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SUMMARY

ARID1A , a subunit of the SWI/SNF complex, is among the most frequently mutated genes across 

cancer types. ARID1A is mutated in more than 50% of ovarian clear cell carcinomas (OCCCs), 

diseases that have no effective therapy. Here, we show that ARID1A mutation confers sensitivity 

to pan-HDAC inhibitors such as SAHA in ovarian cancers. This correlated with enhanced growth 
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suppression induced by the inhibition of HDAC2 activity in ARID1A-mutated cells. HDAC2 

interacts with EZH2 in an ARID1A status-dependent manner. HDAC2 functions as a co-repressor 

of EZH2 to suppress the expression of EZH2/ARID1A target tumor suppressor genes such as 

PIK3IP1 to inhibit proliferation and promote apoptosis. SAHA reduced the growth and ascites of 

the ARID1A-inactivated OCCCs in both orthotopic and genetic mouse models. This correlated 

with a significant improvement of survival of mice bearing ARID1A-mutated OCCCs. These 

findings provided preclinical rationales for repurposing FDA-approved pan-HDAC inhibitors for 

treating ARID1A-mutated cancers.

In Brief

Fukumoto et al. show that ARID1A mutation confers sensitivity to pan-HDAC inhibitors such as 

SAHA in ovarian cancers. This correlated with enhanced growth suppression induced by the 

inhibition of HDAC2 activity in ARID1A-mutated cells. These findings provided preclinical 

rationales for repurposing FDA-approved pan-HDAC inhibitors for treating ARID1A-mutated 

cancers.

INTRODUCTION

SWI/SNF chromatin remodeling complexes regulate gene transcription by changing 

chromatin accessibility through hydrolyzation of ATP (Wilson and Roberts, 2011). Cancer 

genome sequencing revealed that mutations in genes encoding for the subunits of the 

SWI/SNF complexes collectively occur in ~20% of all human cancers (Kadoch et al., 2013). 

For example, saturation analysis of The Cancer Genome Atlas (TCGA) cancer mutational 

profile finds that the ARID1A subunit of the SWI/SNF complex is among the genes that 

show the highest mutation rates across multiple cancer types (Lawrence et al., 2014). 

ARID1A is mutated in more than 50% of ovarian clear cell carcinomas (OCCCs) and 30% 

of ovarian endometrioid carcinomas (OECs) (Jones et al., 2010; Wiegand et al., 2010). 

ARID1A mutation is a known genetic driver of ovarian cancer. More than 90% of the 
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ARID1A mutations observed in ovarian cancer are frame-shift or nonsense mutations that 

result in the loss of ARID1A protein expression (Jones et al., 2010; Wiegand et al., 2010). 

Loss of ARID1A correlates with late-stage disease and predicts early recurrence of OCCC 

(Ye et al., 2016). OCCC ranks second as the cause of death from ovarian cancer and is 

associated with the worst prognosis among the major ovarian cancer subtypes when 

diagnosed at advanced stages (Chan et al., 2008; Mackay et al., 2010). For advanced-stage 

disease, there is no effective therapy. In Japan, its prevalence is higher than in western 

countries, with an estimated incidence of ~25% of ovarian cancers (Saito and Katabuchi, 

2016). ARID1A is mutated in ~62% of Japanese OCCC patients (Murakami et al., 2017).

Histone deacetylases (HDACs) are established targets against cancers (West and Johnstone, 

2014). Several HDAC inhibitors have been approved by the U.S. Food and Drug 

Administration (FDA) for treating hematopoietic malignancies. The most extensively 

studied and commonly used HDAC inhibitor is suberoylanilide hydroxamine (SAHA or 

vorinostat). SAHA is a nonselective pan-HDAC inhibitor and was the first FDA-approved 

