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Abstract

The SWI/SNF complex is a major regulator of gene expression
and is increasingly thought to play an important role in human
cancer, as evidenced by the high frequency of subunit mutations
across virtually all cancer types. We previously reported that in
preclinical models, malignant rhabdoid tumors, which are defi-
cient in the SWI/SNF core component INI1 (SMARCB1), are
selectively killed by inhibitors of the H3K27 histonemethyltrans-
ferase EZH2.Given the demonstrated antagonistic activities of the
SWI/SNF complex and the EZH2-containing PRC2 complex, we
investigated whether additional cancers with SWI/SNFmutations
are sensitive to selective EZH2 inhibition. It has been recently
reported that ovarian cancers with dual loss of the redundant

SWI/SNF components SMARCA4andSMARCA2are characteristic
of a rare rhabdoid-like subtype known as small-cell carcinoma of
the ovary hypercalcemic type (SCCOHT). Here, we provide evi-
dence that a subset of commonly used ovarian carcinoma cell
lines were misdiagnosed and instead were derived from a
SCCOHT tumor. We also demonstrate that tazemetostat, a
potent and selective EZH2 inhibitor currently in phase II
clinical trials, induces potent antiproliferative and antitumor
effects in SCCOHT cell lines and xenografts deficient in both
SMARCA2 and SMARCA4. These results exemplify an addition-
al class of rhabdoid-like tumors that are dependent on EZH2
activity for survival. Mol Cancer Ther; 16(5); 850–60. �2017 AACR.

Introduction
EZH2, an enzymatic subunit of the polycomb-repressive com-

plex 2 (PRC2,) catalyzes the methylation of H3K27, thereby
repressing target gene transcription. EZH2 is amplified, overex-
pressed, or mutated in multiple cancer types, most notably
follicular lymphoma (FL) and germinal center diffuse large B-cell
Lymphoma (DLBCL). We and others have shown that pharma-
cologic inhibition of EZH2 can block proliferation and survival in
a subset of cancer cell lines, supporting its function as anoncogene
(1–7). In addition to posttranslational modifications of chroma-
tin, gene transcription is also regulated by the ATP-dependent
remodeling of chromatin structure. The SWItch/Sucrose Non-
Fermentable (SWI/SNF) complex is a chromatin-remodeling
complex that alters the position of nucleosomes along DNA, thus
relieving steric barriers that make gene promoter regions more
accessible to transcription factors and key cellular proteins (8).

Two SWI/SNF complexes exist in humans: the BAF (BRG1-asso-
ciated factors) and PBAF (Polybromo-associated BAF) complexes
each consisting of combinatorial assemblies of approximately 15
subunits. It is now well established that SWI/SNF subunits are
frequently mutated in many tumor types, and have been clearly
shown to have a tumor suppressor function (8–10).

One such subunit, SMARCB1 (INI1, SNF5, or BAF47), a core
component of the SWI/SNF complex, is inactivated via biallelic
mutations in virtually all malignant rhabdoid tumors (MRT) and
atypical teratoid rhabdoid tumors (ATRT; refs. 11, 12). MRTs and
ATRTs are highly aggressive cancers with poor prognosis and no
effective chemotherapies that mainly affect children. We and
others have previously reported an antagonistic relationship
between EZH2 and SMARCB1 such that SMARCB1-deficient
cancers are dependent on EZH2 oncogenic activity (3, 13). We
have demonstrated that cell lines and xenografts deficient in
SMARCB1 are sensitive to the selective EZH2 inhibitor tazemeto-
stat (EPZ006438; ref. 3), resulting in potent antiproliferative
effects in vitro and durable tumor regressions in vivo. These
preclinical data support the hypothesis that rhabdoid tumors are
dependent on PRC2 activity, which is dysregulated in SMARCB1-
deficient tumors; this leads to the aberrant repression of poly-
comb target genes, such as those involved in differentiation and
tumor suppression. Similarly, we and others have recently shown
that mutation of another SWI/SNF member, SS18, in synovial
sarcoma, also results in a dependence onEZH2activity (4, 14, 15).

In addition to the mutations in SMARCB1 and SS18 described
above, there are an increasing number of reports describing
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deleterious mutations in other SWI/SNF complex members
across many different human cancers (8–10). SMARCA4 and
SMARCA2 are the two mutually exclusive ATPase catalytic
subunits of the SWI/SNF complex that have postulated tumor
suppressor roles in cancers such as non–small cell lung cancer
(NSCLC; refs. 16, 17). In addition, multiple reports indicate
that the expression of SMARCA4 and SMARCA2 are concom-
itantly lost in a subset of NSCLC (16–18). Interestingly, in a
rare type of ovarian cancer, small-cell carcinoma of the ovary,
hypercalcemic type (SCCOHT), SMARCA4 and SMARCA2 have
been found to be coinactivated. SMARCA4 activity is lost via
genomic mutations, whereas SMARCA2 mRNA is lost in the
absence of any coding mutations (19–24). Increasing evidence
now suggests that the dual loss of SMARCA2 and SMARCA4 is a
molecular signature and defining feature of SCCOHT. Reex-
pression of either ATPase in SCCOHT cell lines have been
shown to inhibit cell growth emphasizing the importance of
SMARCA2 and SMARCA4 dual loss in SCCOHT (24).

SCCOHT is a rare and lethal subtype of ovarian cancer that
mainly affects adolescent and young adult women (25, 26). Most
SCCOHT patients receive a combination of surgery and multi-
agent chemotherapy, but the largemajority either do not respond
or rapidly relapse following treatment with available therapies;
hence, the one-year overall survival rate for SCCOHT patients is
only 50%. Interestingly, SCCOHT tumors sharemany similarities
with rhabdoid tumors (20, 21, 27, 28). They are both aggressive
forms of cancer that respond poorly to conventional therapy.
Histologically, both tumors consist of sheet-like arrangements of
small, tightly packed, highly proliferative, and undifferentiated
cells. In addition, the genomes of both SCCOHT and rhabdoid
tumors, are mutationally quiet with few if any mutations other
than genetic alterations of the SWI/SNF complex (19, 20, 22).
Given the clinical, pathologic, andmolecular similarities between
SCCOHT and rhabdoid tumors, we sought to investigate the
effects of EZH2 inhibition in SMARCA2- and SMARCA4-deficient
(SCCOHT) ovarian cancers.

