boxes. Further probing of Tcf21-bound chromatin com-
plexes in OVCARS3 cells through immunoprecipitation indicated
affinity for S2, S3, S6 SNAI2 E-boxes (Figure 3c and d). Similar
regulation of Tcf21 expression by Slug was not observed. Varied
Tcf21 binding affinities in cell-free and cell-based systems em-
phasize the significance of cellular context in target recognition
and imply possible involvement of other coregulatory factors in
the process. These findings suggest transcriptional repression
of Slug by Tcf21 toward maintenance of epithelial properties in
HGSC.

HGSC tumors and cell lines intrinsically display a
spectrum of phenotypes and modes of migration

Toward resolution of distinct phenotypes in HGSC at steady
state and describing EM transitions as a multistep process, we
primarily analyzed the heterogeneity of phenotypic markers
in TCGA-HGSC dataset. Correlation analysis of gene expres-
sion data for epithelial and mesenchymal markers generated
four clusters (C1-C4) representative of specific phenotypic at-
tributes (Supplementary Figure S3a, available at Carcinogenesis
Online). C1 genes included components of epithelial cell junc-
tions and keratins, C2 genes associated with mesothelial and
myoepithelial phenotypes across several tissues (breast, ovary,
peritoneal linings) (22-24), C3 comprised of cell junction mol-
ecules encountered in mesenchymal cells (10), while C4 included
genes commonly expressed in the endothelial and stromal
lineages (25,26). Apart from segregation of these gene groups,
correlation analysis identified a heterogeneity of phenotypic
markers in HGSC which could be indicative of existing diverse
phenotypes. Hierarchical clustering of known epithelial and
mesenchymal TFs in this data yielded five distinct tumor groups
(Supplementary Figure S3b, available at Carcinogenesis Online).
Two of these were exclusively epithelial (E) and mesenchymal
(M) while a third was considered EM by virtue of a heteroge-
neous double-positive signature. A separate cluster identified as
intermediate E (iE), expressed E markers, Snail, Twist1 but lacked
Tcf21, while the tumor group with low EMT-TF expression was
assigned as iM.

In vitro validation of identified phenotypic states pro-
ceeded via parallel screening of E, M markers and TF tran-
scripts across a panel of HGSC cell lines. Molecular profiles
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Figure 2. Quantitative metrics for resolution of migratory modalities. (a) Trajectories depicting migration directionality for parental cell lines (OVCAR3/Tcf21retve, A4/
Slug) and respective derivatives (E2/Tcf21¥°, D7/Slug¥’° and TCF_OE/Slug¥/°Tcf21°%). Plots represent trajectories of five randomly selected cells; (b) Representative
plots depicting mean migratory velocity of parental (OVCAR3, A4) and derivative cells (E2, D7, TCF_OE). Displacement and velocity were derived from ‘x’ and ‘y’ pos-
itional coordinates detected over a 16 h duration; (c) Frequency of Nn for parental cell lines (OVCAR3, A4) and derivative clones (E2, D7, TCF_OE) at 0 h (red) and 16 h
(green) time points distribution graphs depict Nn data for 750 cells. Experiments were performed in the absence/presence of serum. All cells identified in the micro-
scopic field as particles were analyzed for displacement, velocity and Nn. However, only data points inclusive of the ‘X’, ‘Y’ coordinates and Nn over the entire duration
of 16 h were used for data representation and interpretation; (d) Principle component (PC) analysis of time-lapse imaging-based migration data of parental (OVCAR3,
A4) and derivative cells (E2, D7, TCF_OE), PC1—variance between displacement (final Y) and velocity versus Nn, PC2—variance between displacement and velocity; color
gradient depicts migratory modes, blue-EMT, purple-aCCM, red-pCCM,; filled and empty shapes indicate presence and absence of serum, respectively.

resolved five phenotypic states through definitive correl-
ations between E (Cdh1,Ck19), M (Vim,FAP) markers and TFs
(Tcf21, Slug and Prrx1 isoforms 1a and 1b; Supplementary
Figure S3c-e, available at Carcinogenesis Online; Prrxla, Prrx1b
transcripts—P1a, P1b, respectively, protein represented as