HDAC inhibitor (Mann et al., 2007). HDAC2 belongs to class I HDACs that function to 

remove acetyl groups from histones to condense chromatin and repress transcription (West 

and Johnstone, 2014). High expression of HDAC2 is associated with poor outcomes in 

ovarian cancer (Weichert et al., 2008). However, whether HDAC2 can be explored as a 

therapeutic target for ARID1A-mutated cancers has never been investigated. Here we show 

that ARID1A-mutated ovarian cancers are selectively sensitive to HDAC2 inhibition. The 

HDAC inhibitor SAHA reduces the tumor burden of ARID1A-mutated ovarian cancer and 

improves the survival of mice bearing ARID1A-mutated ovarian cancers. Our findings 

provide scientific rationale for repurposing FDA-approved HDAC inhibitors such as SAHA 

for ARID1A-mutated cancers.

RESULTS

HDAC2 Interacts with EZH2 in an ARID1A Status-Dependent Manner

Because EZH2 inhibition is synthetically lethal with ARID1A mutation (Bitler et al., 2015; 

Januario et al., 2017; Kim et al., 2015), and EZH2-containing PRC2 complex interacts with 

HDAC2 (van der Vlag and Otte, 1999), we sought to determine whether ARID1A regulates 

the interaction between EZH2 and HDAC2. Co-immunoprecipitation (coIP) analysis 

revealed that EZH2 and HDAC2 interact with each other in ARID1A-mutated TOV21G cells 

(Figure 1A). However, restoration of wild-type ARID1A impaired the interaction between 

EZH2 and HDAC2 (Figure 1A). EZH2 did not interact with HDAC2 in ARID1A wild-type 

RMG1 cells, whereas CRISPR-mediated knockout of ARID1A promoted their interaction 

(Figure S1A). As a control, there is no interaction based on coIP analysis between EZH2 and 

HDAC1 regardless of ARID1A status (Figure S1B). In addition, ARID1A does not interact 

with HDAC2 in ARID1A wild-type cells (Figure S1C). Consistent with previous reports 

(Helming et al., 2014), wild-type ARID1A restoration decreased the expression of ARID1B, 

the mutually exclusive subunit of ARID1A, in ARID1A-mutated cells (Figure S1D). 

However, HDAC2 did not interact with ARID1B in ARID1A-mutated cells (Figure S1E). 

Thus, we conclude that HDAC2 interacts with EZH2 in an ARID1A status-dependent 

manner.

Fukumoto et al. Page 3

Cell Rep. Author manuscript; available in PMC 2018 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HDAC2 Inhibition Suppresses Growth and Induces Apoptosis in ARID1A-Inactivated Cells

We next sought to determine whether ARID1A status affects response to HDAC2 inhibition. 

ARID1A knockout significantly enhanced the growth inhibition induced by HDAC2 

knockdown in ARID1A wild-type RMG1 cells in both conventional two-dimensional (2D) 

cultures and three-dimensional (3D) cultures using Matrigel that more closely mimic the 

tumor environment (Figures 1B–1E, S1F, and S1G). Similar observations were made using 

additional ARID1A wild-type and mutated OCCC cell lines, as well as primary OCCC 

cultures from tumors with or without ARID1A expression (Figures S1H–S1R). Restoration 

of wild-type ARID1A in ARID1A-mutated cells de-sensitized these cells to HDAC2 

knockdown (Figures S1S–S1V). We next sought to determine whether the observed 

sensitivity depends on the catalytic activity of HDAC2. The observed growth inhibition 

induced by HDAC2 knockdown can be rescued by a short hairpin RNA (shRNA)-resistant 

wild-type HDAC2, but not a mutant HDAC2 H142A that is deficient for its catalytic activity 

(Figures 1F, 1G, S1W, and S1X) (Kobayashi et al., 2017). Compared with ARID1A-

proficient cells, ARID1A-deficient cells are more sensitive to CAY10683, a relatively 

selective tool HDAC2 inhibitor (Figure S1Y) (Pavlik et al., 2013). Altogether, we conclude 

that HDAC2 interacts with EZH2 in an ARID1A status-dependent manner, which correlates 

with the observed changes in sensitivity to inhibition of HDAC2 activity.