Using the criteria that dual SMARCA2- and SMARCA4 defi-
ciency define SCCOHT cell lines, we identified three previously
misclassified SCCOHT cell lines. We find that EZH2 inhibition,
using our highly selective and potent inhibitor tazemetostat, led
to robust antiproliferative effects in ovarian cell lines that lacked
both SMARCA2 and SMARCA4. Furthermore, we observed potent
antitumor effects in SCCOHT cell line xenograft models treated
with tazemetostat.

Materials and Methods
Tissue culture and cell lines

Cell lines used in these experiments were obtained from
the following sources between 2012 and 2016. Cell lines
were cultured according to conditions specified by the respective
cell banks. From ATCC: TOV112D (CRL-11731), COAV-3,
OCVAR-3 (HTB-161), OV90 (CRL-11732), SK-OV-3 (HTB-77),
and PA-1 (CRL1572). From DSMZ: EFO-27 (AAC 191). From
SIBS: HO8910 (TCHu 24). From JCRB: TYK-NU (JCRB023.0),
KURAMOCHI (JCRB00098), RKN (JCRB0176), RMUG-S
(IFO50320), OVSAHO (JCRB1046), OVTOKO (JCRB1048),
OVISE (JCRB1043), OVMANA (JCRB1045), RMG-1 (JCRB0172),
and MCAS (JCRB0240). From the KCLB: SNU-840 (840).
From RIKEN: OVK18 (RCB1903), JHOC-5 (RCB1520), JHOS-2
(RCB1521), JHOS-4 (RCB1678), JHOC-7 (RCB1688), JHOC-8

(RCB1723), JHOC-9 (RCB2226). From Sigma: COV434
(07071910-1VL), COV362 (07071910-1VL), OAW42
(85073102-1VL), COV644 (07071908-1VL), OV7 (96020764-
1VL), A2780 (93112519-1VL), COV504 (07071902-1VL) and
OV56 (96020759-1VL). Cell lines were authenticated by STR
DNA typing. The Bin-67 SCCOHT line was provided by Barbara
Vanderhyden at the Ottawa Hospital Research Institute.

In vitro compound treatment
Cultured cells were seeded into 6-well plates according to the

cell densities below. Compound was diluted in DMSO (0.2%)
and grown for 96hours in 37�Cand5%CO2.Cellswere harvested
by trypsinization, collected by centrifugation, rinsed with PBS
before being flash-frozen on dry ice. Cells were seeded as follows,
per well in a 6-well plate: Bin-67–4E5, COV434–2.5E5, OVK18–
3E5, TOV112D–3E4, COV362–1.5E5, JHOC-5–6E4.

Western blot analysis
Cells or powdered tumor tissue were lysed in 1X RIPA buffer

(Millipore, #20-188) with 0.1% SDS and Protease Inhibitor
Cocktail tablet (Roche, #04693124001), and sonicated on ice
before being spun at 4�C. Clarified supernatant was assayed for
protein concentration by BCA (Pierce, #23225). Antibodies used
for Western blotting include H3 (3638S), H3K27me3 (9733S),
SMARCB1 (8745S), SMARCA2 (11966S), EZH2 (5246S), and
b-actin (3700S), all from Cell Signaling Technology. SMARCA4
(ab110641) and vinculin (ab18058) were from Abcam. Imaging
was performed using a LI-COROdyssey, and changes in the target
band were quantified by densitometry. Ratios between
H3K27me3 and H3 were calculated and compound-treated sam-
ples were normalized to controls (DMSO or vehicle). IC50 values
were determined by fitting the concentration-response data to a
standard Langmuir isotherm equation (29).

H3K27me3 ELISA
Histones were isolated from tumors as previously described

(30) and were prepared in coating buffer (0.05% BSA in PBS).
H3K27me3 ELISAs were performed as previously described (3).
The H3K27me3 (CST 9733S) and total H3 (CST 3638S) anti-
bodies were used at 1:100 dilution and ratios for H3K27Me3 to
total H3 were calculated.

In vitro long-term proliferation assay
Long-term proliferation assays were performed using themeth-

od previously described (30), with the following initial seeding
densities: Bin-67 – 4E3, COV434 – 2.5E3, OVK18 3E3, COV362 –

1.25E3, TOV112D – 312, PA-1 – 625, TYK-NU – 625, OAW42 –

312, JHOC-5 – 600 cells/well.

CRISPR pooled screen
A custom 6.5K sgRNA library, targeting over 600 epigenetic-

related genes, was ordered from Cellecta. 195 cell lines (Supple-
mentary Table S1) were screened as previously described (31, 32).
Sensitivity was calculated using the Redundant siRNA activity
(RSA) score, and is represented here as LogP, as previously
described (33).

Data analysis
Cancer Cell Line Encyclopedia (CCLE) RNA seq data were

downloaded from public sources. Two-dimensional hierarchical
clustering was done in MATLAB R2015a using the "clustergram"
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function from the Bioinformatics Toolbox (Mathworks). The
clustering was done on the top 100, 500, and 1,000most variable
genes across 40 ovarian cell lines in the panel. Gene-expression
signature scores were calculated as average expression across the
signature genes.

Time course studies—Annexin and cell cycle
Cells were plated in 10-cm dishes and treated with 1 or 0.1

mmol/L tazemetostat (DMSO ¼ 0.01%) for 3 to 21 days. A total
of 1 � 105 harvested cells were plated in triplicate in 96-well
format and stained with Millipore's Guava Nexin reagent
(4500–0450) for 1 hour at room temperature. Percentages of
cells undergoing apoptosis were measured using Millipore's
Guava EasyCyte Flow Cytometer. For cell-cycle analysis, 5 �
105 cells were plated in a 96-well plate, washed once with PBS,
and fixed overnight in ice-cold 70% ethanol at 4�C. Fixed cells
were washed with PBS, then stained with Millipore's Guava Cell
Cycle Reagent (4500–0220) and data obtained from EasyCyte
Flow Cytometer.

