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Introduction
Tumor-infiltrating T cells are positively associated with patient 

survival in many types of human cancer (1–3). Type I and type II 

IFN gene signatures correlate with clinical responses to cancer 

immunotherapy (4–7), biological antibody therapy, chemother-

apy, and radiation therapy (8–10). Given the role of key genetic 

mutations in cancer initiation and progression, it has long been 

argued that driver mutation(s) may drive the cancer immune phe-

notype and immune tolerance in patients with cancer. However, 

there is insufficient direct evidence in patients backing a causal 

link between cancer T cell immunity and multiple, frequent cancer 

driver genetic mutations, including MYC, APC, TP53, and KRAS. 

Notably, it has been reported that Myc amplification may induce 

an immunosuppressive tumor microenvironment via CCL9 and 

IL-23, which recruits macrophages and limits NK cell tumor traf-

ficking in a mouse model of lung adenoma (11). Along this line, 

Myc amplification may transcriptionally regulate immune inhibi-

tion–associated molecules such as CD47 and PD-L1 in a mouse 

model of T cell acute lymphoblastic leukemia (12). In addition, 

KrasG12D can cause an increase in expression of the inflammatory 

cytokine GM-CSF in a mouse model of pancreatic neoplasia (13). 

Loss of P53 function activates the JAK2-STAT3 signaling pathway 

and promotes pancreatic tumor growth (14), and mutant P53 pro-

longs NF-kB activation and increases colorectal tumor incidence 

in a mouse model (15). These studies reveal a general mechanistic 

connection between cancer driver mutation–related inflammation 

and cancer progression in different model systems. However, the 

link among cancer driver gene mutations, T cell immunity, and 

immunotherapy response has not been established in patients 

with cancer. Thus, we have attempted to explore whether cancer 

genetic driver mutation(s) are capable of directly driving can-

cer immune phenotype, contributing to IFN signature and T cell 

immunity, and affecting immunotherapy response in models and 

in patients with cancer. Given that the most recurrent cancer driv-

er genetic mutations, including MYC, APC, TP53, and KRAS, have 

been examined, in this work we focused our studies on the cancer 

driver epigenetic mutations such as ARID1A mutations (16–19).

ARID1A belongs to the SWI/SNF complex and is a core mem-

ber of the ATP-dependent polymorphic BRG/BRM-associated fac-

tor (BAF) chromatin remodeling unit. SWI/SNF complex mutations 
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1A) and similar levels of IL-6 (Supplemental Figure 1B) and IL-32 

(Supplemental Figure 1C) as compared with WT ARID1A cancer, 

suggesting that ARID1A mutations do not induce global repression 

of chemokine and cytokine expression. We also found enriched 

tumor-infiltrating T cells as shown by high levels of T cell receptor 

CDR3 reads (Figure 1G) and CD8 expression (Figure 1H) in WT 

ARID1A cancers as compared with those with mutant ARID1A. In 

addition, WT and mutated ARID1A ovarian clear carcinomas had 

comparable levels of FOXP3, a marker for CD4+ Treg cells (Sup-

plemental Figure 1D). The data suggest that ARID1A mutations 

do not uniformly affect immune cell subset tumor infiltration. We 

extended our analyses to ovarian cancer patients with metastat-

ic disease (29). We detected higher levels of IRF1 expression in 

WT ARID1A tumors as compared with mutated ARID1A tumors 

(Supplemental Figure 1E), Th1-type chemokines (Supplemental 

Figure 1, F–H), and infiltrating CD8+ T cell and cytotoxic T cell 

effector genes, granzyme B, and perforin (Supplemental Figure 1, 

I–K) in metastatic ovarian carcinomas with WT ARID1A as com-

pared with those with mutated ARID1A (29). Analysis of another 

independent data set on OCCC confirmed that ARID1A expres-

sion strongly correlated to CXCL10, CD8A, perforin, and IRF1 

gene expression (Figure 1, I–L, and ref. 30). The data suggest that 

ARID1A positively regulates IFN gene signaling in human ovarian 

cancer, particularly OCCC.

In addition to ovarian cancer, we analyzed the correlation of 

ARID1A expression levels with immune signatures in melanoma 

patients (31). ARID1A gene expression levels positively correlat-

ed with the IFN signature genes, including CXCL9, CXCL10, 

CXCL11, and IRF1 (Figure 1, M–P). This correlation was not con-

founded by tumor purity, as ARID1A levels were not associat-

ed with tumor purity (Supplemental Figure 1L). When ARID1A 

somatic copy number was taken into account, we noticed a pos-

itive correlation between ARID1A copy number and CD8+ T cell 

infiltration in patients with melanoma (Supplemental Figure 1M 

and ref. 31). Thus, there is also a positive correlation between  

ARID1A and IFN signature genes in human melanoma.

We extended our analyses from ovarian cancer and melano-

ma to the pan-cancer data sets from The Cancer Genome Atlas 

(TCGA) compendium. In line with our data on OCCC and mel-

anoma, we found that expression levels of CXCL9, CXCL10, 

CXCL11, and CD8A were higher in patients with high ARID1A 

mRNA expression than patients with low ARID1A (Figure 1, Q–T, 

and ref. 32). Furthermore, a positive correlation between ARID1A 

gene expression and CD8+ T cell infiltration was observed across 

many cancer types (Supplemental Figure 1N). Collectively, the 

data strongly suggest that ARID1A positively regulates IFN and 

T cell signaling and correlates to a protective tumor immunity in 

patients with cancer.

ARID1A mutations impair IFN signaling pathways in cancer. 

Th1-type chemokines are key IFN-responsive genes and mediate 

effector T cell tumor trafficking. Based on our observations (Fig-

ure 1), we hypothesized that ARID1A is an epigenetic regulator 

of IFN signaling pathways in tumor cells. To test this hypothesis, 

using CRISPR/Cas9 genome editing technology, we generated 

ARID1A-knockout OCCC cells (AC17 and AC25) from parental 

ovarian clear cancer cells (OVCA429) (Figure 2A), and examined 

their responses to type II IFN (IFN-γ) stimulation. We observed 

are found in 20% of all types of human cancer (19, 20). ARID1A 

mutations occur in many types of human cancer, including ovari-

an clear cell carcinoma (OCCC) with a 50% mutation rate (16–19). 

There are at least 29 components in the SWI/SNF complex. Muta-

tions of different SWI/SNF components may have immunological 

and biological effects that are tumor type and context dependent 

(21). ARID1A has the highest mutation rate across all components 

in the SWI/SNF complex. In this work, we focus on ARID1A and its 

immunological impact on cancer immunity and immunotherapy.

Compared with the SWI/SNF complex, the polycomb repres-

sive complex 2 (PRC2) has been relatively well studied in the con-

text of cancer biology. Interestingly, it has been long speculated that 

there is genetic antagonism between the SWI/SNF complex and 

PRC2 (22–26). However, it is unknown whether the SWI/SNF com-

plex and PRC2 biochemically, genetically, and biologically interact 

in the context of human cancers, and if so, whether this interaction 

plays a functional role in shaping cancer immune phenotype and 

T cell immunity. Enhancer of Zeste 2 PRC2 subunit (EZH2) is the 

catalytic subunit of PRC2 and functions as a methyltransferase of 

histone H3 on lysine 27 (H3K27). EZH2 generally mediates gene 

repression and plays an oncogenic role in a variety of cancer types. 

We have previously shown that EZH2 represses Th1-type chemo-

kine (CXCL9 and CXCL10) expression and alters effector T cell 

tumor trafficking (27, 28). Thus, we hypothesized that there exists 

an active interaction between ARID1A and EZH2, this interaction 

affects T cell immunity, and ARID1A mutations functionally alter 

the interplay between EZH2 and ARID1A in tumors.