We next determined the expression of markers of apoptosis in ARID1A wild-type and 

mutated cells with or without HDAC2 knockdown by immunofluorescence staining of 

cleaved caspase-3, a marker of apoptosis, in acini formed in 3D culture (Figures 1H and 

S1Z). Cleaved caspase-3 was significantly induced by HDAC2 knockdown in ARID1A-

mutated cells, but not wild-type cells (Figures 1I and S1AA). This was accompanied by a 

significant decrease in the cell proliferation marker Ki67 in ARID1A-mutated cells, but not 

wild-type cells (Figures 1J and S1AB). Immunoblot experiments revealed that markers of 

apoptosis such as cleaved caspase-3 and cleaved PARP p85 were significantly induced by 

HDAC2 knockdown in ARID1A-mutated cells, but not wild-type cells (Figures 1K and 

S1AC). Knockdown of EZH2- or HDAC2-induced growth inhibition and apoptosis were 

comparable, and there were no significant additive effects on growth inhibition or apoptosis 

induced by knockdown of EZH2 and HDAC2 (Figures S1AD–S1AE).

HDAC2 Regulates Expression of EZH2/ARID1A Target Gene PIK3IP1

To identify genes that are repressed by HDAC2, we performed RNA sequencing (RNA-seq) 

analysis in TOV21G cells with or without knockdown of HDAC2 expression by two 

independent short hairpin HDAC2s (shHDAC2s). RNA-seq analysis revealed that 1,111 

genes were significantly upregulated by HDAC2 knockdown (GEO: GSE107201). Given 

that EZH2 and HDAC2 interaction is ARID1A status dependent and HDAC2 represses gene 

expression, we cross-referenced genes upregulated by HDAC2 knockdown with 45 EZH2/

ARID1A target genes we have previously identified (Bitler et al., 2015). There is a 

significant enrichment of EZH2/ARID1A targets in genes upregulated by HDAC2 

knockdown (Figure 2A). Among the identified genes, PIK3IP1, an inhibitor of 

phosphatidylinositol 3-kinase (PI3K)/AKT signaling (Zhu et al., 2007), plays a major role in 

apoptosis induced by EZH2 inhibition in ARID1A-mutated cells (Bitler et al., 2015). Thus, 

we explored whether HDAC2 regulates PIK3IP1 expression in an ARID1A status-dependent 
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manner. HDAC2 knockdown induced PIK3IP1 expression in ARID1A-mutated cells, but not 

wild-type cells (Figures 2B and S2A). ARID1A knockout in ARID1A wild-type cells led to 

upregulation of PIK3IP1 by HDAC2 knockdown (Figure S2B), while wild-type ARID1A 

restoration in ARID1A-mutated cells suppressed HDAC2 knockdown-induced PIK3IP1 

upregulation (Figure 2C). Consistent with previous reports (Weichert et al., 2008), compared 

with normal human ovarian surface epithelial cells, HDAC2 is expressed at higher levels in 

laser capture and micro-dissected OCCCs in a published dataset (Figure S2C) (Stany et al., 

2011). Based on protein expression as determined by immunohistochemical (IHC) staining 

in 105 human OCCC and OEC specimens, HDAC2 negatively correlated with PIK3IP1 

expression, while ARID1A positively correlated with PIK3IP1 expression (Figures 2D–2F). 

Altogether, these results support that HDAC2 and ARID1A antagonistically regulate 

PIK3IP1 expression.

We next determined the role of PIK3IP1 upregulation in mediating the observed sensitivity 

induced by HDAC2 inhibition. Toward this goal, we knocked down PIK3IP1 in HDAC2 

knockdown, ARID1A-mutated TOV21G cells (Figure 2G). PIK3IP1 knockdown 

significantly impaired the growth inhibition induced by HDAC2 knockdown in both 2D and 

3D cultures (Figures 2H–2J), which correlated with a suppression of apoptosis markers 

induced by HDAC2 knockdown (Figure 2G). Consistent with previous reports that PIK3IP1 

suppresses PI3K/AKT signaling (Zhu et al., 2007), the observed changes correlated with the 

restoration of phosphor-AKT1 levels in PIK3IP1 knockdown cells (Figure 2G).

