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Abstract
Background AT-rich interactive domain 1A (ARID1A) is a tumor suppressor gene that is frequently mutated in gastric cancer 
(GC). Although ARID1A mutations are not a druggable target for conventional treatments, novel therapeutic strategies based 
on a synthetic lethal approach are effective for ARID1A-deficient cancers. The histone methyltransferase EZH2 acts in a 
synthetic lethal manner in ARID1A-mutated ovarian cancer, although its role in GC remains unknown.
Methods The selective sensitivity of the EZH2 inhibitors for ARID1A-deficient GC cells was evaluated using cell viability 
and colony formation assays. The expression of PI3K/AKT signaling genes were investigated using TCGA’s cBioPortal 
database to determine whether the homeostasis between ARID1A and EZH2 is related to cell proliferation and survival 
via the PI3K/AKT signaling pathway. We also evaluated the phosphorylation of PI3K/AKT signaling proteins in ARID1A 
knock downed ARID1A-WT GC cells.
Results EZH2 inhibitors decreased the viability of ARID1A-deficient cells in a dose-dependent manner and demonstrated 
the selective sensitivity to ARID1A-deficient cells in vitro experiment system. Bioinformatics approach revealed that the 
PI3K/AKT signaling was tended to be activated in ARID1A-deficient GC enhancing cell viability and, furthermore, down-
regulation of EZH2 in ARID1A-deficient GC was related to normalization of PI3K/AKT signaling pathway. The cell experi-
ment revealed that phosphorylated AKT was upregulated in ARID1A-deficent GC cells.
Conclusions The present findings provide a rationale for the selective sensitivity of EZH2 inhibitors against ARID1A-
deficient GC and suggest the potential efficacy of targeted therapy using EZH2 inhibitors in this patient population.
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Introduction

Gastric cancer (GC) is a leading cause of cancer related mor-
bidity and mortality worldwide, especially in Asia [1, 2]. 
Despite advances in surgical technique and improvement 
in the efficacy of chemotherapy, the prognosis of patients 
with GC remains poor in advanced stage or recurrence [1]. 
A recent large-scale genome sequencing study from The 
Cancer Genome Atlas (TCGA) provided important infor-
mation on the genomic basis and heterogeneity of GC [3]. 
This led to the identification of several actionable and drug-
gable targets in GC, such as human epidermal growth factor 
receptor 2 (HER2) amplification, fibroblast growth factor 
receptor 2 (FGFR2) amplification/mutation, programmed 
cell death ligand 1 and 2 (PD-L1 and PD-L2) overexpres-
sion (CD274 and PDCD1LG2 amplifications) [4]. Mutation 
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profiling demonstrated the potential of personalized therapy 
based on these genomic aberrations for the treatment of GC. 
However, targeted therapies need to be further developed to 
improve their efficacy for the treatment of GC.

AT-rich interactive domain 1A (ARID1A) is a subunit of 
the Switch/Sucrose Non-fermentable (SWI/SNF) chromatin 
remodeling complex, which modulates gene expression (5, 
6). ARID1A is a haploinsufficient tumor suppressor gene 
and acts as a driver gene for GC development [7, 8]. Most 
ARID1A mutations in GC are truncating mutations, leading 
to ARID1A protein loss; therefore, ARID1A mutations are 
not considered as a druggable target for conventional thera-
pies [3]. A novel therapeutic approach based on the vulner-
ability of tumor cells harboring loss-of-function mutations 
to inhibition of synthetic lethal targets could be effective [9]. 
Synthetic lethality is generally defined by an interdependent 
relationship between two genes in which deficiency in gene 
A or B does not lead to cell death, whereas simultaneous 
deficiency of both A and B leads to cell death [10]. One 
example of therapeutic strategy based on synthetic lethality 
is poly (ADP)-ribose polymerase (PARP)1-targeted therapy 
against hereditary breast and ovarian cancers harboring 
BRCA1 and BRCA2 mutations [9]. In ARID1A-deficient 
cancer, several synthetic lethal targets were identified includ-
ing enhancer of zeste homolog 2 (EZH2), ARID1B, PARP, 
ataxia-telangiectasia-mutated-and-Rad3-related kinase 
(ATR), histone deacetylase 6 (HDAC6) and the glutathione 
metabolic pathway [10–15].