To test these hypotheses, we systematically studied the molec-

ular, cellular, and clinical impact of ARID1A (mutations, expres-

sion levels, and copy number) on Th1-type chemokine expression, 

effector T cell tumor trafficking, IFN gene chromatin accessibil-

ity, and cancer immunity in OCCC, cutaneous melanoma, colon 

adenocarcinoma, and several other types of human cancer. Our 

data show that cancer epigenetic driver mutations such as ARID1A 

mutations can shape tumor immune phenotype, T cell immunity, 

and the efficacy of cancer immunotherapy.

Results
ARID1A gene status correlates with cancer immune signature. Inac-

tivating ARID1A mutations occur in 50% of OCCCs (16, 17). To 

explore a potential link between ARID1A mutations and the tumor 

immune responses in the human cancer microenvironment, we 

initially examined the relationship between ARID1A mutations 

and immune parameters in human OCCCs. We analyzed a pub-

lished RNA-Seq data set of 18 OCCCs that was originally used to 

identify ARID1A mutations (16). Gene set enrichment analysis 

(GSEA) of this data set demonstrated significantly enriched path-

ways of Th1-type immune response, cytotoxic T cell response, 

and NK cell activation in ARID1A WT OCCCs as compared with 

ARID1A-mutated ovarian clear carcinomas (Figure 1, A–C, and 

Supplemental Table 1; supplemental material available online 

with this article; https://doi.org/10.1172/JCI134402DS1). In line 

with this analysis, WT ARID1A OCCCs expressed higher levels 

of type II IFN signature genes, including Th1-type chemokines, 

CXCL9, CXCL10, and CXCL11, as compared with ARID1A- 

mutated cancers (Figure 1, D–F). However, ARID1A-mutated 

cancers expressed higher levels of CXCL8 (Supplemental Figure 
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Figure 2B) led to reduced CXCL9 and CXCL10 expression in 

human DLD-1 cells (Figure 2E). Specific shRNA against ARID1A 

also led to reduced CXCL9 and CXCL10 expression in the human 

primary colorectal cancer cells (Figure 2F and ref. 34). ARID1A 

deletion did not affect OCCC (OVCA429) and high-grade serous 

carcinoma (OC8) cell growth in vitro (Supplemental Figure 2, C 

and D). Thus, ARID1A affects the type II IFN signaling pathway in 

multiple human cancer histologies.

We next examined the responses of WT ARID1A parental 

ovarian clear cancer cells (OVCA429) and ARID1A-knockout 

ovarian clear cancer cells (AC17, AC25) to type I IFN. Again, ARI-

D1A-knockout ovarian cancer cells expressed minimal levels of 

CXCL9 and CXCL10 as compared with ARID1A WT parental 

ovarian cancer cells in response to IFN-β (Figure 2G and Supple-

mental Figure 2E). As a confirmation, our RNA-Seq data demon-

strated poor type II (Figure 2H) and type I (Figure 2I) IFN signal-

that IFN-γ stimulation resulted in comparable levels of STAT1 

phosphorylation and IRF1 activation in ARID1A WT and knockout 

ovarian clear cancer cells (Figure 2A). However, ARID1A-knock-

out ovarian clear cancer cells expressed minimal levels of Th1-

type chemokine CXCL9 and CXCL10 mRNA as compared with 

their parental cells (Figure 2B). We included primary high-grade 

serous ovarian cancer cells (OC8) in our studies (33) and gener-

ated ARID1A-knockout cells from parental OC8 cells. Again, 

ARID1A-knockout OC8 cells expressed high levels of p-STAT1 

and IRF1 (Supplemental Figure 2A) and low levels of CXCL9 

and CXCL10 transcripts (Figure 2C) and proteins (Figure 2D) in 

response to IFN-γ as compared with parental ARID1A WT cells. 

In order to examine the role of ARID1A in IFN-γ responsiveness in 

different cancer histologies, we knocked down ARID1A in human 

DLD-1 colorectal cancer cells. In support of our observations in 

ovarian cancer, specific siRNA against ARID1A (Supplemental 

Figure 1. ARID1A gene status correlates with cancer immune signature. (A–H) Relationship between ARID1A mutations and immune signature genes. 
RNA-Seq was conducted in patients with OCCC. Nine patients with ARID1A mutations, 9 patients with WT ARID1A. (A) Top 5 GSEA pathways of transcrip-
tome between WT and mutated ARID1A cancers are shown. (B) Th1-type immune response GSEA pathway is enriched in WT ARID1A OCCC patients, Q = 
0.025529487. (C) Cytotoxic gene signatures were enriched in WT ARID1A OCCC patients, Q = 0.007425. (D–H) CXCL9 (D), CXCL10 (E), CXCL11 (F), TCR (G), 
and CD8 (H) RPKM values of represented transcripts are shown. *P < 0.05. (I–L) ARID1A gene expression levels correlated with CXCL10 (I), CD8A (J), PRF1 
(K), IRF1 (L) in 8 OCCC patients from Wu et al. study (30). (M–P) ARID1A gene expression levels correlated with CXCL9 (M), CXCL10 (N), CXCL11 (O), and IRF1 
(P) gene expression levels in 47 WT ARID1A metastatic melanoma patients. (Q–T) CXCL9 (Q), CXCL10 (R), CXCL11 (S), CD8A (T) gene expression levels were 
higher in ARID1A high group, compared with ARID1A low group in TCGA pan-cancer (PANCAN) data set: 3838 patients in ARID1A high group, 3839 patients 
in ARID1A low group. For box-and-whisker plots in Q–T, the center line denotes the median value (50th percentile); the box contains the 25th to 75th 
percentiles of the data set. The whiskers mark the maximum and minimum values, *P < 0.001.
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ARID1A regulates IFN-γ signaling gene chromatin accessibili-

ty. Given that ARID1A is a core member of the BAF chromatin 

remodeling complex, we hypothesized that ARID1A dictated 

chromatin accessibility for IFN-γ–induced transcription. We used 

the assay for transposase accessible chromatin with high-through-

put sequencing (ATAC-Seq), to assess and compare chromatin 

accessibility changes in ARID1A-deficient or WT human OCCC 

cells, with or without IFN-γ treatment. After IFN-γ treatment, a 

substantially larger number of genomic sites became more acces-

sible in ARID1A-proficient cells than in deficient cells (Figure 3A), 

which was consistent with the RNA-Seq data (Figure 1 and Figure 

2, H and I). We categorized sites with increased accessibility after 

IFN-γ into 3 clusters (Figure 3B): those commonly observed in both 

ARID1A WT and knockout cells (cluster II) and those specific to 

either genetic background (WT cluster I and knockout III, respec-

ing pathways (Supplemental Table 2) in ARID1A-knockout ovarian 

cancer cells as compared with ARID1A WT parental ovarian can-

cer cells. In line with human studies, IFN signaling gene pathways 

were impaired in mouse colorectal cancer epithelial cells isolated 

from ARID1A genetically deficient mice as compared with mice 

with intact ARID1A alleles (ref. 35 and Supplemental Figure 2F). 

To determine whether ARID1A-mediated IFN signaling gene 

regulation is related to tumor cell genetic background, particular-

ly defective DNA mismatch repair (MMR), we performed whole 

exome sequencing of DNA from OVCA429 and OC8 (MMR pro-

ficient) cells and DLD-1 (MMR deficient) cells. We found that 

OVCA429, OC8, and DLD-1 cells exhibited different mutation 

loads (Supplemental Figure 2, G and H, and Supplemental Tables 

3 and 4). Thus, ARID1A-regulated IFN signaling does not appear 

to depend on MMR status and mutation load.