In vivo xenograft studies
All of the procedures related to animal handling, care, and the

treatment in this study were performed according to the guide-
lines approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of Shanghai Chempartner following the guid-
ance of the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC). For the in vivo efficacy studies,
therewere 10mice per dose group and eachmousewas inoculated
subcutaneously at the right flank. All cells were suspended in a 0.2
mL mixture of base media and Matrigel at 1:1 for tumor devel-
opment. Bin-67 cells were inoculated at 5 � 106 cells/mouse and
treatment beganwhen themean tumor sizes reached 146.08mm3

(28 days post-inoculation). COV434 cells were inoculated at 1 �
107 cells/mouse and treatment began when mean tumor sizes
reached 158.88 mm3 (20 days post-inoculation). TOV112D cells
were inoculated at 5 � 106 cells/mouse and treatment began
when the mean tumor size reached 128.13 mm3 (day 14 post-
inoculation). Mice were assigned into groups using a randomized
block design. Tazemetostat or vehicle (0.5% methylcellulose þ
0.1% TWEEN-80 in water) was administered orally BID at a dose
volume of 125 or 500mg/kg (COV434 for 28 days, TOV112D for
14 days) or 125, 250, or 500 mg/kg (Bin-67 for 19 days). Body
weights weremeasured twice a week for the duration of the study.
Tumor size wasmeasured twice weekly in two dimensions using a
caliper, and the volume was expressed in cubic millimeters.
Animals were euthanized 3 hours post-final dose, with blood
and tissues collected for analysis.

Results
Dual loss of SMARCA2 and SMARCA4 protein identifies three
misclassified SCCOHT cell lines

It is known that SWI/SNF proteins can be inactivated in the
absence of genomic mutations; hence, we tested a large panel of
37 ovarian cell lines of all major subtypes (serous, mucinous,
endometrioid, clear cell, teratoma, SCCOHT, and unclassified/
other) for protein levels of the commonly mutated or deleted
SWI/SNF subunits ARID1A, SMARCB1 (INI1), SMARCA2,
and SMARCA4 (Fig. 1A; Table 1; Supplementary Table S2). All
cell lines had intact SMARCB1 protein, confirming that this
protein is not commonly lost in ovarian cancer consistent with
the genomic data (20). No significant differences in EZH2 or

H3K27me3 levels were observed in select ovarian lines tested
(Supplementary Fig. S1). ARID1A mutations have been reported
to be more commonly observed in clear cell carcinoma and
endometrioid carcinoma, though they are also present in other
subtypes of ovarian cancers, and our protein data confirms this.
Four of the 11 ARID1A-mutated cell lines were negative for
ARID1A protein, suggesting that ARID1A mutations can lead to
variable changes in protein levels. Interestingly, SMARCA2 and
SMARCA4 expressions were absent in 16 (43%) and 6 (16%) cell
lines respectively, indicating that these SWI/SNF components are
commonly lost in ovarian cancer. Notably, four cell lines (11%)
lacked expression of both SMARCA2 and SMARCA4 and these
included the SCCOHT cell line Bin-67, the endometrioid cell lines
TOV112D and OVK18, and the granulosa cell line COV434. We
also examined SMARCA2 and SMARCA4 mRNA expression data
for all ovarian cell lines using data from the Cancer Cell Line
Encyclopedia (CCLE; ref. 34; which did not include Bin-67), and
discovered that the TOV112D, COV434, and OVK18 cell lines
displayed low to no expression of both SMARCA2 and SMARCA4,
distinguishing them from the other ovarian cell lines (Fig. 1B and
C). The lack of SMARCA4 mRNA and protein levels in these lines
can be partially explained by loss of function mutations in
SMARCA4 (as reported by COSMIC and CCLE (refs. 34, 35; Table
1; Supplementary Table S2). Interestingly, these lines do not have
any described codingmutations in SMARCA2, suggesting that the
mechanism of SMARCA2 inactivation is possibly through epige-
netic silencing, as has been described previously to occur in
SCCOHT and other indications (23, 24). As dual loss of
SMARCA2 and SMARCA4 has been recently demonstrated to be
a defining characteristic of SCCOHT within ovarian cancer (23,
24), these observations highly suggest that TOV112D, OVK18,
and COV434 cell lines are derived from SCCOHT tumors that
were misdiagnosed as a different ovarian cancer subtype. Inter-
estingly, granulosa cell tumors, fromwhich COV434was derived,
are categorized as a form of ovarian cancer that is known tomimic
SCCOHT morphologically (36).

We performed hierarchical clustering of all ovarian cell lines
within the CCLE dataset (which includes 3 of the 4 SCCCOHT
cell lines TOV112D, COV434, and OVK18) and results showed
that the three SCCOHT lines clustered together, consistent with
a similar tumor cell of origin (Fig. 1B). To characterize further
these SCCOHT cell lines, we performed transcriptome analysis
of all ovarian cell lines within the CCLE dataset using the
developmental and embryonic stem cell program signature
that is characteristic of BAF-deficient sarcomas (ref. 37; Fig.
1D). When applying the BAF-deficient sarcoma gene signature
to our analysis of the ovarian cell line panel, we found that 2 of
the 3 SCCOHT cell lines, TOV112D and COV434, scored
highest for this signature and together formed a single cluster,
distinct from all other ovarian cell lines. Interestingly, OVK18
scored moderately for the BAF-deficient sarcoma gene signa-
ture; however, this cell line has a high mutational burden that
may affect this analysis (38). These data suggest that SCCOHT
cell lines may have expression patterns more similar to BAF-
deficient sarcomas.