EZH2, a histone methyltransferase and a member of 
polycomb repressive complex 2 (PRC2), catalyzes the tri-
methylation of lysine 27 on histone H3; activated EZH2 
promotes cancer development by altering the expression 
of lineage specification genes, the pRB tumor suppressor, 
or DNA-damage repair genes [16]. Therefore, enzymatic 
inhibition of EZH2 methyltransferase activity is an effec-
tive targeted therapy for cancers with EZH2 overexpression 
or gain of function mutations [17–19]. EZH2 inhibition 
is also effective for ARID1A-mutated ovarian cancer [12]. 
ARID1A-deficient cancers are dependent on a non-catalytic 
role of EZH2, suggesting partial dependence on EZH2 his-
tone methyltransferase activity, but promising therapeutic 
utility for ARID1A-deficient cancer [20]. A previous study 
revealed that phosphoinositide-3-kinase interacting protein 
1 (PIK3IP1) as a direct target of ARID1A and EZH2, con-
tributing to the selective sensitivity of EZH2 inhibitor for 
ARID1A-mutated ovarian cancer cells by inhibiting phos-
phatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) 
signaling [12]. However, the therapeutic utility and molecu-
lar mechanism underlying synthetic lethality of EZH2 inhib-
itors for ARID1A-deficient GC remains unknown.

In the present study, we investigated the selectivity of 
EZH2 inhibitors for ARID1A-deficient GC cells to develop 
an effective targeted therapeutic strategy by using an in vitro 

experiment system and bioinformatics approach with the 
public database. Additionally, we evaluated the candidate 
group who are beneficial for effect of EZH2 inhibitors on 
ARID1A-deficient GC patients in association with the clin-
icopathological characteristics of patients.

Materials and methods

Cell culture

GC cell lines were obtained from the American Type Culture 
Collection (Manassas, VA, USA) and RIKEN BioResource 
Center (Ibaraki, Japan). These cells lines were authenticated 
by short tandem repeat analysis in April 2020 (Promega) 
[21]. Cells were cultured in RPMI-1640 medium (Sigma-
Aldrich; Merck KGaA, Darmstadt, Germany). Monolayer 
cells were maintained in a 37 °C incubator with 5%  CO2 and 
observed regularly under a light microscope (magnification, 
40 ×); cells were subcultured when they reached 80–90% 
confluency. All experiments were performed in triplicate. 
All experiments were carried out in accordance with the 
approved study plan and relevant guidelines.

Colony formation assay

In this study, three kinds of EZH2 inhibitors, GSK126 (IC50 
9.9 nM), GSK343 (IC50 4 nM), and EPZ005687 (IC50 
54 nM) were used (Selleck Chemicals, Houston, TX, USA). 
The effect of drug treatment on cancer cell survival was 
evaluated using colony formation assays. Cells were trypsi-
nized, counted, reseeded at the specified density in 6-well 
plates, exposed to three EZH2 inhibitors for 10–14 days, and 
fixed for 10 min in 50% (v/v) methanol containing 0.01% 
(w/v) crystal violet. The maximum effective concentration 
of each drug was determined in previous studies as fol-
lows; 5 μM GSK126 [12], 5 μM GSK343 [22], and 8.3 μM 
EPZ005687 [17]. The number of colonies were counted in 
all field of each well by OpenCFU (https ://openc fu.sourc 
eforg e.net/) [23].

Cell proliferation assay

Cell proliferation was evaluated using the WST-cell prolif-
eration assay with the Cell Counting Kit-8 (CCK-8, Dojindo 
Molecular Technologies, Inc., Kumamoto, Japan) according 
to the manufacturer’s specifications. Cells were seeded in 
96-well plates at density of 1 × 104 cells/well 2 days after 
small interfering RNA (siRNA)-mediated knockdown of 
ARID1A and incubated at 37 °C. Different doses of EZH2 
inhibitors were added when most cells had attached to the 
well. After further incubation for 24 h, the cells were treated 
with 10 µL CCK-8 reagent, incubated at 37 °C for 4 h, and 
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the absorbance at 450 nm was measured a microplate reader. 
The experiments were independently performed at least 
three times.

Small interfering RNA transfection

The method used for siRNA transfection was described in 
the previous study [5]. Briefly, knockdown experiments were 
performed using siRNA oligos for ARID1A (s15784 and 
s15785; Thermo Fisher Scientific Inc., Waltham, MA, USA), 
including two target-specific siRNAs and a control siRNA 
(negative control #1; Thermo Fisher Scientific) according to 
the manufacturer’s protocol. During the exponential growth 
phase, cells were transiently transfected with siRNA at a 
final concentration of 5 nM using Lipofectamine RNAiMAX 
(Thermo Fisher Scientific) according to the manufacturer’s 
protocol. After 48 h of incubation, cells were used for each 
experiment.