Figure 2. ARID1A mutations impair IFN signaling pathways in tumor. (A) Effects of ARID1A knockout on STAT1 activation and IRF1 induction. Two 
ARID1A-knockout OCCC clones (AC17 and AC25) were generated from the parental cell line OVCA429. Cells were treated with IFN-γ for 24 hours. Relevant 
proteins were detected by Western blotting. One of 3 repeats is shown (uncut gels are in the online supplemental material). (B–F) Effect of ARID1A on 
IFN-γ–induced CXCL9 and CXCL10 expression in different types of human cancers (primer sequence is in Supplemental Table 8). Human ovarian clear cell 
cancer cell lines (B), primary serous ovarian cancer cells (OC8) (C and D), colon cancer cell line DLD-1 (E), and primary colon cancer cells (F) were treated 
with IFN-γ for indicated hours. Chemokine expression was quantified by real-time PCR (B, C, E, and F) or ELISA (D). (Mean ± SD, n = 3–4, *P < 0.05). (G) 
Effect of ARID1A on IFN-γ–induced CXCL10 expression. WT and knockout ARID1A ovarian clear cell cancer cells were treated with IFN-γ for 8 hours. CXCL10 
expression was quantified by real-time PCR. (Mean ± SD, n = 3, *P < 0.05). (H and I) Effect of ARID1A on type II (H) and type I (I) IFN gene signatures; WT 
and knockout ARID1A ovarian clear cell cancer cells were subjected to RNA-Seq. Based on the RNA-Seq data, GSEA was performed. *P = 0.00 (H and I) FDR 
Q value = 0.0065 (H), FDR Q value = 0.1 (I).
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in the open chromosomal regions affected by ARID1A deficiency 

(Supplemental Table 5). These global trends were recapitulated at 

the level of key individual loci. Specifically, we found significant 

reduction of chromosomal accessibility at the Th1-type chemokine 

locus in ARID1A-deficient cells upon IFN stimulation. Although 

ARID1A can be enriched at the enhancer sites in HCT116 cell lines 

and mouse models (35, 36), we observed strong peaks on the tran-

scription start sites (TSS) of CXCL9, CXCL10, and CXCL11 genes, 

all of which were decreased upon ARID1A loss (Figure 3E). Similar 

results were observed in other Th1-type chemokine genes, CCL2 

and CCL5 (Supplemental Figure 3A). To further underscore the 

functional consequences of these chromatin openings, we inves-

tigated the overlap between ATAC-Seq and RNA-Seq data sets. Of 

tively). First, we noted that cluster I sites, which represent the 

majority of all sites, had comparable accessibility at baseline, but 

a great increase in accessibility after IFN treatment. The majority 

of IFN-γ–responsive chromosomal regions became more acces-

sible in only ARID1A-proficient cells, not ARID1A-deficient cells 

(Figure 3, B and C). We also observed a small set of chromosom-

al regions (cluster III) with increased accessibilities after IFN-γ 

exposure in ARID1A-deficient cells as compared with proficient 

cells. Those sites tended to have closed chromatin at baseline. We 

further performed motif and target gene prediction analysis, and 

validated that IFN-γ–responsive sites were highly enriched with 

IRF2 motifs and associated with IFN-regulated genes (Figure 3D). 

In addition, we identified that the IRF2 motif was also enriched 

Figure 3. ARID1A regulates IFN-γ–signaling gene chromatin accessibility. (A and B) Genome-wide analysis (A) and Venn diagram (B) showing differen-
tially accessible chromatin sites (|LFC| > 0.5) after IFN-γ stimulation in ARID1A-proficient (WT) and ARID1A-deficient (KO) OVCA-429 cells. (C) Chromatin 
accessibility heatmaps of ARID1A-proficient (WT) and ARID1A-deficient (KO) OVCA-429 cells. The heatmaps demonstrated the chromatin sites in cluster I 
(top) and cluster III (bottom). Aggregated peak intensity within 1 kb center of chromatin regions with differential accessibility is shown. (D) IRF2-binding  
motif was among the most significantly enriched motifs in clusters I, II, and III. (E) Examples of IFN-γ–responsive sites with less accessibilities in ARID1A- 
deficient (KO) OVCA-429 cells. The graph shows accessible sites near CXCL9, CXCL10, and CXCL11. (F) Pie chart illustrating accessibility changes of chro-
mosomal sites adjacent to promoters (within 5 kb) of IFN-γ–responsive and ARID1A-affected genes. Blue: Promoters with differentially accessible sites 
following ARID1A loss. Yellow: Promoters without significant changed sites following ARID1A loss. (G and H) Correlation between ARID1A expression and 
average chromatin accessibility peaks near CXCL9 gene (221 peaks) (G) and CXCL10 (H) (219 peaks). Each dot represents an individual donor. ARID1A gene 
expression is log transformed. Eleven patients with WT skin cutaneous melanoma. P = 0.0464 (G), P = 0.0151 (H).

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/5
https://www.jci.org/articles/view/134402#sd
https://www.jci.org/articles/view/134402#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 7 1 7jci.org   Volume 130   Number 5   May 2020

all IFN-γ–responsive genes that were regulated by ARID1A, iden-

tified from RNA-Seq, 51% harbored chromosomal sites that had 

differential accessibilities after ARID1A loss within 5 kb of their 

TSS. These data suggest that ARID1A regulates IFN-γ–responsive 

genes at least partially via controlling the chromatin accessibilities 

of their promoters (Figure 3F and Supplemental Table 6). To vali-

date this observation in different human cancers, we additionally 

studied a primary human high-grade serous ovarian cancer cell 

line (OC8) and an established human melanoma cell line (CHL1) 

and their ARID1A-deficient cells (OC8-KO and CHL1-KO). We 

stimulated these cells with IFN-γ and conducted ATAC-Seq analy-

sis in OC8 and OC8-KO (Supplemental Figure 3B) and CHL1 and 

CHL1-KO (Supplemental Figure 3C). Again, ARID1A deficiency 

resulted in reduced chromatin accessibilities to IFN-γ–upregulat-

ed signaling genes in both OC8-KO and CHL1-KO as compared 

with parental cells (Supplemental Figure 3, B and C).

In addition to the established tumor cell lines, we also 

examined ATAC-Seq data in primary human melanoma and 

colon cancer tissues (37). We observed significant correlations 

between ARID1A gene expression and the averaged ATAC-Seq 

peak intensities for Th1-type chemokines (CXCL9 and CXCL10) 

in patients with melanoma (Figure 3, G and H) and patients with 

colon cancer (Supplemental Figure 3, D and E, and ref. 37). This 

correlation remained significant after excluding colon cancer 

patients with MMR deficiency (Supplemental Figure 3, F and 

G). These data provide strong evidence that ARID1A regulates 

expression of IFN-γ–signaling genes at least partially through 

controlling chromatin accessibility.

In order to verify that the ARID1A-associated BAF complex 

was recruited to the Th1–chemokine promoter sites, we carried 

out the chromatin immunoprecipitation (ChIP) assay and exam-

ined ARID1A and BAF component BAF155 (SMARCC1) recruit-

ment on the promoters of CXCL9 and CXCL10 in cancer cells in 

response to IFN-γ. We found that IFN-γ stimulation resulted in 

high occupancies of ARID1A (Supplemental Figure 3, H–M) and 

SMARCC1 (Supplemental Figure 3, N and O) on the promoters of 

CXCL9 (Supplemental Figure 3, H–J and N) and CXCL10 (Supple-

mental Figure 3, K–M and O) in ARID1A-proficient DLD-1 colon 

cancer cells, OC8 ovarian cancer cells, and A375 melanoma can-

cer cells (Supplemental Figure 3, H–M), whereas SMARCC1 occu-

pation on CXCL9 and CXCL10 promoter was largely reduced in 

ARID1A-knockout OC8 cells compared with WT ARID1A OC8 

cells in response to IFN-γ stimulation (Supplemental Figure 3, N 

and O). Overall, we conclude that ARID1A is largely required for 

IFN-γ–induced gene expression and loss of ARID1A compromises 

chromatin accessibility at the IFN-responsive gene loci.