Prrx1) (27). Nonavailability of isoform-specific Prrx1 anti-
bodies restricted further definitive studies for this TF.
OVCAR3, OVCA432 (high E, nuclear Tcf21, low Pla-P1b-nu-
clear Prrx1, low nuclear Slug) and OVMZ6 cells with an inverse
profile defined the E and M ends of the spectrum. CAOV3 and
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Figure 3. Tcf21-mediated Slug repression by direct promoter binding. (a) Schematic representation of Slug promoter region depicting the location and sequences of
E-boxes. Promoter region: -3 kb to + 1 kb from transcription start site (TSS); (b) Reporter assays to determine effects of Tcf21 on wild type Slug promoter in A4 cells,
luciferase activity normalized to untransfected cells; pEGFP: empty GFP vector, GFP-Tcf21: Tcf21-pEGFPC1 recombinant vector, pGL3: native luciferase vector, pGL3-
SlugPR: pGL3 containing Slug promoter; (c) Representative EMSA of GST-Tcf21 recombinant protein binding to E-boxes in Slug promoter region in a cell free system,
GST protein used as control; (d) ChIP-PCR analysis of Tcf21 binding to E-box elements in Slug promoter in OVCAR3 cells, IgG used as isotype control, cross-linked
fragmented DNA considered as Input. All data are representative of experiments performed in triplicate and depicted as mean + SEM. *P < 0.05, **P < 0.01, **P < 0.001.

OV90 were identified as iE (high E, FAP, nuclear Tcf21, low
Pla-Plb-moderate nuclear Prrx1, low nuclear Slug), OVCA420
and PEO14 as EM (E, M markers, all TFs in nucleus) and A4
as iM phenotype (CK19, M markers, low cytoplasmic Tcf21,
high P1b, nuclear Prrx1 and Slug). These phenotypes could be
perturbed by external stress such as serum deprivation that
induced Cdh1l and nuclear Tcf21 expression, concomitantly
decreasing Slug, FAP and Vim in the cell line panel to shift the
spectrum toward the E phenotype (Figure 4a and b).

Probing phenotypic-functional associations assigned
spheroid generation capabilities to intermediate states while
E and M cells formed clumps/aggregates (Figure 4c). Except
the E state, all cell lines were highly invasive in response to
a serum gradient (Figure 4d). Differential migration capabil-
ities were evident wherein A4, OV90 and OVCA420 cells filled
the open wound area in absence of serum as opposed to E/
iE and surprisingly M cells that required serum to achieve
wound closure (Figures 4e.i and e.ii). Live imaging and PC
analyses based on predefined quantitative metrics revealed
pCCM in E and iE, aCCM in EM, coupling of aCCM-EMT in
iM and EMT in M cells (Supplementary Video 2, available
at Carcinogenesis Online; Figure 4e.iii). Interestingly, serum
deprivation led to nuclear localization of Slug in a few EM
state cells that possibly induces rare EMT events visualized
in live imaging. Thus, the cell line panel reaffirmed exist-
ence of a phenotypic spectrum in HGSC defined by inherent
Tcf21-Slug profiles and captured cellular plasticity as inter-
mediate states following growth factor deprivation.

Microenvironment influenced phenotypic
interconversions are captured by nuclear Tcf21 and
Slug expression