Western blotting

Western blot analysis was performed as previously described 
[5]. Cells were washed twice in ice-cold PBS, pelleted by 
centrifugation (1500 rpm for 5 min) and stored at − 80 °C. 
The pellet was resuspended in radioimmunoprecipitation 
assay buffer (Thermo Fisher Scientific) with a Halt Protease 
Inhibitor Single-Use Cocktail (100 ×; Thermo Fisher Scien-
tific), and centrifuged at 4 °C and 15,000 rpm for 20 min. 
Total protein concentration was measured using the Bradford 
method (Bio-Rad Laboratories Inc., Hercules, CA, USA) 
and a Smart Spec 3000 spectrometer (Bio-Rad Laborato-
ries). Tris–Glycine SDS sample buffer (Thermo Fisher 
Scientific) and 3-Mercapto-1,2-propandiol (Wako Pure 
Chemical Industries, Ltd., Osaka, Japan) were added to the 
total protein samples and heated at 100 °C for 3 min. The 
Tris–Glycine gels (4–20%, Thermo Fisher Scientific) were 
loaded with 20 µg of protein samples and electrophoresed 
at 125 V for 40 min using Tris–Glycine SDS running buffer 
in an Invitrogen™ XCell SureLock™ electrophoresis sys-
tem (Thermo Fisher Scientific). Then, proteins were trans-
ferred onto PVDF membranes using the iBlot 2 Dry Blotting 
System (Thermo Fisher Scientific) at 20 V for 7 min. The 
PVDF membranes were then blocked with 5% non-fat skim 
milk. The protein blots were incubated with anti-ARID1A 
antibody (dilution, 1:1000; catalog no., #12354; Cell Signal-
ing Technology, Danvers, MA, USA), anti-EZH2 antibody 
(dilution, 1:1000; catalog no., #5246; Cell Signaling Tech-
nology), anti-phosphorylated (p)-AKT Ser473 (dilution, 
1:2000; #4060; Cell Signaling Technology), anti-AKT (dilu-
tion, 1:2000; catalog no., #4691; Cell Signaling Technol-
ogy), anti-pPI3K (dilution, 1:1000; catalog no., #4228; Cell 
Signaling Technology), and anti-PI3K (dilution, 1:1000; 
catalog no., #4257; Cell Signaling Technology), overnight at 

4 °C, followed by incubation with goat anti-rabbit HRP sec-
ondary antibody (Santa Cruz Biotechnology, Dallas, Texas, 
USA) for 1 h at room temperature. The protein levels were 
quantified using primary mouse anti-β-actin antibody (dilu-
tion, 1:2000; catalog no., #sc-69789; Santa Cruz Biotechnol-
ogy) as the internal loading control for 1 h at room tempera-
ture. Bound antibodies were detected using the SuperSignal 
West Pico Chemiluminescent Substrate (Thermo Fisher Sci-
entific), visualized by autoradiography (ImageQuant™ LAS 
4000 IR MultiColor imager; Fujifilm Corporation, Tokyo, 
Japan) and quantified with Image J software (Version 1.52s, 
National Institutes of Health, Bethesda, MD, USA).

TCGA database analysis

Gene mutation or expression data of GC cell lines or GC 
patients were obtained from the Catalogue of Somatic 
Mutations in Cancer (COSMIC) cell line project (https ://
cance r.sange r.a.uk) or TCGA’s cBioPortal database (https 
://www.cbiop ortal .org/). Those data of ARID1A in GC cells 
and of ARID1A, EZH2, PIK3IP1, and PI3K/AKT signaling 
genes in GC patients were used for the analyses. For the 
expression data, RNA-sequencing data that was normalized 
by RSEM method was used for the analyses. For the clini-
cal tumors, a multi-omics study including 293 GC patients 
was selected for the analyses [3]. Among 293 GC tumors, 
198 tumors were ARID1A-wildtype (WT) and 95 tumors 
were ARID1A-mutations (MUT), including 78 tumors with 
ARID1A truncating mutations. Furthermore, 183 out of 198 
tumors with ARID1A-WT and 70 out of 78 tumors with 
ARID1A truncating mutations were used in this study due 
to the full data availability. For PI3K/AKT signaling genes, 
expression data of PI3K subunit phosphoinositide-3-kinase, 
regulatory subunit 1 (PIK3R1) and subunit 2 (PIK3R2) and 
phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic 
subunit alpha (PIK3CA), AKT isoform AKT1 and AKT3, 
mammalian target of rapamycin (mTOR), and forkhead box 
O (FOXO) subtype FOXO3 and FOXO4 were used for the 
analyses.