We next sought to determine whether HDAC2’s association with the PIK3IP1 gene promoter 

is regulated. Toward this goal, we performed chromatin immunoprecipitation (ChIP) 

analysis for HDAC2 in ARID1A wild-type RMG1 cells with or without ARID1A knockout. 

There is no significant association of HDAC2 with the PIK3IP1 gene promoter in ARID1A 
wild-type cells (Figure 3A). In contrast, ARID1A knockout led to a significant increase in 

the association of HDAC2 with the PIK3IP1 gene promoter (Figure 3B). HDAC2 

knockdown significantly increased H3K27ac on the PIK3IP1 gene promoter in ARID1A 

knockout cells, but not ARID1A wild-type cells (Figures 3A and 3B). This correlates with a 

significant increase in the association of RNA polymerase II (Pol II) with the PIK3IP1 gene 

promoter in ARID1A knockout cells, but not ARID1A wild-type cells (Figures 3A and 3B). 

Consistent with previous reports (Bitler et al., 2015), EZH2’s association with the PIK3IP1 
gene promoter was not affected by ARID1A status (Figures S3A and S3B). Similar to what 

we observed in ARID1A knockout cells, HDAC2’s association with the PIK3IP1 gene 

promoter was reduced by HDAC2 knockdown in ARID1A-mutated cells (Figure 3C). This 

correlated with an increase in H3K27ac and RNA Pol II’s association with the PIK3IP1 gene 

promoter in ARID1A-mutated TOV21G cells (Figure 3C). In contrast, there were no 

changes in EZH2’s association with the PIK3IP1 gene promoter in ARID1A-mutated 

TOV21G cells (Figure S3C). HDAC2’s association with the PIK3IP1 promoter was not 

affected by knockdown of EZH2 (Figure S3D) or ARID1B in ARID1A-mutated TOV21G 

cells (Figures S3E and S3F). Altogether, these data support a model whereby ARID1A 

prevents the binding of HDAC2 to the PIK3IP1 gene promoter (Figure S3G). This model is 

consistent with the findings that HDAC2 and EZH2 interact with each other in ARID1A-

mutated cells, but not wild-type cells.
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SAHA Reduced Tumor Burden and Improved Survival of Mice Bearing ARID1A-Inactivated 
Ovarian Cancers

There is no selective HDAC2 inhibitor available for in vivo animal studies. Thus, we 

explored the therapeutic potential for SAHA, an FDA-approved pan-HDAC inhibitor that is 

suitable for in vivo animal studies (Mann et al., 2007), in ARID1A-mutated ovarian cancers 

of preclinical models. Compared with ARID1A wild-type cells, the half maximal inhibitory 

concentration (IC50) of SAHA is significantly lower in ARID1A-mutated cells (Figure 4A; 

Table S1).

To determine the effects of HDAC2 inhibition in vivo on the growth of ARID1A-mutated 

tumors, we orthotopically transplanted luciferase-expressing ARID1A-mutated TOV21G 

cells into the bursa sac covering the ovary of immunocompromised nude mice to mimic the 

tumor microenvironment. The injected ARID1A wild-type or mutant cells were allowed to 

grow for 1 week to establish the orthotopic tumors. Mice were then randomized and treated 

daily for 3 weeks with vehicle control or SAHA (50 mg/kg) by intraperitoneal (i.p.) 

injection at the same dose as previously reported (Butler et al., 2000). SAHA treatment 

significantly inhibited the growth of xenografted ARID1A-mutated tumors (Figures S4A 

and S4B). We next examined the effects of SAHA treatment on the tumor burden of the 

transplanted ARID1A-mutated cells. Using tumor weight as a surrogate, we found that 