Tazemetostat potently inhibits SMARCA2- and SMARCA4-
deficient ovarian cell lines

We tested the effect of EZH2 inhibition on this ovarian cell line
panel with tazemetostat, a potent and selective EZH2 inhibitor
currently in Phase 2 clinical trials (ref. 3; Fig. 2A and B; Table 1;
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Supplementary Table S2). As epigenetic inhibitors typically
elicit antiproliferative effects with delayed kinetics relative to
other targeted therapies, we used a long-term proliferation
assay that quantifies cell growth over 15 days, at which point
the evolution of compound potency for epigenetic inhibitors
can be most fully realized (ref. 30; Fig. 2C; Supplementary
Tables S3 and S4). Potent concentration-dependent antiproli-
ferative effects of tazemetostat were observed in 5 of 36 ovarian
cell lines in vitro (IC50 � 1 mmol/L). Of the remaining 31 cell
lines, only 4 displayed IC50's of less than 10 mmol/L (teratoma
cell line PA-1, serous cell lines CAOV-3 and COV504, and clear
cell line TOV21G). Examination of the mutational burden of
responding and nonresponding cell lines revealed that ARID1A
mutational status does not correlate with sensitivity to EZH2
inhibition in these growth formats, contrary to what has been
previously reported (refs. 39, 40; Fig. 2A). However, we note
that the 4 SCCOHT cell lines, which lack both SMARCA2 and

SMARCA4 protein expression, were preferentially sensitive to
EZH2 inhibition (Fig. 2A and B). The antiproliferative effect of
tazemetostat in these cell lines followed kinetics consistent
with an EZH2 inhibitor (Fig. 2B; Supplementary Fig. S2A).
Interestingly, those cell lines with loss of SMARCA4 or
SMARCA2 individually (PA-1, OAW42, JHOC5, COV362, ES-
2 or TYK-NU) were far less sensitive to tazemetostat, suggesting
that loss of both redundant (ATPase-containing) SWI/SNF
subunits is required to confer sensitivity to EZH2 inhibition.
Long-term proliferation effects were also tested using a chem-
ically distinct EZH2 inhibitor (41) in a select number of ovarian
cell lines and preferential sensitivity in SCCOHT lines was also
observed, confirming that phenotypic effects are due to EZH2
inhibition (Supplementary Fig. S2B).

To exclude the possibility that the sensitivity or resistance to
tazemetostat was due to differential inhibition of EZH2 activity,
the potency of tazemetostat for inhibition of global H3K27me3
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Figure 1.

A, Protein levels byWestern blot analysis of SWI/SNF components (ARID1A, SMARCB1, SMARCA2, and SMARCA4) tested in 37 ovarian cancer cell lines. Subclasses
are indicated underneath each lane as teratoma (T), endometrioid (E),mucosa (M), serous (S), clear cell (C), other/unknown (O), or SCCOHT (R).B, Two-dimensional
hierarchical clustering of 500most variable genes in all ovarian cell lines in CCLE (39) revealed clustering of three SCCOHT lines, OVK18, COV434, and TOV112D. The
clustering was also performed on the top 100 and 1,000 most variable genes across the 40 ovarian cell lines and clustering was preserved. Cancer Cell Line
Encyclopedia (CCLE) RNA seq data were downloaded from public sources. The data are displayed on the scale from �1.5 (blue) to 1.5 (pink) centered to the mean
for each gene, where the gene expression values are log2 of the FPKM normalized RNA seq reads. C, Transcriptomic analysis of cell lines from A that also
have data available from CCLE (26 in total) revealed that three cell lines, OVK18, TOV112D, and COV434 have no to very low levels of both SMARCA2 and SMARCA4
compared with all other ovarian cell lines within the panel. D, BAF-deficient sarcoma gene signature analysis revealed 2/3 SCCOHT lines, TOV112D and
COV434, scored high and clustered away from the remaining cell line panel. The third SCCOHT cell line, OVK18, scored moderately.
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production was tested in the four sensitive SCCOHT cell lines
(Bin-67, OVK18, COV434, and TOV112D) and five insensitive
ovarian cancer cell lines (COV362, JHOC-5, TYK-NU, PA-1 and
OAW42). As expected, all cell lines tested showed similar mag-
nitude and potency of concentration-dependent methyl mark
inhibition (Fig. 2D; Supplementary Fig. S3). In sensitive cell lines
the antiproliferative effect was observed at doses consistent with
EZH2 inhibition as measured by methyl mark reduction. EZH2
inhibition was also maximally achieved in non-responding cell
lines without antiproliferative effect. These data suggest that only
cell lines with the dual loss of SMARCA2 and SMARCA4 are
critically dependent on EZH2 (Table 1; Supplementary Table S2).
Because loss of SMARCA2 protein occurs in the absence of any
gene alterations and is hypothesized to be posttranscriptionally
regulated, we tested whether tazemetostat could upregulate
SMARCA2expression. Indeed, in SCCOHTcell lines, tazemetostat
treatment led to time-dependent increases in SMARCA2 expres-
sion (Fig. 2E).

Apoptosis and cell-cycle progression were examined following
tazemetostat treatment in two SCCOHT lines (COV434 and
Bin-67) and the serous line JHOS-2 (Fig. 3; Supplementary Tables
S5 and S6). COV434 cells showed an increase in the percentage of
cells in sub-G1 phase and a concomitant reduction in G2 phase
after 3 days and continuing through to day 14, consistent with an
increase in apoptotic cells measured by Annexin staining. Bin-67
cells showed a more modest increase in the percentage of sub-G1

cells and this was consistent with apoptotic events observed as
early as day 4. In contrast, the cell line JHOS-2 (wild-type for both
SMARCA2 and SMARCA4) treated with tazemetostat did not
show any cell-cycle changes or apoptotic events, consistent with
the lack of antiproliferative effects following EZH2 inhibition.
These data suggest that the mechanism of cell death in SCCOHT
lines is through induction of apoptosis.

CRISPR pooled screen identifies SCCOHT cell line COV434 as
sensitive to EZH2 knockout

It has been reported that some tumors with SWI/SNF muta-
tions are dependent on the EZH2 protein itself as a scaffold,
but not its catalytic activity (40). Therefore, as we identified

ovarian cell lines with loss of expression or mutation in
individual SWI/SNF subunits that were insensitive to tazeme-
tostat inhibition of EZH2 catalytic activity, we sought to
determine whether they were otherwise sensitive to knockout
of EZH2 through CRISPR/Cas9-mediated gene knockout.
CRISPR/Cas9 pooled screening is a high-throughput method
to evaluate 100s to 1000s of genes in a single experiment with
high data quality (31, 32). Briefly, a large population of cells is
infected with a pooled library of barcoded sgRNA guides to
genes of interest. For proliferation-based screens, the barcode/
sgRNA representation is measured at the start and end of the
experiment by sequencing of genomic DNA, and the relative
enrichment/decrease in CRISPR sgRNAs identifies genes for
which knockout alters proliferation rate. We generated a cus-
tom CRISPR lentiviral library with 6,500 small guide RNAs
targeting over 600 epigenetic genes, and screened it against 195
cell lines (Supplementary Table S1) over a time course of up to
40 days. We calculated the dependency on each gene as
previously described for shRNA pooled screening, using the
Redundant siRNA Algorithm (RSA; refs. 33, 42).