Further examination of cellular plasticity across the EM axis and
phenotype specific association of Tcf21-Slug, proceeded with ex-
posure of the cell line panel and derivative clones to growth fac-
tors known to mediate directed phenotypic changes. TGF3-BMP
signaling plays a crucial role during ovarian/fallopian tube devel-
opment and homeostasis. Additionally, the antagonistic influence
of TGFB1 and BMP7 on epithelial and mesenchymal phenotypes
make them suitable triggers to assess HGSC cell line plasticity.
E and iE cells were refractory in their response to both growth
factors; BMP7 induced Cdh1, nuclear Tcf21 and reduced Slug
levels whereas TGFf31 exposure upregulated Slug concomitantly
with reduced Cdh1 and Tcf21 in EM, iM and M cells (Figure 5a;
Supplementary Figures S4a, S5a, and S6, available at Carcinogenesis
Online). Dominant effects of BMP7 over TGFf1 were observed in
EM and iM cell lines (high Cdh1, nuclear Tcf21, low Slug) when the
growth factors were provided in combination. Similarly, exposure
of derivative clones (E2, D7 and TCF_OE) and parental cell lines
(OVCARS3, A4) generated distinct responses that correlated with
an inherent Tcf21-Slug balance. OVCAR3 cells were refractory to
both growth factors while E2 responded poorly to BMP7 and ex-
hibited enhanced nuclear Slug expression following exposure to
TGFp1. A4, D7, TCF_OE cells responded to BMP7 through nuclear
localization of Tcf21, enhanced Cdh1 expression and reduced Slug.
Conversely, TGFp1 repressed Tcf21, Cdh1l in A4 and D7 cells with
concomitant increase in Slug and Vim expression while TCF_OE
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Figure 4. Resolution of the epithelial-mesenchymal phenotypic axis highlights differential functionalities as a function of Tcf21 and Slug localization. (a) Expression
profiles of Tcf21, Slug, Prrx1 isoforms, Cdh1, Ck19, Vim and FAP in HGSC cell lines at steady states and post serum deprivation normalized with GAPDH. Filled shapes
indicate the presence of serum and empty shapes indicate that cells were serum starved; (b) Representative graphs depicting frequency and intensity of Tcf21 and
Slug positive nuclei in HGSC cell lines. Data depicts fluorescence intensities for each transcription factor measured across five random microscopic fields and quanti-
fied relative to the signal for Hoechst; (c) Representative images of suspension culture morphology (scale bars—200 pm); (d) Percent cell invasion in Boyden chamber
matrigel assay in the absence and presence of serum; (e) Efficacy of wound healing in the (i) absence and (ii) presence of serum; (iii) Principle component analysis used
to project segregation of migratory modes in the phenotypic spectrum based on quantitative metrics—final ‘Y’, velocity and Nn—emerging from time-lapse based
migration data; color gradient represents the migratory modes of each cell line blue-EMT, purple-aCCM, red-pCCM,; filled shapes indicate the presence of serum and
empty shapes indicate that cells were serum starved. All data are representative of experiments performed in triplicate and are depicted as mean + SEM, *P < 0.05,

P < 0.01, **P < 0.001.
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Figure 5. Tcf21/Slug subcellular localization correlates with HGSC wound healing efficacy. (a) Representative graphs depicting frequency and intensity of Tcf21 and
Slug positive nuclei in HGSC cell lines and derivative clones (E2/Tcf21¥°, D7/Slug¥® and TCF_OE/Slug¥°Tcf21°) exposed to BMP7, TGFf and BMP7 + TGFf. Data depicts
fluorescence intensities for each transcription factor measured across five random microscopic fields and quantified relative to the signal for Hoechst; (b) Graphical
representation of wound healing efficiency of HGSC cell lines and derivative clones (E2, D7 and TCF_OE) following growth factor treatment as indicated; All data are
representative of experiments performed in triplicate and depicted as mean + SEM. *P < 0.05, **P < 0.01, **P < 0.001.

responded poorly to the same (Figure 5a; Supplementary Figures
S4b, S5b, and S6, available at Carcinogenesis Online). Thus, clone
responses to combination of these two growth factors agreed
with observations in the cell line panel. Integrating Tcf21 and
Slug transcript profiles across all cell lines and derivatives under
varying culture conditions (steady-state, serum-deprivation,
growth factor exposure) with TF-promoter binding studies aided

the generation of a mathematical model that identified TCF21high—
SLUGe™ (E), TCF21°*-SLUGHet (M) and Tcf21med-Slugm™d (EM) as
stable phenotypes while iE and iM were depicted as metastable
states associated with phenotypic switches. Drastic fluctuations
in Tcf21 and Slug expression correlated with transitions at the E
and M ends, respectively (Supplementary Figure S4c, available at
Carcinogenesis Online).
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Functional evaluation of the microenvironmental influ-
ences revealed rate of wound closure to be restricted by BMP7
and enhanced by TGFf in EM, iM and M, while minimal changes
were evident in E and iE cells (Figure S5b). Combination treat-
ment with both cytokines revealed a dominant effect of BMP7
over TGFf in hindering wound closure. This functionality was
altered in derivative clones wherein E2 exhibited moderately
enhanced wound closure following exposure to TGFf with min-
imal response to BMP7 in agreement with altered Tcf21-Slug
balance; TGFf3 enhanced and BMP7 reduced wound closure in
D7 cells whereas TCF_OE exhibited minimal alterations. These
observations assign cellular rigidity to E, M and plasticity to
intermediate states. Conclusively, Tcf21-Slug expression and
subcellular localization correlates with cellular states across
the spectrum and are possible determinants of functionality in
migration and phenotypic plasticity.