SAHA treatment significantly reduced the burden of orthotopically xenografted ARID1A-

mutated tumors (Figures 4B and 4C). Malignant ascites presents a considerable clinical 

challenge to the management of ovarian cancer (Kipps et al., 2013). Thus, we examined the 

effects of SAHA treatment on ascites production. SAHA significantly reduced the amount of 

ascites formed in mice bearing ARID1A-mutated tumors (Figures 4D and 4E). We next 

followed the survival of the treated mice after discontinuing the treatment regimens. 

Compared with vehicle controls, SAHA significantly improved the survival of mice bearing 

the orthotopically transplanted ARID1A-mutated tumors (Figure 4F). Likewise, SAHA 

significantly suppressed tumor growth, reduced the amount of ascites, and improved the 

survival in the pre-established, conditional Arid1a−/−/Pik3caH1047R-immuno-competent 

genetic OCCC mouse model (Figures 4G–4L). As a control, SAHA did not significantly 

affect the growth of ortho-topically transplanted ARID1A wild-type RMG1 tumors (Figures 

S4C and S4D). Thus, we conclude that SAHA significantly improved the survival of mice 

bearing ARID1A-mutated ovarian tumors.

Finally, we sought to correlate the observed improvement of survival, suppression of tumor 

growth, and reduction in tumor burden in vivo with the molecular pathways we have 

revealed in vitro. To do so, we performed IHC analysis for markers of cell proliferation 

(Ki67), apoptosis (cleaved caspase-3), and PIK3IP1 in the dissected ARID1A-mutated 

tumors treated with SAHA or controls. SAHA significantly decreased the cell proliferation 

marker Ki67 and increased the apoptotic marker cleaved caspase-3 (Figures 4M and 4N). 

Furthermore, PIK3IP1 staining was significantly increased by SAHA treatment (Figures 4M 

and 4N). ARID1A-mutated tumors also depend on HDAC6 activity, which is due to the 

deacetylation of pro-apoptotic lysine 120 residue of p53 (p53K120ac) by HDAC6 (Bitler et 

al., 2017). However, the dose of SAHA used in the present study did not significantly affect 

p53K120ac levels, suggesting that the observed anti-tumor effects are independent of 
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HDAC6 (Figures S4E and S4F). Altogether, we conclude that SAHA suppresses the growth 

of ARID1A-mutated ovarian tumors, which correlates with a decrease in cell proliferation, 

an increase in apoptosis, and an upregulation of HDAC2/ARID1A target gene PIK3IP1 in 

the treated ARID1A-mutated tumors.

DISCUSSION

Here, we show that ARID1A-mutated ovarian cancer cells are sensitive to HDAC2 

inhibition. This correlates with the recruitment of HDAC2 to the ARID1A/EZH2 target 

genes such as PIK3IP1 in an ARID1A status-dependent manner. HDAC2 and EZH2 interact 

with each other in ARID1A-deficient cells, but not in ARID1A-proficient cells. This 

supports the notion that the presence of ARID1A in the ARID1A/EZH2 target gene 

promoters prevented the recruitment of HDAC2 to these loci (Figure S3G). Growth 

inhibition and apoptosis induced by HDAC2 and EZH2 inhibition are comparable in 

ARID1A-mutated cells. However, it might be advantageous to inhibit HDAC2 and EZH2 

activity simultaneously to prevent the development of resistance to inhibition of either 

HDAC2 or EZH2 alone. HDAC2 does not interact with either ARID1A or ARID1B. 