The screen performed well, as exemplified by our control
pan-essential target PLK1 (polo-like kinase 1), which shows
dependency in nearly all cell lines (Supplementary Fig. S4A),
and our negative control nontargeting sgRNAs, which show no
proliferation effects (six representative negative control sgRNAs
shown in Supplementary Fig. S4B). We included KRas as a
positive control in our CRISPR/Cas9 library, and as expected
observed that sensitivity to KRas knockout was highly corre-
lated with KRas mutations (Fig. 4A). We also confirmed that
SMARCA4 null or mutant cells, including A549 and NCIH1299
lung cancer cell lines, are sensitive to SMARCA2 knockout as
previously reported (refs. 43, 44; Fig. 4B). This indicates that
the screen performs well and can identify known epigenetic and
nonepigenetic dependencies as well as known pan-essential
genes.

Our 195 cell line collection included 13 ovarian cell lines, one
ofwhichwasCOV434,whichwe later identified to be of SCCOHT
origin based on dual loss of SMARCA2 and SMARCA4. The other
13 ovarian cell lines included in the screen are highlighted in

Table 1. Characterization of ovarian cell lines

SMARCA2 SMARCA4 ARID1A
Tazemetostat day
4 H3K327me3 IC50

Tazemetostat day
15 Proliferation IC50

Cell line Subtype Mutation Protein Mutation Protein Mutation Protein (mmol/L) (mmol/L)

Bin-67 SCCOHT ND Absent c.2438þ1G>A
c.2439–2A>T

Absent ND Present 0.008 0.29

COV434 SCCOHT ND Absent Absent G1255E Present 0.008 0.073
TOV112D SCCOHT Absent p.L639fs�7 Absent Present 0.010 0.34
OVK18 SCCOHT Absent p.P109fs�194 Absent p.Y592fs�27 Absent 0.032 0.86
TYK-NU Teratoma Present Absent Present 0.016 >10
JHOC5 Clear cell/

endometrioid
ND Present Absent Present 0.001 >10

OAW42 Other
(epithelial,
cystoadenocarcinoma)

Absent Present p.P559fs�63,
p.A1119fs�4

Present 0.007 >10

PA-1 Teratoma Absent Present Present 0.04 5.9
COV362 Endometrioid ND Present Present Present 0.015 >10
ES-2 Clear cell/endometrioid Present Present Present Not done >10
NOTE: Information is listed for each line on: genetic status of SWI/SNF protein components, presence or absence of SWI/SNF protein component identified
by Western blot analysis, tazemetostat day 4 H3K27me3 IC50 (mmol/L), and tazemetostat long-term proliferation (LTP) day 15 IC50 (mmol/L). All mutations are
reported by CCLE or COSMIC. ND, no data available; empty cells indicateWT gene status. Where multiple subtypes are indicated, classification varied depending on
publication.
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Fig. 4C. The SCCOHT cell line, COV434, was the only ovarian cell
line to be sensitive to EZH2 knockout and was one of the most
sensitive cell lines across all the cell lines screened (Fig. 4C). Two
EZH2-insensitive cell lines (TYKNU and JHOC-5) with low
SMARCA4 expression were instead sensitive to SMARCA2 knock-
out, similar to what has been previously reported (Fig. 4B). These
data indicate that inhibition of EZH2 catalytic activity by taze-
metostat displays the same effects as genetic knockout of EZH2,
arguing against a non-enzymatic scaffolding effect of EZH2 in
these cell lines.

Next, we examined whether knockout of individual SWI/SNF
protein components in an insensitive cell line can induce
sensitivity to EZH2 inhibition. To achieve this, six ovarian cell
lines were treated with or without tazemetostat and screened
with our custom CRISPR pooled library (Fig. 4D; Supplemen-
tary Table S7). No consistent changes in sensitivity were
observed in any of the tested cell lines following tazemetostat
treatment when a single SWI/SNF component or when EZH2
was knocked out. As can be seen no synergy was observed
between EZH2 knockout and tazemetostat treatment, further
strengthening the argument that antiproliferative effects of

tazemetostat in SCCOHT are mediated through EZH2 inhibi-
tion. Interestingly, SMARCA2 knockout in three cell lines with
low SMARCA4 expression, (OVISE, RMGI, OV90) did not lead
to sensitivity following tazemetostat treatment. This suggests
that the sensitivity of SCCOHT lines to EZH2 inhibition cannot
be phenocopied by ablating SMARCA2 in other ovarian cancer
subtypes harboring low SMARCA4 expression. Thus, the cell-of-
origin and other cell-intrinsic factors contribute to EZH2 essen-
tiality in SCCOHT.

Antitumor effects observed in tazemetostat-treated SCCOHT
xenografts

To ensure that the observed growth effects are not limited to
two-dimensional culture conditions we treated cell line mouse
xenografts with tazemetostat to test three-dimensional in vivo
effects. Tazemetostat efficacy studies were performed in BALB/c
nudemicebearing subcutaneous Bin-67,COV434, andTOV112D
xenografts (Fig. 5; Supplementary Fig. S5). In the COV434 and
TOV112D models, animals were dosed orally in three groups
(vehicle, 125 and 500mg/kg), twice daily (BID) for 28 days in the
COV434 model and for 14 days in the TOV112D model. In the

100

A B C

D E

10

1

0.1

0.01

100
125

100

75

50

25

-25
0.0001 0.001 0.01 0.1

Log mmol/L tazemetostat

[mmol/L Tazemetostat]
SMARCA2 increases over time with 1 mmol/L tazemetostat treatment in SCCOHT

Bin-67

COV434

COV362

JHOC-5

H3K27me3 100

80

60

40

20

0

COV362

Treatment time (days)
0

0

5×105

1×107

1.5×107

2 4 6 8

00

5×106

1×107

1.5×107

2×107

2.5×107

2 4 6 8

80

5×106

1×107

1.5×107

10 12 14

10 µmol/L
3.33
1.11
0.370
0.123
0.0412
0.0137
0.00457
0.00152
0.000508
DMSO
Medium