ARID1A biochemically, genomically, and functionally interacts 

with EZH2. Next, we studied how ARID1A regulates IFN gene 

expression. Early genetic studies in Drosophila suggested a poten-

tial interaction between the SWI/SNF complex and PRC2 (22, 23). 

Figure 4. ARID1A biochemically interacts with EZH2. (A) Interaction between ARID1A and EZH2 in primary high-grade serous ovarian cancer cells (OC8). 
Endogenous EZH2 was immunoprecipitated with anti-EZH2 and ARID1A was probed with Western blot. One of 3 is shown. (B) Schematic representation of 
the full-length ARID1A (ARID1A A) and multiple ARID1A mutants (ARID1A B, C, D). The full-length ARID1A and mutants were used for co-interaction analy-
ses. (C) Interaction between ARID1A and EZH2. Myc-EZH2 and Flag-ARID1A full-length and mutants were ectopically expressed in HEK293T cells, followed 
by EZH2 immunoprecipitations and immunoblotting with Flag and EZH2 antibodies. Inputs are shown in bottom panels. One of 3 is shown. (D) In vitro 
binding of ARID1A to EZH2. Recombinant His-ARID1A C-terminal DUF 3518 domain partial protein (AA1976-2231) was incubated with GST-EZH2 recom-
binant protein, followed by His tag pulldown and immunoblotting with GST antibody. Inputs are shown in bottom panels. One of 3 is shown. (E) R1989* 
hotspot mutation of ARID1A in all types of cancer. Image was adopted from Cosmic website (https://cancer.sanger.ac.uk/cosmic), and double-checked in 
Cbioportal. (F) Interaction between ARID1A R1989* mutant and EZH2. HEK293T cells were transfected with WT Flag-ARID1A and R1989* mutant express-
ing plasmids, followed by EZH2 immunoprecipitation and immunoblotting with ARID1A and EZH2 antibodies. One of 3 is shown.
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EZH2, a key PRC2 component, represses Th1-type chemo kine 

expression in human ovarian carcinoma and colon carcinoma 

(27, 28). In addition, transcriptome analysis indicated that the top 

pathway associated with ARID1A was Th1-type immune response 

(Figure 1A). The data raised a question of whether ARID1A phys-

ically interacts with EZH2 to functionally antagonize the repres-

sive role of EZH2 in IFN-responsive genes in human cancer cells. 

We used an anti-EZH2 mAb to immunoprecipitate endogenous 

EZH2 in OC8 cells. We detected an interaction between endog-

enous EZH2 and ARID1A in OC8 (Figure 4A). This interaction 

was IFN-γ independent (Figure 4A). We confirmed the interac-

tion between endogenous ARID1A and EZH2 in human HCT116 

colon cancer cells (Supplemental Figure 4A). To further investi-

gate this interaction in vivo, we inoculated OVCA429 cells into 

NOD/scid IL2Rγnull (NSG) mice and established ovarian cancer. 

Then, we isolated the established ovarian tumor and confirmed 

an interaction between ARID1A and EZH2 in vivo (Supplemental 

Figure 4B). Next, we thought to determine which domain of ARI-

D1A interacted with EZH2. To address this, we generated a series 

of ARID1A mutants, transfected HEK293T cells with plasmids 

encoding WT ARID1A or ARID1A mutants (Figure 4B) — along 

with plasmids encoding WT EZH2 (Figure 4C) — and performed 

immunoprecipitation experiments. We detected an interaction 

between WT EZH2 and WT ARID1A in HEK293T cells (Figure 

4C). Furthermore, ARID1A interacted with EZH2 via its C-ter-

minal region, which contained amino acids from 1109 to 2285 

(Figure 4, B and C). Using the recombinant DUF3518 domain 

of ARID1A covering amino acids 1976 to 2231 and recombinant 

GST-EZH2 protein, we confirmed that the DUF3518 domain of 

ARID1A interacts with EZH2 (Figure 4D). A search of the TCGA 

Figure 5. ARID1A functionally interacts with EZH2. (A and B) Effect of ARID1A on EZH2-mediated Th1-type chemokine repression in ovarian cancer 
cells. ARID1A WT or knockout OC8 cells were pretreated with GSK126, following IFN-γ treatment for 8 hours. CXCL9 (A) and CXCL10 (B) expression 
were quantified by real-time PCR. Mean ± SD, n = 3 with repeats, *P = 0.0032 (A), *P = 0.0014 (B), Student’s 2-tailed t tests. (C and D) Effect of ARI-
D1A on H3K27me3-mediated Th1-type chemokine repression in ovarian cancer cells. ARID1A WT or knockout OC8 cells were treated with IFN-γ for 6 
hours. H3K27me3 ChIP was performed. H3K27me3 levels on the promoters of CXCL9 and CXCL10 were normalized to the input. Mean ± SD, n = 3–4, *P 
= 0.00155 (C), *P = 0.00003 (D), Student’s 2-tailed t tests. (E) Effect of ARID1A C-terminal truncation on CXCL9 gene expression in ovarian cancer cells. 
ARID1A-knockout OVCA429 cells were transfected with full-length ARID1A, ARID1A mutant C, and ARID1A mutant D (ARID1A C-terminal truncation) (see 
Figure 4B). CXCL9 expression was quantified by real-time PCR. (n = 3, *P = 0.0017, Student’s 2-tailed t tests). (F) Effect of ARID1A R1989* mutation on 
CXCL10 gene expression in ovarian cancer cells. ARID1A-knockout OVCA429 cells were transfected with WT ARID1A or ARID1A R1989* mutants and stimu-
lated with IFN-γ for 12 hours. CXCL10 expression was quantified by real-time PCR. (n = 3, *P = 0.028, Student’s t tests). (G) Venn diagram depicting overlap 
between genes significantly regulated following IFN-γ stimulation (blue), ARID1A knockout (red), or GSK126 treatment (yellow) in OVCA-429 cells. Stacked 
bar plot depicting the distribution of ARID1A– or GSK126– regulation status of IFN-γ–responsive genes. (H) Log

2
 fold change (LFC) of top IFN-γ–responsive 

genes that are significantly regulated following ARID1A knockout or GSK126 treatment, n = 2.
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ARID1A WT cells. However, this effect was largely diminished in 

ARID1A-knockout ovarian cancer cells (Figure 5, A and B). Similar 

results were obtained in ARID1A WT (OVCA249) and deficient 

(AC17, AC25) OCCC cells (Supplemental Figure 5, A and B).

Furthermore, we performed ATAC-Seq in OVCA429 and 

OVCA429 ARID1A-knockout cells upon IFN-γ stimulation in 

the presence of GSK126. We observed that the chromatin acces-

sibility of IFN-γ–responsive genes was moderately lower in ARI-

D1A-knockout cells compared with ARID1A WT cells (Supple-

mental Figure 5C). This result indicates that ARID1A deficiency 

led to poorer chromatin accessibility even in the presence of 

GSK126. To additionally explore the antagonistic effect between 

EZH2 and ARID1A, we carried out ChIP analysis and examined 

H3K27 trimethylation status on the promoters of CXCL9 and 

CXCL10. ARID1A knockout or mutant showed higher levels of 

H3K27me3 occupancy at the promoters of CXCL9 and CXCL10 

than ARID1A-proficient ovarian cancer cells after IFN-γ treatment 

(Figure 5, C and D, and Supplemental Figure 5, D and E). EZH2 

database for ARID1A mutation status in cancers revealed that an 

R1989* nonsense mutation in the DUF3518 domain is a hotspot 

mutation in a variety of cancer types (Figure 4E; https://cancer.

sanger.ac.uk/cosmic/gene/analysis?ln=ARID1A) (38). Moreover, 

we made an ARID1A mutant with the R1989* mutation and 

detected a compromised interaction between EZH2 and the 

R1989* mutant (Figure 4F). The data, along with our subsequent 

functional studies, suggest a clinical relevance of this hotspot 

mutation in human tumor immunity.