However, it is possible that ARID1A is mutually exclusive to an HDAC2-containing 

complex other than HDAC2-EZH2. We previously showed that ARID1A-mutated ovarian 

cancers depend on HDAC6 activity due to direct suppression of HDAC6 gene by ARID1A 

(Bitler et al., 2017). In ARID1A wild-type cells, HDAC2 knockdown did not show 

selectivity against shRNA-mediated ARID1A knockdown (Bitler et al., 2017). In contrast, 

here we showed that compared with ARID1A wild-type cells, CRISPR-mediated ARID1A 

knockout cells are more sensitive to HDAC2 knockdown (Figures 2B–2E). This highlighted 

the advantage of performing analysis in complete-knockout cells compared to partial-

knockdown cells. In addition to HDAC2, pan-HDAC inhibitors inhibit the activities of other 

HDACs that are equally effective in suppressing both ARID1A-deficient and ARID1A-

proficient cells (Bitler et al., 2017). However, the IC50 of SAHA is significantly lower in 

ARID1A-mutated cells compared with ARID1A wild-type cells (Figure 4A). This suggests 

selectivity can be achieved with pan-HDAC inhibitors in ARID1A-inactivated cells.

In summary, our studies demonstrate that targeting HDAC2 activity using pan-HDAC 

inhibitors such as SAHA in ARID1A-mutated cells represents an urgently needed 

therapeutic strategy. SAHA is FDA approved. Thus, our studies provide a scientific rationale 

for a potential translation of these findings by repurposing the FDA-approved pan-HDAC 

inhibitors such as SAHA for ARID1A-mutated ovarian cancers, for which no effective 

therapies exist. Given that mutation and loss of expression of ARID1A and genetic 

alterations in other subunits of ATP-dependent chromatin remodeling complexes are 

observed in ~20% of all human cancers (Kadoch et al., 2013), our findings may have far-

reaching implications for improving therapy for an array of cancer types.

EXPERIMENTAL PROCEDURES

ChIP

ChIP was performed as previously described (Bitler et al., 2015). The following antibodies 

were used to perform ChIP: anti-HDAC2 (Abcam), anti-H3K27ac (Millipore), anti-Pol II 
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(Santa Cruz), and anti-EZH2 (Cell Signaling). Isotype-matched immunoglobulin G was used 

as a negative control. ChIP DNA was analyzed by qPCR against the promoter of the human 

PIK3IP1 gene using the following primers: forward, 5′-

AGGTGATTGAACGACCAGTG-3′, and reverse, 5′-GGGAAGCTCCCAGTTCTAAAG-3′.

Orthotopic Xenograft Ovarian Cancer Mouse Models In Vivo

The protocols were approved by the Institutional Animal Care and Use Committee 

(IACUC). For in vivo experiments, the sample size of mice per group was determined based 

on the data shown from in vitro experiments. Intrabursal orthotopic xenograft was performed 

as described previously (Bitler et al., 2015). Briefly, 1 × 106 luciferase-expressing, 

ARID1A-mutated TOV21G or ARID1A wild-type RMG1 cells were unilaterally injected 

into the ovarian bursa sac of 6- to 8-week-old female immunocompromised NOD scid 

gamma mice (NSG) mice. One week after injection of TOV21G cells, we visualized tumors 

by injecting luciferin (i.p.; 4 mg per mouse) resuspended in PBS and imaged with an In Vivo 

Imaging System (IVIS) Spectrum imaging system. The mice were then randomized into two 

groups based on luciferase activity and treated with vehicle control (2% DMSO/30% 

polyethylene glycol [PEG] 300/double distilled water [ddH2O]) or SAHA (50 mg/kg) daily 

by i.p. injection for an additional 3 weeks. Images were analyzed using Live Imaging 4.0 

software. Imaging analysis was performed blindly, but not randomly. Animal experiments 

were randomized. There was no exclusion from the experiments.