Patient samples

The study included 39 surgical specimens from ARID1A-
deficient patients from our previous study [5]. Because 
ARID1A mutations are frequently detected in GC patients 
with microsatellite instability (MSI)-high/DNA mismatch 
repair deficiency (dMMR) and Epstein–Barr virus (EBV)-
positive patients (who often show PD-L1 and PD-L2 over-
expression), we analyzed the expression of MMR, EBV, 
PD-L1, and PD-L2 in ARID1A-deficient GC patients. 
Data on age, sex, TNM stage (8th classification), and 
pathological diagnosis, including lymphatic and venous 
invasion, were retrospectively collected. The carcinomas at 
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the time of primary tumor resection were staged according 
to the Union for International Cancer Control classifica-
tion. The study was approved by the ethics committee of 
Fukushima Medical University. All patients provided writ-
ten informed consent.

Immunohistochemical staining and evaluation

Immunohistochemical (IHC) staining for ARID1A, EZH2, and 
PD-L1 was performed in our previous study [5] and PD-L2 
staining was additionally performed in this study. IHC staining 
of paraffin-embedded histological sections (4 μm thick) was 
performed using a polymer peroxidase method. Briefly, after 
deparaffinization and rehydration, the sections were treated 
with 0.3% hydrogen peroxide in methanol for 30 min to block 
endogenous peroxidase activity. After rinsing in PBS, the sec-
tions were incubated with anti-ARID1A antibody (#12354; 
D2A8U; 1:500 dilution; Cell Signaling Technology), anti-
EZH2 antibody (#5246; D2C9; 1:50; Cell Signaling Tech-
nology), anti-PD-L1 antibody (#13684; E1L3N; 1:400; Cell 
Signaling Technology), and anti-PD-L2 antibody (#82723; 
D7U8C; 1:200; Cell Signaling Technology) at 4 °C over-
night. An additional wash in PBS was followed by treatment 
with a peroxidase-labeled polymer conjugated to goat anti-
rabbit immunoglobulins (ENvision + kit; Dako, Agilent, Santa 
Clara, CA, USA) as the secondary antibody for 30 min at room 
temperature. The staining was visualized with diaminobenzi-
dine, followed by counterstaining with hematoxylin. Protein 
expression was considered positive when the nucleus of the 
cancerous tissue and the total field of view were observed at 
400 × magnification. Loss of ARID1A protein was defined as 

the absence of nuclear staining in tumor cells in the presence 
of positive nuclear staining in stroma cells. Weak or partial 
positive staining for ARID1A was not defined as positive stain-
ing. Specimen staining was evaluated by investigators blinded 
to the origin of samples and clinical outcomes. Stained can-
cer cells were counted per 1000 cancer cells in the maximum 
tumor tissue field by two investigators. Positive staining rates 
were classified as follows: 0%, 0; 1–10%, 1; and 11–100%, 2. 
The staining intensity was scored as 0 (negative), 1 (weak), 
and 2 (strong). The results were expressed as a product of the 
positivity score and staining intensity score. Positive stain-
ing was defined by a score of 2, whereas negative staining 
(ARID1A-deficient) was defined by a score of 0 or 1. Evalu-
ation of PD-L1/L2 expression was performed as previously 
described [24]. Positive expression of the PD-L1/L2 proteins 
was defined as positive staining in GC cells.

Determination of MMR status

IHC staining for MMR proteins was performed for all the 
cases in the test cohort as previously described [5], and the 
following primary antibodies were used: MLH1 (ES05, 1:50, 
Dako), MSH2 (FE11, 1:50, Dako), MSH6 (EP49, 1:200, 
Dako), and PMS2 (EP51, 1:50, Dako). Loss of an MMR pro-
tein was defined as absence of nuclear staining in tumor cells 
in the presence of positive nuclear staining in normal epithelial 
cells and lymphocytes. Tumors showing loss of at least one 
MMR protein were collectively designated as dMMR, and 
tumors with intact MMR protein expression were designated 
as pMMR.

EBV encoding region (EBER) in situ hybridization 
(ISH) and evaluation

Integration of EBV was assessed by ISH as previously 
described [5], and ISH was completed for all cases in this 
study. EBER-ISH was performed using the INFORM EBER 
probe (800–2842, Ventana Medical Systems, Tucson, AZ, 
USA) and the Discovery XT autostainer (Ventana) according 
to the manufacturer’s protocol.

Statistical analysis

Mann–Whitney U test were used to determine differences 
between two variables. Spearman’s correlation was used to 
evaluate the correlations between levels of expression. All sta-
tistical analyses were conducted using GraphPad Prism v7.0 
(Graphpad Software Inc., San Diego, CA, USA). All P values 
were two-sided, and P values less than 0.05 were considered 
statistically significant.