After examining their biochemical interaction, we evaluated 

the functional significance of the ARID1A-EZH2 interaction in the 

regulation of IFN-γ–responsive genes in human tumor cells. We 

hypothesized that ARID1A functionally antagonizes the repres-

sive role of EZH2 in IFN-responsive genes in human cancer cells. 

GSK126 specifically inhibits EZH2 methyltransferase activity (39). 

We stimulated ARID1A WT and knockout OC8 cells with IFN-γ 

in the presence of GSK126. In line with our previous report (28), 

GSK126 treatment promoted CXCL9 and CXCL10 expression in 

Figure 6. ARID1A regulates spontaneous tumor immunity in vivo. (A and B) Effects of ARID1A on MC38 tumor growth and mouse survival in C57BL/6 
mice. Mice were inoculated with MC38 expressing shARID1As and control vectors (the same control vectors for shARID1A-1 and shARID1A-2). Tumor vol-
ume (A) and mouse survival (B) were monitored. Mean ± SD, n = 7–8, Mann-Whitney U test (A). *P < 0.05; **P < 0.01. Kaplan-Meier analysis (B). (C) Effect 
of ARID1A on MC38 tumor chemokine expression. CXCL9 and CXCL10 transcripts were quantified by real-time PCR in shARID1A- and vector-expressing 
MC38 tumors in vivo. Mean ± SD, n = 5, Mann-Whitney U test; CXCL9: *P = 0.0317; CXCL10: *P = 0.0159. (D–F) Effect of ARID1A on MC38 tumor–infiltrating 
T cell function. Tumor-infiltrating granzyme B+ (D), IL-2+ (E), and IFN-γ+ (F) T cells were analyzed on day 17. Gated on CD45+CD3+ T cells. Mean ± SD, n = 5, 
Mann-Whitney U test, *P < 0.05, **P < 0.01. (G) Effect of ARID1A on ID8 ovarian cancer growth in C57BL/6 mice. Mice were inoculated with luciferase-ID8 
expressing shARID1A and control vectors. Tumor volume was monitored. Mean ± SD, n = 5–6, Mann-Whitney U test, *P < 0.05; **P < 0.01. (H) Effect of 
ARID1A on ID8 tumor chemokine expression. CXCL9 and CXCL10 transcripts were quantified by real-time PCR in shARID1A- and vector-expressing ID8 
tumors in vivo. Mean ± SD, n = 5–6, Mann-Whitney U test, **P < 0.01. (I and J) Effect of ARID1A in ID8 tumor-infiltrating T cell function. Tumor-infiltrating 
TNF-α+ and IL-2+ CD4+ (I) and IFN-γ+ and granzyme B+ CD8+ (J) T cells were analyzed. n = 5–6.
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Figure 7. ARID1A gene status affects checkpoint therapy. (A–D) Effect of ARID1A on anti–PD-L1 therapy in MC38-bearing mice. Mice bearing shARID1A  
and vector MC38 tumors were treated with anti–PD-L1 or isotype. (A) Tumor volume was monitored. (B–D) Tumor IL-2+CD4+ (B), IFN-γ+CD8+ (C), and 
Adpgk-specific CD8+ (D) T cells were analyzed on day 25. One of 6 experiments. Mean ± SD, Mann-Whitney U test. (E) Effect of ARID1A mutations on 
immunotherapeutic efficacy in metastatic melanoma patients with (n = 14) or without (n = 268) ARID1A C-terminal mutations. Response rate is shown 
in patients with clinical benefits (CB, n = 109), including complete response (CR), partial response (PR), and stable disease (SD), and progressive patients 
(PD) (nonclinical benefits, NCB, n = 173). One-sided χ2 test, P = 0.0326. (F and G) Effect of ARID1A levels on immunotherapeutic efficacy in 52 metastatic 
melanoma patients with 47 WT and 5 mutated ARID1A. (F) Response rate is shown in patients with low (n = 26) and high (n = 26) ARID1A expression. 
ARID1A-mutated patients were placed in the ARID1A low group. Two-sided χ2 test, P = 0.0125. (G) Response status with corresponding specific ARID1A 
fragments per kilobase of transcript per million mapped reads is shown. (H) Effect of tumor mutation load (TMB) on immunotherapeutic efficacy. WT 
ARID1A melanoma patients were divided into high-TMB (n = 29) and low-TMB (n = 22) groups. Response rate was analyzed in patients with high and low 
TMB. In high-TMB group, 14 and 15 patients expressed, respectively, low and high ARID1A. In low-TMB group, 11 and 11 patients expressed, respectively, 
low and high ARID1A. Cutoff value: 100 mutations (31). Two-sided χ2 test, P < 0.0001. (I) Effect of anti–PD-1 on biological pathways in melanoma patients. 
Differential gene expression between CB and NCB groups was entered for DAVID pathway analysis (65). *P < 0.05; **P < 0.01.
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Both ARID1A deficiency and EZH2 repression (GSK126) 

altered IFN-γ–responsive gene expression (Figure 5G). We 

explored the potential coordinative effect of ARID1A and EZH2 

on the changes of IFN-γ–responsive genes in ARID1A+/+ and ARI-

D1A–/– OVCA429 cells treated with GSK126 versus the control 

(DMSO). Overall, more than two-thirds of GSK126-affected genes 

were overlapped with ARID1A-affected genes (Figure 5G and 

Supplemental Table 7). Interestingly, the majority of these gene 

changes were in opposite directions (Supplemental Figure 5, F 

and G). Th1-type chemokines, including CCL5, CXCL9, CXCL10, 

and CXCL11, were among the top genes differentially regulated 

by both EZH2 and ARID1A (Figure 5H and Supplemental Table 7). 

Thus, ARID1A biochemically interacts with EZH2 and function-

ally antagonizes EZH2-mediated IFN-γ gene repression in tumor 

cells via its carboxyl domain. Altogether, these data suggest a 

critical interplay between ARID1A and EZH2 to regulate a set of 

IFN-responsive genes.

ARID1A regulates spontaneous tumor immunity in vivo. Given 

the role of ARID1A in the regulation of IFN signaling in tumors, 

particularly Th1-type chemokines, we hypothesized that ARID1A 

mediates CXCL9 and CXCL10 repression in tumor cells through 

H3K27me3 (28). The data suggest that ARID1A functionally 

antagonizes EZH2-mediated IFN-γ gene repression.

Given that the DUF3518 domain of ARID1A is essential for its 

interaction with EZH2, we explored whether the DUF3518 domain 

is functionally required for ARID1A to antagonize EZH2-mediated 

IFN-γ signaling gene repression. To this end, we generated an ARI-

D1A mutant with DUF3518 domain deletion (Figure 4, B and C) to 

test whether WT ARID1A or different ARID1A mutants could res-

cue defective CXCL10 gene expression in ARID1A-knockout ovar-

ian cancer cells. We found that WT ARID1A and ARID1A mutant 

C, but not ARID1A mutant D (C-terminal mutant) (Figure 4B), 

rescued CXCL10 gene expression (Figure 5E). The data indicate 

that the DUF3518 domain is critical for ARID1A to functionally 

antagonize EZH2-mediated IFN-γ gene repression. To assess the 

functional importance of the R1989* nonsense mutation, the clini-

cal hotspot mutation of ARID1A, we made the R1989* mutant and 

tested its role (Figure 4F) in tumor cell IFN-γ response. The R1989* 

mutant failed to rescue CXCL10 deficiency in ARID1A-knockout 

ovarian cancer cells in response to IFN-γ (Figure 5F).