Arid1a−/−/Pik3caH1047R Genetic Clear Cell Ovarian Tumor Mouse Model

All experiments were approved by the IACUC. Transgenic mice with latent mutations in 

Arid1a and Pik3ca were generated by crossing Arid1aflox/flox mice (provided by Dr. Wang, 

University of Michigan, and crossed onto a C57BL/6J background for 9 generations) with 

R26-Pik3caH1047R mice carrying inducible Pik3ca mutations (Jackson Laboratory, Jax 

016977) as previously described (Bitler et al., 2017). All mice were maintained in specific 

pathogen-free barrier facilities. To induce tumorigenesis, 6- to 10-week-old Pik3caH1047R/

Arid1a−/− female mice were intrabursally injected with adenovirus-Cre as previously 

described (Bitler et al., 2017). 5 weeks after adenovirus-Cre injection, mice with palpable 

tumors were randomized and treated with SAHA (50 mg/kg) or vehicle control for 21 days. 

Following treatment, mice were sacrificed and the tumors were surgically dissected or 

followed for survival.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6 (GraphPad) for Mac OS. 

Quantitative data are expressed as mean ± SEM unless otherwise stated. ANOVA with 

Fisher’s least significant difference was used to identify significant differences among 

multiple groups. For all statistical analyses, the level of significance was set at 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• ARID1A inactivation enhanced growth suppression induced by HDAC2 

inhibition

• HDAC2 interacts with EZH2 in an ARID1A status-dependent manner

• HDAC2 functions as a co-repressor of EZH2 to promote apoptosis

• SAHA improved the survival of mice bearing ARID1A-mutated cancer
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Figure 1. HDAC2 Inhibition Suppresses Cell Growth and Induces Apoptosis in ARID1A-
Inactivated Cells
(A) ARID1A-mutated TOV21G cells with or without wild-type ARID1A restoration were 

subjected to co-immunoprecipitation (coIP) analysis using antibodies against EZH2 or 

HDAC2 or an immunoglobulin G (IgG) control. Immunoblots of the indicated proteins were 

performed.

(B) Immunoblot of the indicated proteins in parental and ARID1A CRISPR RMG1 cells.

(C) Indicated cells were grown in 3D using Matrigel. Scale bars, 75 measurable units (a.u.) 

using NIH ImageJ software.

(D) Quantification of the diameter of acini formed by the indicated cells in 3D culture. *p < 

0.05. n = 3.

(E) Quantification of the number of cells recovered from 3D culture of the indicated cells. 

*p < 0.05. n = 3.

(F) ARID1A-mutated TOV21G cells with endogenous HDAC2 knockdown using a shRNA 

that targets the 3′ UTR region of the human HDAC2 gene were concurrently expressing a 

FLAG-tagged, shRNA-resistant wild-type HDAC2 or a catalytically inactivated H142A 

HDAC2 mutant. Expression of HDAC2, FLAG, and β-actin was determined by immunoblot.

(G) Same as (F), but the indicated cells were subjected to growth analysis using the colony 

formation assay. Integrated density of colonies formed by the indicated cells was quantified. 

n = 4.

(H) Immunofluorescence staining of Ki67 (red), cleaved caspase-3 (green), and DAPI (blue) 

of the acini formed by ARID1A-mutated TOV21G cells with or without HDAC2 

knockdown in 3D culture on day 12. Scale bars, 20 μm.

(I and J) Quantification of (H). 200 cells from each indicated group were examined for 

expression cleaved caspase-3 (I) or Ki67 (J). n = 3.
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(K) ARID1A-mutated TOV21G cells with or without HDAC2 knockdown were examined 

for expression of markers of apoptosis cleaved caspase-3 and cleaved PARP p85, HDAC2, 

and GAPDH by immunoblot.

Error bars represent the SEM p value calculated with two-tailed t test. See also Figure S1.
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Figure 2. HDAC2 and ARID1A Antagonistically Regulate PIK3IP1 Expression
(A) ARID1A-mutated TOV21G cells expressing two independent shHDAC2s or control 

were subjected to RNA-seq analysis. The genes upregulated by both shHDAC2s were cross-

referenced with ARID1A/EZH2 target genes (Bitler et al., 2015).