Drug-induced plasticity in HGSC associates with
Tcf21-Slug crosstalk

Phenotypic plasticity in the EM spectrum was further assessed
in response to a chemotherapeutic challenge (paclitaxel) and

evaluated as a function of Tcf21-Slug expression. PC analysis
of live migration derived metrics identified a switch from EMT
to aCCM mode for M and iM cells after treatment (maximum
variance along both PCs), EM and iE adhered to their charac-
teristic modes of migration albeit at reduced velocities (mod-
erate variance along both PCs) while pCCM phenotype in E
cells was unaltered (Figure 6a; Supplementary Video S3, avail-
able at Carcinogenesis Online). These altered migratory metrics
across the spectrum were associated with increased nuclear
Tcf21 concurrently with reduced Slug expression (Figure 6b).
Pacliaxel exposure induced an iE phenotype in E and iE cell
lines, a similar shift toward the E phenotype was evident in EM,
iM and M cells although the extent of each shift was distinct.
To assign a mechanistic understanding to drug-induced pheno-
type switching, we probed occupancy of Tcf21 at the Slug pro-
moter as a read-out of the E phenotype. Enhanced affinity of
Tcf21 for the S2, S3 E-boxes in SNAI2 promoter was identified
following paclitaxel treatment and further complemented by
negligent luciferase activity in Tcf21 overexpressing paclitaxel
treated A4 cells (Figure 6¢c and d). Deletion of S2 E-box from
the Slug promoter dramatically curbed Tcf21 mediated Slug
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Figure 6. Class-switching in HGSC correlates with therapy induced Slug repression via Tcf21. a PC analysis used to project migratory modes of the different HGSC cell
lines following paclitaxel exposure, PC1 and PC2 as described earlier; empty and filled shapes correspond to 0.1% DMSO and paclitaxel exposure, respectively in subse-
quent figures; (b) Representative graphs depicting frequency and intensity of Tcf21 and Slug positive nuclei in HGSC cell lines, data depicts fluorescence intensities for
each transcription factor measured across five random microscopic fields following exposure to 0.1% DMSO (vector control)/paclitaxel (Pac) and quantified relative to
the signal for Hoechst; (c) ChIP-PCR analysis depicting enrichment of Slug promoter regions in Tcf21 pulldown following paclitaxel exposure of A4 cells. IgG and DMSO
used as isotype and vector control, respectively; (d) Reporter assays to determine effects of Tcf21 on wild type Slug promoter in A4 cells, luciferase activity normalized
to untransfected cells. pEGFP: empty GFP vector, GFP-Tcf21: Tcf21-pEGFPC1 recombinant vector, pGL3: native luciferase vector, pGL3-SlugPR: pGL3 containing Slug pro-
moter, pGL3-AS2-SlugPR: pGL3 containing Slug promoter with deleted S2 E-box. All data are representative of experiments performed in triplicate and are depicted as

mean + SEM. *P < 0.05, **P < 0.01, **P < 0.001.
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repression in the luciferase assay. These results together iden-
tify a Tcf21-driven phenotypic switch in HGSC cells that results
in the emergence of epithelial traits.

Discussion

The anatomical proximity of ovarian surface and FT epithelium as
sites of perturbed epithelial integrity, following ovulation and wound
healing, have led to conflicting opinions on the cell-of-origin of
ovarian cancer (14,28,29). The present study, restricted to the most ag-
gressive subtype viz. HGSC, identifies Tcf21-Slug cross-talk in main-
tenance of intrinsic cellular states, wherein Tcf21-mediated Slug
repression emerged as a feature of the epithelial phenotype. While
previous studies exclusively implicate Slug as an EMT-TF (30), Tcf21
exhibits a tissue-specific activity in facilitating EM transitions. In the
context of cardiac development, Tcf21 expression is linked with the
onset of EMT in endocardial progenitors toward sculpting of the car-
diac cushion and valves (31). Conversely, repression of this TF in renal
and lung carcinomas results in overt metastasis, which can be sup-
pressed through the activation of Kiss1, a tumor suppressor gene and
target of Tcf21 (32,33). A balance of these TFs was associated with cel-
lular plasticity as gauged by molecular and functional responses to
extrinsic stimuli. Cells with native Tcf21 were conferred a highly rigid
epithelial phenotype whereas dual nuclear positivity (Tcf21 and Slug)
was associated with enhanced plasticity. Rigidity of epithelial and
mesenchymal states was challenged by deriving intermediates (iE,
EM, iM) and correlating phenotypes with discrete modes of migration
despite comparable invasion (Supplementary Figure S7a, available at
Carcinogenesis Online). The latter is thus underscored as a universal
feature in HGSC and uncoupled from EMT (34).