10 µmol/L
3.33
1.11
0.370
0.123
0.0412
0.0137
0.00457
0.00152
0.000508
DMSO
Medium

16

8
0

5×106

1×107

1.5×107

2×107

10 12 14 16

Treatment time (days)

Treatment time (days)

COV434
SMARCA2(-)/4(-)

JHOC-5
SMARCA2(+)/4(-)

Treatment time (days)

C
el

ls
/w

el
l

C
el

ls
/w

el
l

C
el

ls
/w

el
l

C
el

ls
/w

el
l

JHOC-5 Bin-67 TOV112D COV434D
M

S
O

Fo
ld

 c
ha

ng
e 

ov
er

 D
M

SO

D
M

S
O

D
M

S
O

D
M

S
O

D
M

S
O D
4

D
8

D
12D
4

D
8

D
12D
4

D
8

D
12D
4

D
8

D
12D

4

D
8

D
12

H3K27me3

H3K27me3

H3K27me3

H3

H3

H3

H3

Log mmol/L tazemetostat

%
 G

ro
w

th
 in

hi
bi

tio
n

%
 G

ro
w

th
 in

hi
bi

tio
n

1 10 100

0.0001 0.001 0.01 0.1 1 10 100

Bin67

ES-2
COV362
JHOC5
TYKNU
OAW42
PA-1

COV434
TOV112D
OVK18

0

125

100

75

50

25

-25

0

10

1

0.1

0.01

All ovarianTa
ze

m
et

os
ta

t d
ay

 1
5 

IC
50

 (m
m

ol
/L

)
Ta

ze
m

et
os

ta
t d

ay
 1

5 
IC

50
 (m

m
ol

/L
)

Ta
ze

m
et

os
ta

t d
ay

 1
5 

IC
50

 (m
m

ol
/L

)

Cell lines WT

WT

ARID1A Mutant

SMARCA2
absent

D
M

SO

0.
00

05
08

0.
00

15
2

0.
00

45
7

0.
01

37

0.
04

1.
2

0.
12

3

0.
37

0

1.
11

3.
33

10

SMARCA4
absent

SMARCA2/4
Dual Loss

P < 0.0001

100

10

1

0.1

0.01

P < 0.05
P < 0.01
P < 0.001
P < 0.0001

Figure 2.

A, Thirty seven ovarian cell lines shown in Fig. 1 were tested in long-termproliferation assayswith tazemetostat. IC50s between 0.073 and >10mmol/Lwere observed.
Cell lines with loss of both SMARCA2 and SMARCA4 were most sensitive to tazemetostat (IC50 values of less than 1 mmol/L, P < 0.0001). LTP IC50 values
were not significantly different betweenARID1AWTandARID1Amutated cell lines (top right,P >0.05). Significance determined using the two-tailed unpaired T test.
B, Dose-dependent inhibition of cell growth is observed upon tazemetostat treatment in four SMARCA2-deficient and SMARCA4-deficient cell lines, but not
in SMARCA4-deficient JHOC-5 and TYKNU, SMARCA2-deficient PA-1 and OAW42, or SMARCA2 and SMARCA4 WT cell line ES-2 or COV362 (technical replicates,
n ¼ 3). C, Representative growth curve plots from a SMARCA2-deficient and SMARCA4-deficient SCCOHT cell line (COV434) and a SMARCA2 WT and
SMARCA4-deficient cell line (JHOC-5). Antiproliferative effects observed in SCCOHT cell lines treated with tazemetostat. Day 15 IC50 values are shown in Table 1
(technical replicates, n¼ 3). Significance determined using the two-tailed paired T test (Supplementary Tables S3 and S4). D, Shown are representative H3K27me3
Western blots in SMARCA2 and SMARCA4 dual loss SCCOHT lines (Bin-67, COV434), a SMARCA4-deficient cell line (JHOC-5), and a SMARCA2 and
SMARCA4 wild-type cell line (COV362). H3K27me3 IC50 values are shown in Table 1. E, SMARCA2mRNAwas upregulated upon tazemetostat treatment in SCCOHT
and not in non-SCCOHT cell lines over time. � , day 12 sample too small to test. Significance determined using two-tailed paired T test.
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Bin-67 model, animals were dosed orally in four groups (vehicle,
125, 250, and500mg/kg), twice daily for 18days. All three studies
reached endpoint when the vehicle tumors reached approximate-
ly 2,000mm3. After 28 days of dosing in the COV434model one-
half of the mice in the 500 mg/kg dose group were euthanized to
collect blood and tissues while the remaining animals continued
on the study tomonitor for tumor regrowth. All dose groups in the
tazemetostat-treated Bin-67 and TOV112D xenografts were
euthanized to collect blood and tissues after 18 and 14 days of
dosing respectively. Tumors showed statistically significant differ-
ences in volume compared with vehicle after 14 days in the
TOV112D model, after 18 days in the Bin-67 model, and after
28 days in the COV434 model (Fig. 5; Supplementary Fig. S5).
Bin-67 xenografts were analyzed on day 18 and showed 56%
tumor growth inhibition (TGI) and 87% TGI in the 125 and 250
mg/kg dose groups respectively (Fig. 5A). Tumors in the 500 mg/
kg dose group showed regressions in all 10 animals with an
average tumor volume of 41 mm3. TOV112D xenografts are fast
growing and as a result the study completed on day 14. The 125
mg/kg and 500mg/kg dose groups showed statistically significant
TGI of 28%and 35%, respectively, on day 14 (Supplementary Fig.
S5). On day 28 COV434 xenografts from the 125 mg/kg dose
group showed 74% TGI, whereas the tumors in the 500 mg/kg
dose group showed complete regressions with 7 of the 8 animals
having unmeasurable tumors. Regrowth was not observed for 28
days after dose cessation (Fig. 5C). In both models, tazemetostat
was well tolerated with minimal bodyweight loss and no other
clinical observations (Supplementary Fig. S6). Dose-dependent
systemic exposure of tazemetostat was measured in plasma col-
lected 5 minutes prior or 3 hours after final dose for all models
(Supplementary Fig. S7). Measurement of H3K27me3 levels in
tumors harvested at study endpoints showed robust inhibition

that correlated with antitumor activity (Fig. 5B and D; Supple-
mentary Fig. S5C). These data, combined with the in vitro prolif-
eration data, demonstrate that EZH2 inhibition by tazemetostat
elicits potent antitumor activity in SCCOHT.