Fig. 1  Cell viability of ARID1A-wildtype (WT) and ARID1A-
mutated (MUT) gastric cancer (GC) cell lines against EZH2 inhibi-
tors. a Western blot analysis of ARID1A and EZH2 expressions 
in whole cell extracts of four GC cell lines. MKN7 and NCI-N87 
(ARID1A-WT) cells showed positive ARID1A expression and 
OCUM-1 (ARID1A-MUT) cells showed negative ARID1A expres-
sion. Although NUGC-3 (ARID1A-MUT) cells showed positive 
ARID1A expression, it seemed that ARID1A mutations leads to the 
production of non-functional protein. EZH2 expression was detected 
in all cell lines. β-actin was used as a loading control. Cell viability of 
ARID1A-WT MKN7 and ARID1A-MUT NUGC-3 cell lines (b) and 
ARID1A-WT NCI-N87 and ARID1A-MUT OCUM-1 cell lines (c) by 
cell proliferation assays. The concentrations of EZH2 inhibitors used 
were as follows: GSK126: 0.04, 0.2, 1, and 5  μM: GSK343: 0.04, 
0.2, 1, and 5 μM: and EPZ005687: 0.31, 0.93, 2.8, and 8.3 μM. Each 
value represents the mean ± SD of three independent experiments. 
NS, not significant. *P < 0.05, **P < 0.001, and ***P < 0.0001. 
d Comparison of the cell viability by colony formation assays of 
MKN7, NCI-N87 and NUGC-3 cells including negative control (NC) 
and treatment for 14 days with 5 μM GSK126, 5 μM GSK343, and 
8.3  μM EPZ005687. Cells were not colonized in EZH2 inhibitors 
treated NUGC-3 cells. e Quantification of the number of colonies is 
expressed in all field of each well in d 

◂



65Selective sensitivity of EZH2 inhibitors based on synthetic lethality in ARID1A‑deficient…

1 3



66 L. Yamada et al.

1 3

Results

ARID1A‑MUT GC cells are sensitive to EZH2 
inhibitors

Based on the synthetic lethal approach, we investigated the 
selectivity of EZH2 inhibitors for ARID1A-deficient GC 
cells. To measure the sensitivity of cells to EZH2 inhibi-
tors, four GC cell lines [two ARID1A-wild-type (ARID1A-
WT) and two ARID1A-mutated (ARID1A-MUT) cell lines] 
were selected and confirmed ARID1A mutation profiles 
from COSMIC cell line project database. First, in addition 
to measuring the expression of ARID1A, we confirmed the 
protein expression of EZH2 in each GC cell line because 
the response to EZH2 inhibitors often correlates with EZH2 
overexpression [20]. Consistent with COSMIC database, 
ARID1A expression was positive in MKN7 and NCI-N87 
(ARID1A-WT) cells, whereas it was negative in OCUM-1 
(ARID1A-MUT) cells (Fig. 1a). Although ARID1A expres-
sion was positively detected in NUGC-3 (ARID1A-MUT) 
cells, it seemed that ARID1A mutations in NUGC-3 cells 
are heterozygous mutant, leads to the production of non-
functional protein.

To evaluate the selective sensitivity of ARID1A-deficient 
GC cells to EZH2 inhibitors, the viability and survival of 
ARID1A-WT MKN7 and ARID1A-MUT NUGC-3 cells, that 
were adhesion cell type, was measured. The three EZH2 

inhibitors, GSK126, GSK343, and EPZ005687, are inhibi-
tors of PRC2, whereas they show differential selectivity for 
EZH2 [16]. Although treatment with three EZH2 inhibi-
tors decreased cell viability in both cell lines, the effect was 
markedly stronger in NUGC-3 cells than in MKN7 cells 
(Fig. 1b). To further confirm the selective sensitivity of 
ARID1A-deficient GC cells to EZH2 inhibitors, the viabil-
ity and survival were measured in ARID1A-WT NCI-N87, 
that was adhesion cell type, and ARID1A-MUT OCUM-1 
cells, that was floating cell type. Consistent with the results 
in Fig. 1b, although treatment with three EZH2 inhibitors 
decreased cell viability in a weak dose-dependent manner in 
both cell lines, the effect was markedly stronger in OCUM-1 
cells than in NCI-N87 cells (Fig. 1c). Colony formation 
assays were performed to measure cell survival in adhesion 
cell types of MKN7, NCI-N87, and NUGC-3 cells, which 
demonstrated the selective sensitivity of NUGC-3 cells to 
EZH2 inhibitors (Fig. 1d). Quantification of the colony for-
mation assays showed that EZH2 inhibitors significantly 
suppressed colony growth in NUGC-3 cells, while the find-
ing was not observed in MKN7 and NCI-N87 cells (Fig. 1e). 
These results suggest that ARID1A-MUT GC cells are selec-
tively sensitive to EZH2 inhibitors.