Figure 8. ARID1A gene status affects clinical outcome. (A) Overall survival (OS) of WT (n = 401) and mutated (n = 20) ARID1A ovarian cancer patients in 
TCGA and MSKCC-IMPACT. Log-rank test, P = 0.0003. (B) OS of WT patients, ARID1A mRNA high (n = 119) and low (n = 119) colon adenocarcinoma patients 
in TCGA. P = 0.0556. (C) OS of WT (n = 341) and mutated (n = 31) ARID1A hepatocellular carcinoma patients. P = 0.0106. (D) OS of WT (n = 190) and mutated 
(n = 49) ARID1A hepatobiliary cancer patients. P = 0.0111. (E) OS of WT (n = 328) and mutated (n = 38) ARID1A pancreatic cancer patients. P = 0.0156. (F) 
OS of WT (n = 6913) and mutated (n = 661) ARID1A patients in MSKCC-IMPACT. P = 0.0147. (G) Disease-free survival (DFS) of high (n = 2098) and low (n = 
2098) tumor ARID1A transcripts in MSKCC-IMPACT. P < 0.0001. (H) DFS of high (n = 2034) and low (n = 2034) tumor WT ARID1A somatic copy numbers in 
patients in TCGA PANCAN. P = 0.0007. (I) OS of WT (n = 7979) and mutated (n = 644) ARID1A patients in TCGA PANCAN. Patients with POLE mutations 
were excluded. P = 0.011. (J) OS of WT (n = 6897) and mutated (n = 457) ARID1A patients in TCGA PANCAN. Patients with PIK3CA mutations were excluded. 
P = 0.0002. (K) OS of WT (n = 6745) and mutated (n = 401) ARID1A patients in TCGA PANCAN. Patients with PIK3CA or POLE mutations were excluded.  
P < 0.0001. (L) DFS of high (n = 1957) and low (n = 1958) WT ARID1A somatic copy numbers in TCGA PANCAN patients. UCEC were excluded. P = 0.0007.
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ure 6K) in the WT ID8 tumor microenvironment, but not in the  

shARID1A-ID8 tumor microenvironment.

As confirmatory experiments, we observed that in MC38 

tumor–bearing mice, tumor-infiltrating IL-2+CD4+ T cells (Fig-

ure 7B) and IFN-γ+CD8+ T cells (Figure 7C) were higher in mice 

bearing control vector–expressing MC38, compared with mice 

bearing shARID1A-expressing MC38 tumors. Again, anti–PD-L1 

therapy increased tumor-infiltrating IL-2+CD4+ T cells (Figure 

7B) and IFN-γ+CD8+ T cells (Figure 7C) in mice with control vec-

tor–expressing MC38, but not in mice with shARID1A-expressing 

MC38 tumors. Furthermore, anti-CXCR3 mAb treatment abol-

ished the antitumor effect of anti–PD-L1 mAb in mice bearing 

WT MC38, as shown by decreased tumor-infiltrating CD8+ T cells 

(Supplemental Figure 6A) and increased tumor volume (Supple-

mental Figure 6B) in mice that received anti-CXCR3 and anti–

PD-L1 compared with mice that received anti–PD-L1 alone (Sup-

plemental Figure 6, A and B).

MC38 cells harbor a single-epitope mutation within Adpgk 

protein (ASMTNRELM → ASMTNMELM), with the neoepitope 

presented in MHC-I H-2Db molecules (40). Neoantigen tetram-

er assay showed that PD-L1 mAb treatment increased neoanti-

gen-specific CD8+ T cells in the tumor microenvironment in mice 

with control shRNA tumors, but not in shARID1A tumors (Figure 

7D and Supplemental Figure 7A). Neoantigen-specific CD8+ T 

cells were not detectable in the lymph nodes (Supplemental Figure 

7B). The data suggest that ARID1A affects checkpoint blockade–

induced immunity in preclinical murine models.

Next, we explored whether ARID1A affects clinical response to 

checkpoint blockade in patients. Because the C-terminal portion 

of ARID1A interacts with EZH2 and plays a critical role in IFN-γ 

response, we compared clinical responses to PD-L1/PD-1 block-

ade in patients with or without ARID1A C-terminal mutations. We 

found a nearly 3-fold decrease in the clinical response rate of mel-

anoma patients with ARID1A C-terminal mutations as compared 

with patients without C-terminal mutations (refs. 31, 41–43, and 

Figure 7E). We additionally evaluated the role of ARID1A gene 

expression levels in clinical response to checkpoint blockade in 

cancer patients. High levels of tumor ARID1A gene expression cor-

related with increased clinical response rate to anti–PD-1 therapy in 

patients with melanoma (ref. 31 and Figure 7, F and G). It has been 

suggested that ARID1A mutation is related to increased tumor 

mutation load and enhanced tumor immunity in a mouse model 

(44). To explore a potential role of tumor mutation load in ARI-

D1A-affected human tumor immunity, we divided patients into 

high- versus low-mutation groups and compared their therapeutic 

responses to immunotherapy. We found that regardless of tumor 

mutation loads, the clinical response rate was lower in patients with 

low ARID1A expression (Figure 7H). The data suggest that tumor 

mutation load may not be a decisive factor for ARID1A-affected 

tumor immunity. In further support of this, transcriptome analy-

sis of metastatic melanoma tissues revealed that signatures of the 

chromatin remodeling genes, including ARID1A, and chemokine 

and immune cell trafficking signaling, were enriched in patients 

with clinical benefits associated with immunotherapy (Figure 7I). 

Specific pathway analysis showed the enrichment of IFN-γ (Sup-

plemental Figure 7C), IFN-α (Supplemental Figure 7D), and T cell 

activation (Supplemental Figure 7E) signaling genes in patients 

affects antitumor immunity in vivo by controlling effector T cell 

tumor trafficking via CXCL9 and CXCL10. To test this hypothesis, 

in the first experimental setting, we treated MC38 colon cancer–

bearing mice with neutralizing anti-CXCR3 mAb. CXCR3 is the 

receptor for CXCL9 and CXCL10. Anti-CXCR3 mAb treatment 

resulted in reduced CD8+ T cells in the tumor microenvironment 

(Supplemental Figure 6A) and increased tumor growth (Supple-

mental Figure 6B) as compared with the control. Thus, we validat-

ed a critical role of CXCL9 and CXCL10 in T cell tumor trafficking 

in MC38 tumor–bearing mice.

In the second experimental setting, we established 2 ARID1A 

knockdown MC38 cell pools with specific shRNAs against ARID1A 

(shARID1A-1 and shARID1A-2) (Supplemental Figure 6C). shRNA- 

mediated knockdown of ARID1A did not affect tumor growth in 

vitro (Supplemental Figure 6D) or in vivo in NSG mice (Supple-

mental Figure 6E), but caused increased tumor volume (Figure 

6A) and shortened mouse survival (Figure 6B) in immune-compe-

tent C57BL/6 mice. Thus, knockdown ARID1A negatively affects 

spontaneous antitumor immunity.

In the third experimental setting, we depleted CD8+ T cells 

with anti–mouse CD8 mAb in mice bearing 2 different shARI-

D1A MC38 cell pools. Depletion of CD8+ T cells erased the dif-

ference in tumor growth between mice bearing WT ARID1A and 

2 different shARID1A tumor cell pools (Supplemental Figure 6, F 

and G). Furthermore, the levels of Th1-type chemokines CXCL9 

and CXCL10 (Figure 6C) and T cell effector molecules, including 

granzyme B, IL-2, and IFN-γ (Figure 6, D–F), were decreased in 

the tumor microenvironment in mice bearing ARID1A knock-

down MC38 compared with controls.