Differential migration recapitulates events at the tumor edge
(35,36), wherein destabilization of the tissue architecture by a de-
gradative secretome and altered mileu may promote EMT, while
exertion of tensile forces by adherens junction-linked acto-myosin
complexes may induce CCM allowing invasion/deposition of tumor
cells in the peritoneum (37-42). Our quantification of in vitro met-
rics, distinguished discrete migratory modalities across the pheno-
typic spectrum and correlated them with Tcf21-Slug expression.
Application of live cell imaging also enhanced resolution of the in
vitro wound healing assay, thus generating an improved inform-
ative method. Exploring the physiologically relevant BMP7-TGFf
signaling dynamics during ovulation (43—45), we identified the im-
position of reduced migration with induction of nuclear Tcf21 and
epithelial features through BMP7 exposure, while TGF-f3 enhanced
EMT/aCCM mediated migration and mesenchymal features trig-
gered by Slug expression (Supplementary Figure S7b, available at
Carcinogenesis Online). While TGFf has been extensively associated
with HGSC pathology (46,47), previous reports on BMP7 have indir-
ectly implied its role in therapy resistance, tumor progression and
inhibition of TGFf signaling in ovarian cancer (48-50). However, our
findings conclusively identify a reciprocal role for these cytokines in
governing cellular plasticity of ovarian cancer cells, which is rem-
iniscent of their physiological activity during ovulation (45). These
findings may be extrapolated to derive similarities between EMT-
aCCM cooperation and OSE wound healing, while maintenance of
the rigid, disparate epithelial state during pCCM could be akin to the
FT-p53 signature-associated precursor lesions (51,52). Serum with-
drawal as well as paclitaxel exposure promoted a Tcf21 driven epi-
thelial state and induced aCCM that could represent a prosurvival
mode of cooperative drug resistance. Moreover, Tcf21 expression
associated with reduced sensitivity, and in return higher IC,, of
HGSC cell to the drug when tested across the HGSC panel (data not
shown). Paclitaxel-induced shifts were further associated with Slug
repression via direct promoter binding by the Tcf21. Interestingly,
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while the S2 E-box was most crucial for Slug inhibition, occupancy
of multiple E-box sequences by Tcf21 may achieve a greater degree
of inhibition. Previous studies on Slug auto-activation identified
binding of the EMT-TF to the S2 E-box; thereby promoter occupancy
by Tcf21 may prevent Slug-S2 interaction (18). Further support to
these observations is provided by the de-repression of Slug pro-
moter following S2 E-box deletion.

Although previous reports implicate Tcf21 as a tumor suppressor
gene (53), our findings associate nuclear expression of this TF with
therapy resistant populations and emphasize a tissue specific ac-
tivity. Lack of linear correlations between mRNA and protein ex-
pression of these TFs along with dynamic alterations in subcellular
localization highlight immense complexity of the Tcf21-Slug axis
and warrant further studies pertaining to additional regulatory net-
works. Our findings also pose imminent questions regarding the
epigenetic landscapes of the EM spectrum with respect to this axis;
cellular compartment specific interacting partners of these TFs that
assist their activity; mechanisms linking Tcf21-Slug to specific mi-
gratory modes; biochemical evaluation of protein domains respon-
sible for differential subcellular localization, TF activity, and so on.
A retrospective preclinical study from our group has further estab-
lished Tcf21-Slug as potential biomarkers for HGSC tumor stratifi-
cation and implied the adoption of tumor class-specific therapeutic
regimes to effectively target the disease (54). Our report, thus sup-
ports this study and presents Tcf21-Slug as a crucial axis in HGSC
cellular plasticity with genuine clinical implications.
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