Selective sensitivity to EZH2 inhibitors in ARID1A 
knockdown GC cells

To further determine whether the selective sensitivity of 
cells to EZH2 inhibitors was related to ARID1A deficiency, 
cell viability was measured after transient ARID1A knock-
down in ARID1A-WT GC cells. First, we confirmed that two 
different siRNA oligonucleotides against ARID1A efficiently 
downregulated ARID1A expression in ARID1A-WT MKN7 
and ARID1A-WT NCI-N87 cells, and that EZH2 expression 
was preserved in ARID1A knockdown cells (Fig. 2a, b), in 
line with the previous study [5].

Next, we investigated the effect of EZH2 inhibitors on the 
viability of ARID1A knockdown MKN7 and NCI-N87 cells. 
The results showed that the three EZH2 inhibitors decreased 
the viability of cells with transient ARID1A knockdown 
compared with that of control cells in the MKN7 (Fig. 2c) 
and NCI-N87 (Fig. 2d) cell lines. The treatment effect with 
three EZH2 inhibitors was markedly stronger in a nearly 
dose-dependent manner in the MKN7 (Fig. 2e) and NCI-
N87 (Fig. 2f) cell lines. These results confirmed the selective 
sensitivity of ARID1A-deficient GC cells to EZH2 inhibi-
tors, which suggested that EZH2 synthetic lethal therapy 
could be developed as a therapeutic strategy for ARID1A-
deficient GC.

Fig. 2  Cell viability of ARID1A-WT MKN7 and NCI-N87 cells in 
which ARID1A was silenced by EZH2 inhibitors. a ARID1A and 
EZH2 expressions in ARID1A-WT (MKN7 and NCI-N87) cells in 
which ARID1A was silenced using siRNAs. Western blot analysis 
of ARID1A and EZH2 expressions in MKN7 and NCI-N87 cells 
by ARID1A silencing (siARID1A #1 and #2 and NC, negative con-
trol). β-Actin was used as a loading control. b Quantitative results of 
ARID1A and EZH2 bands by ImageJ software. Each protein expres-
sion level was normalized to β-actin values. Both siRNAs mediated 
significant decrease of ARID1A and preserved EZH2 expressions in 
MKN7 and NCI-N87 cells. Comparison of the viability of ARID1A 
knockdown cells and control cells by cell proliferation assays in 
MKN7 (c) and NCI-N87 (d) cells. Absorbance results at 450  nm 
 (OD450nm) in the whole cell assays and quantification of cell viabil-
ity results. The concentrations of EZH2 inhibitors were as follows: 
GSK126: 0, 0.04, 0.2, 1, and 5  μM: GSK343: 0, 0.04, 0.2, 1, and 
5 μM: and EPZ005687: 0, 0.31, 0.93, 2.8, 8.3 μM. ARID1A knock-
down cells showed a dose-dependent decrease of cell viability and 
lower cell viability than the negative control. Each value represents 
the mean ± SD of three independent experiments. Relative cell viabil-
ity of ARID1A knockdown cells and control cells in each concentra-
tion of EZH2 inhibitors in MKN7 (e) and NCI-N87 (f) cells. The con-
centrations of EZH2 inhibitors were as follows: GSK126: 0.04, 0.2, 
1, and 5 μM: GSK343: 0.04, 0.2, 1, and 5 μM: and EPZ005687: 0.31, 
0.93, 2.8, 8.3 μM. Three EZH2 inhibitors showed markedly stronger 
effect with dose-dependent manner in ARID1A knockdown cells. 
Each value represents the mean ± SD of three independent experi-
ments. *P < 0.05, **P < 0.001, and ***P < 0.0001
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PI3K/AKT signaling is a candidate for an actionable 
target of EZH2 inhibitor in ARID1A‑deficient GC

It was reported that ARID1A and EZH2 are commonly tar-
getable for PIK3IP1 and regulate the PI3K/AKT signaling 
pathway [12]. PIK3CA, an important regulator of the PI3K/
AKT pathway, is frequently co-mutated with ARID1A and 
cooperates with ARID1A to promote tumor growth [25]. In 
ARID1A-proficient cells, we hypothesized that the homeo-
stasis between ARID1A and EZH2 can maintain the PI3K/
AKT signaling pathway (Fig. 3a). On the other hand, in 
ARID1A-deficient cells, due to the homeostatic mechanisms 
between ARID1A and EZH2 are disrupted, the PI3K/AKT 
signaling pathway is supposed to be activated via PIK3IP1, 
possibly leading to enhancement of tumor growth (Fig. 3b).