To validate these results in a different model system, we 

knocked down ARID1A in ID8 mouse ovarian cancer cells with 

specific shARID1A (Supplemental Figure 6H). IFN-γ stimulation 

did not affect ARID1A knockdown efficiency (Supplemental Fig-

ure 6H). Again, shARID1A ID8 tumors grew faster than WT ID8 

tumors in C57 BL/6 mice (Figure 6G and Supplemental Figure 6I). 

The levels of Th1-type chemokines (Figure 6H), effector molecules 

expressed in CD3+ T cells (Figure 6, I and J), in CD4+ (Supplemen-

tal Figure 6J), and CD8+ (Supplemental Figure 6K) T cell subsets 

were decreased in the shARID1A ID8 tumor microenvironment as 

compared with the WT ID8 tumor. Thus, ARID1A deficiency caus-

es poor tumor Th1-type chemokine expression and T cell tumor 

infiltration, and impedes spontaneous tumor immunity in vivo.

ARID1A gene status affects checkpoint therapy–induced tumor 

immunity. We explored whether ARID1A affected checkpoint 

blockade–induced immunity and therapeutic response in animal 

models and in patients with cancer. First, we treated mice bearing 

WT ARID1A and shARID1A MC38 (Supplemental Figure 5, A and 

B) and ID8 (Figure 6G) cancer cells with anti–PD-L1 mAb. Treat-

ment with PD-L1 mAb slowed down tumor growth in mice bearing 

control vector–expressing MC38 (Supplemental Figure 6B) and 

ID8 (Figure 6G) cancer cells. However, knockdown of tumor ARI-

D1A abolished the antitumor effect of PD-L1 mAb in mice bearing 

shARID1A MC38 (Figure 7A) and ID8 (Figure 6G) tumors. In line 

with this, anti–PD-L1 mAb treatment enhanced the expression 

levels of CXCL9 and CXCL10 (Figure 6H) of IL-2, TNF-α, IFN-γ, 

and granzyme B in T cells (Figure 6, I and J) and in CD4+ (Sup-

plemental Figure 6J) and CD8+ T cell subsets (Supplemental Fig-
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ing the potential impact of POLE and PIK3CA mutations. To this 

end, we analyzed the clinical outcome of patients with WT POLE 

or WT PIK3CA in the TCGA pan-cancer cohort. Again, ARID1A 

mutation remained a negative factor for survival in patients with 

WT POLE (ref. 47 and Figure 8I) or WT PIK3CA (ref. 47 and Figure 

8J). Concurrent exclusion of POLE and PIK3CA mutations addi-

tionally enforced a negative role of ARID1A mutations in patient 

survival (Figure 8K), and patients with WT ARID1A had a more 

than 3-year overall survival advantage compared with patients 

with ARID1A mutations (Figure 8K). Furthermore, patients with 

high ARID1A somatic copy numbers had longer disease-free 

survival compared with patients with low copy numbers in the 

pan-cancer cohort after excluding UCEC patients (Figure 8L). 

These data indicate that ARID1A mutations may negatively affect 

T cell immunity and are associated with poor patient survival in 

the majority of cancer histologies, whereas ARID1A mutations 

may have no independent impact on cancer immune phenotype 

and survival in UCEC patients.

Discussion
BAF and polybromo-associated BAF (PBAF) are 2 chromatin-re-

modeling complexes of the SWI/SNF family. There are many 

components in the BAF and PBAF complexes. The genetic, bio-

chemical, and functional relevance of individual components in 

the SWI/SNF complexes is generally poorly understood in the con-

text of cancer immunity. ARID1A is a core component in the BAF 

complex. BAF component mutations occur in more than 20% of 

human cancers, which ranks immediately after p53 (26%) muta-

tions (19, 50). ARID1A mutations are exhibited in 50% of OCCCs 

(16, 17) and 11% of colorectal adenocarcinomas (51, 52). Hence, in 

this work we have explored a potential impact of ARID1A genetic 

status on the key IFN signaling pathway, T cell immunity, clinical 

outcome, and checkpoint therapy response in multiple types of 

cancer, including ovarian cancer, colon cancer, and melanoma.

We have found that ARID1A mutations and reduced copy 

number are negatively associated with patient survival and/or 

checkpoint therapy responses in multiple types of cancer. Given 

the protective role of cancer immunity in patient outcome, we have 

predicted a potential causal relationship between ARID1A gene sta-

tus and tumor immunity. In support of this, we have demonstrated 

that ARID1A is indispensable for tumor cells to express IFN signal-

ing genes, including Th1-type chemokines, and to attract effector T 

cells toward the tumor microenvironment in cancer patients and in 

well-defined genetic mouse models of cancer. More importantly, 

ARID1A gene status correlates with IFN signaling gene signature, 

T cell tumor infiltration and effector function, patient survival, and 

clinical responses to checkpoint blockade in several types of cancer 

regardless of tumor mutation load. Thus, our data help to address 

a long-standing question of whether driver mutations can directly 

affect tumor T cell immunity and immunotherapy. Indeed, we have 

provided strong evidence that cancer epigenetic driver mutations 

such as ARID1A mutations may shape tumor immune phenotype 

and drive cancer immune evasion in many types of human cancer. 

However, additional investigations are needed to more fully under-

stand the immunological role of each epigenetic component muta-

tion in different types of cancer in spontaneous tumor immunity 

and immunotherapy-induced immunity.

with therapy-associated clinical response, whereas genes associ-

ated with mitochondria activity, catabolic process, and pyrimidine 

nucleotide metabolism were enriched in patients without clinical 

response (Supplemental Figure 7F and ref. 31). Thus, ARID1A gene 

status influences tumor immunity, and the impact of ARID1A on 

the efficacy of immune checkpoint blockade therapy may be inde-

pendent of tumor mutation load.

ARID1A gene status affects patient survival. To explore the 

potential impact of ARID1A gene status on cancer patient out-

come, we analyzed several types of human cancer in public 

resources in which information on both ARID1A gene status and 

patient outcome were available. In ovarian cancer patients, we 

noticed that patients with ARID1A-mutated tumors experienced 

a poor overall survival as compared with patients whose tumors 

had WT ARID1A (Figure 8A and refs. 45, 46). In colon adenocarci-

noma patients with WT ARID1A, ARID1A gene expression levels 

revealed a positive correlation with patient overall survival (ref. 45 

and Figure 8B). ARID1A mutations were also associated with poor 

survival in patients with hepatocellular carcinoma (Figure 8C), 

hepatobiliary cancer (Figure 8D), and pancreatic cancer (Figure 

8E and ref. 46) in the MSKCC-IMPACT cohort.

Next, we analyzed a potential relationship between ARID1A 

genetic status and clinical outcome across diverse cancer types. 

In the MSKCC-IMPACT cohort with 10,945 cancer patients, we 

found that ARID1A mutations were significantly associated with 

poor overall survival (Figure 8F and ref. 46). Across a TCGA 

pan-cancer cohort of 10,593 cancer patients (47), based on ARI-

D1A expression, we divided patients whose tumors had WT ARI-

D1A into high and low ARID1A expression groups. We observed 

that ARID1A gene expression levels were positively associated 

with disease-free survival (Figure 8G). In addition, patients with 

high ARID1A copy numbers had longer disease-free survival com-

pared with patients with low ARID1A copy numbers (Figure 8H). 

These data suggest that ARID1A gene status can affect patient out-

come in many types of human cancer.