Discussion
The data reported here describe, for the first time, the oncogenic

dependency of dual SMARCA2- and SMARCA4-deficient
SCCOHT preclinical models on PRC2 activity. Given the rarity
of this subtype of ovarian cancer, as well as the lack of SCCOHT-
specific markers, this disease has been largely understudied and
very difficult to diagnose. The identification of SMARCA2 and
SMARCA4 dual loss as a defining feature of SCCOHT has
advanced not only the biological understanding of this tumor
type but has improved the diagnosis and clinical management of
the disease. On the basis of the SMARCA2 and SMARCA4 dual
loss, we were able to confirm that the Bin-67 cell line is of
SCCOHT origin and as well identify three additional SCCOHT
cell lines from our 37 ovarian cell line panel. These three mis-
attributed cell lines have been used in numerous published
studies, namely COV434 which has been reported to be only
one of two available immortalized cell lines representing human
granulosa cell tumors. This further emphasizes the difficulty in
diagnosing SCCOHT; this finding also cautions that care must be
taken when working with cell lines of unclear attribution. We
showed here that SCCOHT cell lines are uniquely sensitive to
tazemetostat treatment among other types of ovarian cancer in
long-term proliferation assays. We further showed that tazemeto-
stat evoked significant antitumor effects in xenograft models of
SCCOHT cell lines. In addition to small-molecule inhibitor data,
our functional genomics studies confirm that SCCOHT is
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Figure 3.

Time course treatment of ovarian cell lineswith tazemetostat, treated cells stainedwith propidium iodide showG0–G1 arrest in SCCOHT lines Bin-67 (A) and COV434
(B) after 14 days of treatment andalso a significant increase in sub-G1 events, indicatinghigh rates of cell death. SMARCA2andSMARCA4WTovarian line JHOS-2was
unaffected by treatment (C). An increase in apoptotic events as measured by annexin positive staining was observed in Bin-67 (D) and COV434 (E) but not in
JHOS-2 (F). Cell-cycle data: orange represents sub G1 events, blue represents G0–G1 events; red, S (synthesis) events; green, G2 events. Apoptosis data: blue,
annexin (�)/7-AAD (þ) events; red, annexin (þ)/7-AAD (þ); orange, annexin (þ)/7-AAD (�); green, Annexin (�)/7-AAD (�); all data points represent n ¼ 1.
Significance determined using two-tailed paired t test (Supplementary Tables S5 and S6).
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dependent on EZH2 activity, as a single SCCOHT cell line was the
only ovarian cancer line sensitive to EZH2 gene ablation in
CRISPR pooled screen.

It has been reported that SCCOHT shares similarities with
malignant rhabdoid tumors (MRT) despite having mutations in
different SWI/SNF complex members (20, 21, 27). The molec-
ular, histopathological, and clinical commonalities between
SCCOHT and rhabdoid tumors have led to the suggestion that
SCCOHT be reclassified as "malignant rhabdoid tumor of the
ovary" (MRTO) (20, 27). We previously reported the depen-
dency of MRT on PRC2 activity using preclinical models that
showed antiproliferative effects upon tazemetostat treatment

(3) and here we report for the first time the same sensitivity to
EZH2 inhibition of SCCOHT preclinical models. In this study,
we report data to support further the existence of a class of
rhabdoid-like tumors that not only represent a mesenchymal
stem cell-like group of cancers that have misregulated SWI/SNF
function (characterized by SWI/SNF loss of function muta-
tions) but that are also dependent on PRC2 activity. This
specific tumor class also shares clinical and histopathological
features and has been found to carry a BAF-deficient sarcoma
gene signature that is represented by developmental and
embryonic stem cell programs (37). It is important to note
that loss of SWI/SNF components alone does not predict

Figure 4.

A, CRISPR pooled screen data from 170 cell lines for which mutation data are available in CCLE. On the y-axis is sensitivity (LogP RSA) to KRas knockout. Cell lines
are colored by KRas mutations: gray, wild type; orange, mutant. B, CRISPR pooled screen data from 170 cell lines for which microarray expression data are available
in CCLE. On the y-axis is sensitivity (RSA LogP) to SMARCA2 knockout. Cell lines are colored by SMARCA4 expression: blue, high SMARCA4 expression;
red, low SMARCA4 expression. Cell lines that are sensitive to SMARCA2 knockout tend to have low SMARCA4 expression, including two ovarian cell lines (TYKNU
and JHOC-5). C, CRISPR-pooled screen data from 195 cell lines, including 13 ovarian cell lines, one of which we identified to be of SCCOHT origin based on
dual loss of SMARCA2 and SMARCA4. This cell line, COV434, was the only ovarian cell line to be sensitive to EZH2 knockout. The y-axis is the LogP of the RSA score,
which represents the sensitivity of knockout to EZH2. A cutoff of –2.5 for the LogP was used as this delineates KRas-sensitive mutant cells in A. Pink, ovarian
cell lines; gray, all other indications. � , indicates absent or low levels of ARID1A protein byWestern blot analysis. D, Six ovarian cell lines were treated with or without
1 mmol/L tazemetostat and screened with an epigenetic-centric CRISPR pooled library. The graph shows the sensitivity (RSA LogP) score for each cell line
and each SWI/SNF component or EZH2 with or without treatment. The y-axis values represent scores in the absence of tazemetostat treatment, and the x-axis
represent scores in the presence of tazemetostat treatment. Data are colored by gene and shaped by cell line. The pink and green area denote where data
would fall if EZH2 inhibition led to a decrease or increase in sensitivity, respectively. Three cell lines with low expression of SMARCA2 (OVISE, RMGI, and OV90) are
marked by black arrows. One cell line, JHOC-5 (blue arrow), which has low SMARCA4 expression, is sensitive to knockout of SMARCA2 both in the presence
and absence of EZH2 inhibition. The solid line is x ¼ y, and the dotted red lines represent sensitivity cut-off values. Data are an average of two time points.
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sensitivity to EZH2 inhibition. In vitro data demonstrated that
ovarian cell lines with ARID1A mutations did not display
antiproliferative effects upon tazemetostat treatment nor show
sensitivity to EZH2 knockout in our CRISPR pooled screen. This
is in contrast with previous reports that showed in vitro and in
vivo sensitivity of ARID1A-mutated lines upon treatment with
GSK126, another EZH2 inhibitor, and EZH2 shRNA knock-
down (39, 40). Given the known off-target effects that accom-
pany RNAi methods, CRISPR knockout is more effective and
specific for interpreting gene knockout phenotypes. Therefore,
our inhibitor data along with our CRISPR data suggest that at
least in vitro, ARID1A-mutated cell lines may not be as sensitive
to EZH2 loss. An area of high interest is therefore to test the
contribution of the tumor microenvironment in ARID1A-
mutated in vivo models upon tazemetostat treatment. The
cancer cell-of-origin appears to be a critical codeterminant of
dependence on EZH2 activity; transcriptome analysis per-
formed on a select number of SWI/SNF altered primary tumors
revealed that SMARCA4- or INI1-deficient rhabdoid-like
tumors clustered together and away from SMARCA4-deficient
lung tumors, a more epithelial and more differentiated type of
tumor (37). In addition, data from our CRISPR pooled screen
show that knocking out SMARCA4 in a SMARCA2 low-expres-
sing cell line (and vice versa) does not sensitize the cells to
tazemetostat treatment further supporting the importance of
the cell of origin. During SCCOHT oncogeneis, cells likely
become dependent on EZH2 activity early in tumorgenesis, as
supported by the low mutational burden of rhabdoid tumors
deficient of SMARCA2 and SMARCA4/INI1 (19, 20, 22). This
further suggests that engineering a synthetic lethal reliance on