In order to evaluate this hypothesis in ARID1A-profi-
cient and -deficient GC, we accessed TCGA’s cBioPor-
tal database and investigated the expression of PI3K/
AKT signaling genes. First, we confirmed that 41 of 293 
(14.0%, P < 0.001) GC patients in this cohort harbored both 
ARID1A and PIK3CA mutations in the line with a previ-
ous report [25]. Then, the expression data of PI3K subunits, 
PIK3R1, PIK3R2 and PIK3CA, AKT isoforms, AKT1 and 
AKT3, mammalian target of rapamycin (mTOR), and FOXO 
subtypes regulating apoptosis, FOXO3 and FOXO4, were 

compared between ARID1A-WT (n = 183) and ARID1A-
MUT (n = 70) (limited to tumors with ARID1A truncating 
mutations) GC tumors (Supplementary Table S1). As a 
result, the PIK3R2 and AKT1 expressions were significantly 
upregulated in ARID1A-MUT GCs in comparison to those in 
ARID1A-WT GCs, while FOXO3 that induce apoptosis, were 
downregulated in ARID1A-MUT GCs, suggesting the pos-
sibility of the PI3K/AKT activation by ARID1A deficiency 
as like in our hypothesis in Fig. 3a, b, (Fig. 4a). To further 
determine whether ARID1A deficiency effect on the acti-
vation of PI3K/AKT signaling pathway, pPI3K and pAKT 
were measured by western blotting after transient ARID1A 
knockdown in ARID1A-WT GC cells. In the line with our 
hypothesis, pAKT was slightly upregulated in ARID1A-
deficient cells than control cell (Fig. 4b). These results 
supported that the PI3K/AKT signaling was tended to be 
activated in ARID1A-MUT GC in comparison to ARID1A-
WT GC.

Next, in order to mimic the possible effect of EZH2 
inhibitors in ARID1A-MUT GC as shown in Fig. 3c, cor-
relation of EZH2 mRNA expression with the PI3K/AKT 
signaling genes in ARID1A-MUT GC tumors (n = 70) was 
evaluated. As a result, significant negative correlation was 
found between EZH2 and PIK3IP1 mRNA expressions 
(Fig. 4c). Furthermore, PIK3R2 and mTOR expressions were 

Fig. 3  Schematic representation of proposed mechanism behind 
ARID1A, EZH2 and PI3K/AKT signaling pathway. a In ARID1A-
proficient cells, PIK3IP1 can suppress PI3K/AKT signaling show-
ing normal cell growth. b In ARID1A-deficient cells, PIK3IP1 is 
supposed to be downregulated by EZH2, leading to the activation of 
PI3K/AKT signaling and upregulation of cell proliferation and sur-
vival. c EZH inhibition by EZH2 inhibitor in ARID1A-deficient cells 

can restore the expression of PIK3IP1, resulting in downregulation 
of PI3K/AKT signaling. EZH2 inhibitor can induce antitumor effect 
in ARID1A-deficient cells. PI3K, phosphatidylinositol-3-kinase; 
PIK3IP1, phosphoinositide-3-kinase interacting protein 1; AKT, pro-
tein kinase B; mTOR, mammalian target of rapamycin; FOXO, fork-
head box O



68 L. Yamada et al.

1 3

positively correlated with EZH2 expression. Also, FOXO4 
expression was negatively correlated with EZH2 expression. 
These results indirectly suggested that down-regulation of 
EZH2 in GC patients with ARID1A-MUT is related to down-
regulation of PI3K/AKT signaling pathway.

Discussion

The present study demonstrated that the synthetic lethal 
approach using EZH2 inhibitors could be a useful thera-
peutic strategy for the treatment of ARID1A-deficient GC. 
This novel strategy is based on the findings that selective 
sensitivity of EZH2 inhibition using three kinds of specific 
EZH2 inhibitors for ARID1A-deficient GC cells (ARID1A-
MUT and ARID1A-WT GC cells that transiently knocked 
down of ARID1A) was firmly confirmed.