However, when we specifically analyzed the TCGA–Uterine 

Corpus Endometrial Carcinoma (TCGA-UCEC) cohort (47), in 

line with a previous report (44), we found that ARID1A mutations 

were positively associated with patient survival (Supplemental 

Figure 8A). Surprisingly, there was no difference in the T cell sig-

nature genes and IFN signaling pathway between ARID1A WT and 

mutated tumors in the TCGA-UCEC cohort (Supplemental Figure 

8B). These results suggest that the impact of ARID1A mutations on 

overall survival may not be attributed to T cell immunity in UCEC 

patients. POLE mutations (48) and PIK3CA mutations (16, 17, 49) 

frequently co-occur with ARID1A mutations (32, 48). We exclud-

ed patients with POLE and PIK3CA mutations and assessed the 

effect of ARID1A mutations on UCEC patient survival. Under this 

condition, ARID1A mutations had no impact on patients’ overall 

survival (Supplemental Figure 8C). The result remained similar 

when microsatellite instability (MSI) patients were excluded from 

the analysis (Supplemental Figure 8D). Altogether, the data sug-

gest that ARID1A genetic status has no independent impact on 

UCEC immune phenotype and patient outcome and hence, the 

effects of ARID1A are likely context dependent.

Finally, we assessed whether ARID1A genetic status remained 

a factor in patient survival across many types of cancer by exclud-
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potentially explain the high susceptibility to chronic respiratory 

infection in patients with symptoms of Coffin-Siris syndrome who 

bear an ARID1A mutation (63). Thus, the antagonism of ARID1A 

and EZH2 may determine tumor cell IFN responsiveness, shape 

cancer immune phenotype, and potentially affect immunotherapy 

outcomes. We suggest that frequent intrinsic ARID1A mutations 

or low expression confer an unappreciated tumor immune evasion 

mechanism. Therefore, targeting BAF complex mutation–associat-

ed pathways in combination with immunotherapy may be a novel 

approach to treating patients with BAF-mutated cancers.

Opposite to our demonstration that ARID1A mutations nega-

tively shape tumor immune phenotype, T cell immunity, and clin-

ical outcome across many types of human cancer, a recent report 

has shown that ARID1A mutations are associated with improved 

outcome in UCEC patients (44). We have successfully reproduced 

this survival analysis in this patient population. However, we failed 

to detect an immune signature difference between WT ARID1A 

and mutated ARID1A UCEC patients. In addition, similar to our 

data from murine tumors with ARID1A knockdown, Shen et al. 

have demonstrated a decrease in tumor T cell infiltration in mice 

bearing ID8 tumors with ARID1A deficiency (44). Surprisingly, 

they found that decreased CD8+ T cell tumor infiltration is asso-

ciated with reduced ID8 tumor growth (44). Thus, we speculate 

that the impact of ARID1A mutations on cancer progression and/

or T cell immunity may be influenced by other confounding ele-

ment(s). We have primarily evaluated this possibility in patients 

with UCEC. It is well known that UCEC includes highly mutated 

tumor subtypes (64). POLE and PIK3CA are frequently and con-

currently mutated with ARID1A (32, 48). Patients with POLE- 

mutant tumors have significantly improved survival (32, 48). Thus, 

we have reanalyzed the relationship between ARID1A mutations 

and UCEC patient outcome by excluding those whose tumors have 

POLE and PIK3CA mutations. As expected, ARID1A mutations 

were no longer positively associated with UCEC patient outcome. 

More importantly, when we reevaluated pan-cancer patients by 

excluding patients with UCEC or patients with POLE and/or PIK-

3CA mutations, we validated that ARID1A mutations or low ARI-

D1A copy number remained negatively associated with clinical out-

come. Therefore, we suggest that ARID1A positively affects tumor 

immunity and patient survival in the majority of cancer histologies, 

but is probably context dependent, since ARID1A does not appear 

to play an independent immunological role in UCEC patients or in 

patients with high POLE and PIK3CA mutations.

In summary, we have systematically demonstrated that ARI-

D1A biochemically, functionally, and clinically shapes tumor 

immunity and therapeutic response to immunotherapy across 

many types of human cancer. Targeting ARID1A-associated path-

ways may be an anticancer therapeutic approach.

Methods
Detailed information is provided in the Supplemental Methods. 

Data access. ATAC-Seq, ARID1A, and GSK126 RNA-Seq data 

of OVCA429 cells were deposited into the National Center for Bio-

technology Information’s Gene Expression Omnibus database under 

GSE131918 (http://www.ncbi.nlm.nih.gov/geo).

Study approval. This study was approved by the Institutional Ani-

mal Care & Use Committee of the University of Michigan.

It has been proposed that high tumor mutation load may 

increase the probability of generating immunogenic neoanti-

gens and be associated with enhanced immunotherapy response 

(31, 53). We have taken tumor mutation load into account to test 

a potential involvement of ARID1A mutations in shaping immu-

notherapy response. In sharp contrast to the previously proposed 

immune-protective role of ARID1A mutations in human tumor 

mutation–mediated immunity and immunotherapy response 

(44), we have observed that regardless of tumor mutation load, 

ARID1A mutations were associated with poor clinical benefit 

in patients who received immunotherapy. In addition to tumor 

mutation quantity and quality (31), the nature of immunosuppres-

sive mechanisms, tumor epigenetics, and tumor metabolism play 

an important role in determining cancer immune phenotype and 

immunotherapy response (28, 54–59). We suggest that ARID1A 

gene status, including mutation, transcript levels, and copy num-

ber, may affect spontaneous and immune checkpoint blockade–

induced T cell immunity.

Unlike ARID1A, PBRM1 is a component of the PBAF complex in 

the SWI/SNF family (60). It has been recently reported that PBRM1 

deficiency is associated with increased T cell tumor infiltration in 

the mouse B16 melanoma model (61), and its mutations may cor-

relate with increased therapeutic response to immune checkpoint 

blockade in patients with renal clear cell carcinoma (62). However, 

it is important to determine the potential impact of other concur-

rent genetic alterations on these patients’ survival and therapeutic 

outcomes. Nonetheless, this work alongside with our current report 

enforces the concept that chromatin remodeling complexes can 

participate in the regulation of cancer immune response and addi-

tionally raises the possibility that the nature of immune regulation 

mediated by individual components of BAF and PBAF may not be 

functionally identical and/or may be tissue-type dependent.

An open question had been how ARID1A regulates tumor IFN 

signaling gene expression. We have demonstrated that ARID1A 

controls IFN signaling gene chromatic accessibility. This is one 

layer of the mechanism by which ARID1A regulates tumor cell 

response to spontaneous and therapy-mediated immune stimula-

tion. Furthermore, we have revealed that the antagonistic effect of 

ARID1A on EZH2 is a biochemical and functional mechanism for 

ARID1A-regulated IFN signaling gene expression in tumor cells. 

EZH2, a PRC2 component, represses Th1-type chemokine CXCL9 

and CXCL10 expression and causes poor effector T cell tumor traf-

ficking in human ovarian high-grade serous carcinoma and colon 

carcinoma (27, 28). The potential genetic interaction between the 

BAF complex and PRC2 has been proposed previously based on 

genetic studies in Drosophila (22, 23) and during oncogenic trans-

formation (25). We hypothesized that ARID1A may physically inter-

act with and functionally antagonize the role of EZH2 in human 

cancer cells. In line with this, we found that ARID1A interacts with 

EZH2 via its C-terminal and functionally antagonizes EZH2-me-

diated Th1-type chemokine repression, and that the DUF3518 

domain of ARID1A is required for tumor cell response to IFN-γ 

stimulation. In support of this, a hotspot R1989* mutation within 

the DUF3518 domain in ARID1A has been identified in human can-

cers (38). Indeed, this hotspot is functionally essential for the bio-

chemical and functional interaction between ARID1A and EZH2. 

The immune-defective phenotype of the ARID1A mutation may 
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