(B and C) Immunoblot of the indicated proteins in ARID1A-mutated TOV21G without (B) 

or with (C) wild-type ARID1A restoration with or without HDAC2 knockdown by two 

independent shHDAC2s.

(D) Representative images of immunohistochemical staining using the indicated antibodies 

in 105 human ovarian clear cell carcinoma (OCCC) and ovarian endometrioid carcinoma 

(OEC) specimens. Scale bar, 100 μm.

(E and F) Quantification of (D). Expression of PIK3IP1, ARID1A, and HDAC2 was scored 

as high or low based on histological scores (H-scores). An H-score higher than the median 

of H-scores was considered high, and one lower than the median of H-scores was considered 

low. Correlation between HDAC2 and PIK3IP1 expression (E) and between ARID1A and 

PIK3IP1 (F) was examined. The p value was calculated by two-tailed Fisher’s exact test.

(G–J) Immunoblot of the indicated proteins in ARID1A-mutated TOV21G cells expressing 

shHDAC2, shPIK3IP1, or a combination (G). The indicated cells were subjected to 2D 

colony formation assay and 3D growth using Matrigel (H). Scale bar, 75 measurable units 

(a.u.) using NIH ImageJ software. n = 3. Integrated density of colonies formed in 2D was 

quantified (I). n = 4. The diameter of acini formed by the indicated cells in 3D was 

quantified (J). n = 3. Error bars represent the SEM p value calculated with two-tailed t test.

See also Figure S2.
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Figure 3. HDAC2 Directly RegulatesPIK3IP1 Gene in an ARID1A Status-Dependent Manner
(A–C) ARID1A wild-type RMG1 cells (A), ARID1A CRISPR RMG1 cells (B), and 

ARID1A-mutated TOV21G cells (C) with or without HDAC2 knockdown were subjected to 

ChIP analysis for the PIK3IP1 gene promoter using the indicated antibodies. An isotype-

matched IgG was used as a control. n = 4. Error bars represent the SEM p value calculated 

with two-tailed t test. See also Figure S3.
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Figure 4. SAHA Reduced Tumor Burden and Improved Survival of Mice BearingARID1A-
Inactivated Ovarian Cancers
(A) The IC50 of SAHA is significantly higher in ARID1A wild-type cells than in mutated 

cells. Red labels indicate primary OCCC cultures.

(B–F) Mice with established TOV21G tumors were randomized and treated with vehicle 

control or SAHA (50 mg/kg) daily by i.p. injection for 3 weeks. Representative images of 

reproductive tracks with tumors treated with vehicle control or SAHA (B). Scale bar, 10 

mm. Tumor weigh was quantified and used as a surrogate for tumor burden (C). 

Representative images of ascites collected from the mice treated with vehicle control or 

SAHA (D). The volume of ascites produced was quantified (E). After stopping the 

treatment, the mice from the indicated groups were followed for survival (F).

(G–L) Pik3caH1047R/Arid1aflox/flox-driven OCCCs were allowed to establish for 5 weeks 

and then were randomized and treated daily with 50 mg/kg of i.p. SAHA or vehicle control 

for 3 weeks. Representative images of mice treated with vehicle control or SAHA (G). 

White dashed lines indicate reproduction tracks, and the yellow dashed circle indicates the 

tumor formed. Images of dissected reproductive tracks with tumors from mice treated with 

vehicle control or SAHA (H). Scale bar, 10 mm. Tumor weigh was quantified and used as a 

surrogate for tumor burden (I). Representative images of ascites collected from the mice 

treated with vehicle control or SAHA (J). The volume of ascites produced was quantified 

(K). After stopping the treatment, the mice from the indicated groups were followed for 

survival (L).

(M and N) Same as (B). The consecutive sections of the xenograft tumors dissected from the 

indicated treatment groups were subjected to immunohistochemical staining using the 

indicated antibodies (M). Scale bar, 50 μm. H-score was quantified (N).

Error bars represent the SEM p value calculated with two-tailed t test. See also Figure S4 

and Table S1.
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