EZH2 inhibition is promising therapeutic efficacy 
against ARID1A-deficient cancer that are dependent on a 
non-catalytic role of EZH2, suggesting partially dependent 
on EZH2 histone methyltransferase activity [20]. It is sug-
gested that, in ARID1A-proficient cells, both ARID1A and 
EZH2 directly target PIK3IP1, which suppresses PI3K/AKT 
signaling, keeping homeostasis cell growth. On the other 
hand, in the ARID1A-deficient cancer, it is likely that EZH2 
suppresses PIK3IP1, leading to the activation of PI3K/AKT 
signaling and enhancing cell viability. In the present study, 
the gene expression data obtained from TCGA database 
also suggested the PI3K/AKT signaling was activated in 
ARID1A-deficient GC in comparison to ARID1A-proficient 
GC. We therefore performed in vitro cell experiments and 
confirmed the activation of PI3K/AKT signaling that pAKT 
was induced by ARID1A deficiency. Furthermore, as a pos-
tulated mechanism underlying selective sensitivity of EZH2 
inhibitors in ARID1A-deficient cancer, TCGA data showed 
that decreased expression of EZH2 correlated with the sup-
pression of PI3K/AKT signaling in ARID1A-deficient GC, 
that are mimicry corresponding to EZH2 inhibition against 
ARID1A-deficient GC. In other words, downregulation of 
EZH2 in ARID1A-deficient GC is possibly related to down-
regulation of PI3K/AKT signaling and control of tumor cell 
growth.

Furthermore, an additional therapeutic target of histone 
deacetylase 2 (HDAC2), interact with EZH2-containing 
PRC2 complex, has been reported in ARID1A-mutated 
ovarian cancer [26]. Since HDAC2 works as a co-repressor 
of EZH2 in ARID1A-deficient cells, HDAC inhibitors can 
inhibit cell proliferation and promote apoptosis via restora-
tion of PIK3IP1 in ARID1A-deficient cells. These results 
again support the hypothesis that the homeostasis between 
EZH2 and ARID1A is related to PI3K/AKT signaling 

pathway, and EZH2 inhibition in ARID1A-deficient cells 
can control tumor cell growth. Further study regarding the 
molecular analysis in EZH2 inhibitor-treated GC cells with 
ARID1A-deficiency will be needed.

Of interest, EZH2 inhibitors also decreased cell viabil-
ity in ARID1A-proficient (ARID1A-WT in Fig. 1b, c or 
control cells in Fig. 2c, d) GC cells, although the effect 
was markedly prominent in ARID1A-deficient cells. Origi-
nally, it is known that the enzymatic inhibition of EZH2 
methyltransferase activity is considered to show a thera-
peutic efficacy for only cancers with EZH2 overexpres-
sion or gain of function mutations [17–19]. In fact, some 
of clinical trials (e.g., NCT01897571 and NCT03155620) 
with EZH2 inhibitors, including GSK126, have been 
started for patients with various cancers, but not limited 
for those of ARID1A-deficient cancers [16]. It is likely 
that there is other actionable mechanism of EZH2 inhibi-
tors, although EZH2 inhibition based on synthetic lethality 
in ARID1A-deficient GC is a reasonable theory.

To further examine the clinical relevance of our results, 
we examined the clinicopathological characteristics of 
ARID1A-deficient GC patients (Supplementary Fig. 
S1 and Supplementary Table S2) [5]. The results sug-
gested that EZH2 inhibitors could be beneficial in most 
ARID1A-deficient GC patients (36 of 39 cases, 92.3%), 
whereas three cases showed negative EZH2 expression 
and would not benefit from EZH2 inhibitors. To deter-
mine whether immune checkpoint inhibitors could be 
beneficial for ARID1A-deficient GC patients, especially 
for EZH2 negative patients, MSI-high/dMMR, EBV-posi-
tivity, and PD-L1/L2 overexpression were evaluated based 
on prior studies [27, 28]. Most of the ARID1A-deficient 
GCs showed positive expression of PD-L1 and/or PD-L2 
and two cases without EZH2 expression in ARID1A-
deficent GCs also showed PD-L1 and PD-L2 expression. 
These observations suggested that ARID1A-defient GC 
patients might be treated with immune checkpoint inhibi-
tors in addition to EZH2 inhibitors. In fact, recent studies 
reported that ARID1A directly represses CD274 gene tran-
scription, and loss of ARID1A triggers PD-L1 upregula-
tion through the PI3K/AKT signaling pathway in GC cells 
[29, 30].

Next generation sequencing-based panel sequencing 
is currently used in daily clinical practice, which could 
improve the detection of ARID1A mutations in various can-
cers as well as in GC [31]. In this study, since ARID1A-
deficient GC cells are shown to be sensitive to EZH2 inhib-
itors, a synthetic lethality approach with EZH2 inhibitors 
should be considered as an additional therapeutic strategy 
for ARID1A-dificient GC.
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