EZH2 via knockout of the second ATPase is not feasible in a
tumor that is already not a dependent EZH2 cell line (e.g., a
non-SCCOHT ovarian tumor). In the case of epigenetic targets
which modulate global transcriptional regulation and state, the
path by which a cell arrives at a malignant state is likely to
determine whether a synthetic lethal relationship exists (which
will likely occur with many epigenetic targets). This is likely
distinct from pathway synthetic lethality which is agnostic to
cell-of-origin.

SMARCA2 and SMARCA4 are mutually exclusive ATPase sub-
units of the SWI/SNF complex. Studies in other cancer typeswhich
also show dual loss (e.g., NSCLC) have surprisingly shown that
the SWI/SNF complex can still form in the absence of any ATPase
subunit (43). It remains to be seen whether a residual complex
forms in SCCOHT and if it retains any remodeling activity.
Interestingly, SMARCA2 loss has been observed in numerous
other cancer cell lines and primary tissues though genetic muta-
tions are rare, suggesting epigenetic or post-transcriptional silenc-
ing events (45). Interestingly, a study showed that the histone
deacetylase inhibitor trichostatin A was able to reactivate the
expression of SMARCA2 in a SMARCA2-low SCCOHT cell line.
The same study showed that reexpression of either ATPase in
SCCOHTcell lineswas able to inhibit cell growth emphasizing the
importance of SMARCA2 and SMARCA4 dual loss in SCCOHT
(24). We also observed upregulation of SMARCA2 upon tazeme-
tostat treatment in SCCOHT cell lines (Fig. 2E). Further studies are
underway not only to determine the role of SMARCA2 upregula-
tion in cell death in SCCOHT but also to understand the func-
tional consequences of SWI/SNF mutations for both complex
activity as well as downstream pathway alterations.
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Figure 5.

A–D, In vivo xenograft tumors from SCCOHT lines were dosed with tazemetostat for 18 days (Bin-67, A and B) or 28 days (COV434, C and D). Tumors showed
statistically significant (two-tailed paired t test) differences in volume compared with vehicle after 18 and 28 days in the Bin-67 and COV434 xenograft
models, respectively. After day 28, a portion of the COV434 xenograft mice from the 500mg/kg cohort were retained tomonitor for tumor regrowthwhile under no
treatment. EZH2 target inhibition was assessed by H3K27me3 levels in xenograft tissue collected on day 18 for Bin-67 (B) and day 28 for COV434 (D). Each
point represents the ratio of H3K27me3 to total H3 from the tumor of a single animal as measured by ELISA. The tumors from the 500 mg/kg dose groups in both
models were too small to sample and therefore methyl mark data could not be generated.
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These preclinical data suggest that tazemetostat may have
therapeutic benefit in patients with MRT and SCCOHT. Indeed,
we reported the first clinical activity of an EZH2 inhibitor in
patients with INI-deficient MRT and SMARCA4-deficient
SCCOHT in our Phase 1, first-in-human study (E7438-G000-
001, NCT01897571), testing the effects of tazemetostat in
INI1-deficient and SMARCA4-deficient relapse and/or refractory
solid tumors (46). Within this study of 51 patients (30 solid
tumor and 21 non-Hodgkin's lymphoma) immunohistochemis-
try of tumor tissue identified five INI1-deficient MRT patients and
two SMARCA4-deficient SCCOHT patients. As reported by Ribrag
and colleagues (46) responses observed in patientswithMRT after
8 weeks of treatment included one complete response (CR), one
partial response (PR), two stable disease (SD), and one progres-
sive disease (PD). Clinical responses observed in patients with
SCCOHT after 8 weeks of treatment included one PR and one SD.
Timeon study for these patients ranged from11 to 65þweeks. It is
important to note that patients with rhabdoid tumors have a very
aggressive disease course, are resistant to chemotherapy, and have
a survival rate of <25% with a mean time to death of <9 months.
Thus, the observation of tumor regression and even sustained
disease stabilization in patients with this tumor appears to be of
notable clinical benefit.

In summary, we report a novel dependence on PRC2 activity
in the rhabdoid-like tumor of the ovary, SCCOHT, similar to
that seen in MRT. We observed therapeutic benefit of EZH2
inhibition in patients with SCCOHT, as predicted from the
preclinical data presented in this report. Identifying additional
rhabdoid-like tumors in other tissue classes is currently an
active area of investigation as they represent an indication
potentially amenable to treatment with an EZH2 inhibitor as
monotherapy.
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