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Abstract

Introduction: ARID1A is commonly mutated in colorectal cancer (CRC), frequently resulting in 

truncation and loss of protein expression. ARID1A recruits MSH2 for mismatch-repair during 

DNA replication. ARID1A deficiency promotes hypermutability and immune activation in 

preclinical models but its role in CRC patients is being explored.

Methods: The DNA sequencing and gene expression profiling of CRC patients were extracted 

from TCGA and MD Anderson Cancer Center databases, with validation utilizing external 

databases, and correlation between ARID1A and immunologic features. Immunohistochemistry 

for T-cell markers was performed on a separate cohort of patients.

Results: 28/417 MSS CRC patients (6.7%) had ARID1A mutation. Among 58 genes most 

commonly mutated in CRC, ARID1A mutation had the highest increase with frameshift mutation 

rates in MSS cases (8-fold, p<0.001). In MSS, ARID1A mutation was enriched in immune 

subtype (CMS1) and had a strong correlation with IFN-γ expression (Δz score +1.91, p<0.001). 

Compared with ARID1A wild-type, statistically significant higher expression for key checkpoint 

genes (e.g., PD-L1, CTLA4, and PDCD1) and genes sets (e.g., antigen presentation, cytotoxic T 

cell function, and immune checkpoints) was observed in mutant cases. This was validated by 

unsupervised differential expression of genes related to immune response and further, confirmed 

by higher infiltration of T-cells in IHC of tumors with ARID1A mutation (p=0.01).

Conclusion: The immunogenicity of ARID1A mutant cases is likely due to increased level of 

neoantigens resulting from increased TMB and frameshift mutations. Tumors with ARID1A 
mutation may be more susceptible to immune therapy-based treatment strategies and should be 

recognized as a unique molecular subgroup in future immune therapy trials.
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Introduction

Colorectal cancer is one of the leading causes of cancer-related death globally (1). Despite 

the success of conventional immunotherapy agents in various tumor types (2), these agents 

are effective in only a small proportion of CRC with microsatellite-instability-high (MSI-H) 

or mismatch-repair deficiency (dMMR) (3). MSS CRC is a heterogeneous disease (4) and 

one approach to develop new treatment strategies is to discover novel biomarkers identifying 

subsets of patients with the immunologically active microenvironment. Recently, the loss of 

function and mutation of the ARID1A gene have gained attention based on the newly 

proposed role of this protein in DNA repair (5).

AT-rich interactive domain 1A (ARID1A) is a subunit of the SWitch/Sucrose 

NonFermentable (SWI/SNF) chromatin remodeling complex. By hydroxylation of ATP, the 

SWI/SNF complex modulates the repositioning of nucleosomes and thereby regulates 

accessibility of chromatin to DNA transcription, replication, methylation, and repair (6). The 

dysregulation of this complex has been reported in cancers and among its different subunits, 

ARID1A is most frequently mutated (7).

Initially, the decrease in the expression of ARID1A protein and discovery and ARID1A 

rearrangements and deletions proposed the role of this protein as a tumor suppressor (8, 9). 

Later, and with the help of next-generation sequencing (NGS), somatic mutations in 

ARID1A were discovered in various human malignancies. Most of these heterozygous 

mutations are deletion or nonsense mutation and are distributed along the entire length of the 

gene resulting in truncation of the protein. Multiple studies have demonstrated that one only 

allele mutation in ARID1A gene is sufficient to result in the loss of ARID1A expression 

(10–13). In CRC, the somatic mutation of ARID1A is present in 6.2–9.4% of patients (14).

ARID1A has established roles in cell division and proliferation by regulating cell cycle entry 

and progression (15). In gynecologic cancers, restoration of wild-type ARID1A expression 

resulted in suppression of cell proliferation and tumor growth in mice while silencing 

ARID1A enhanced tumorigenicity (16). In mice model, ARID1A-deficient adenocarcinoma 

resembling human CRC lacks APC/β-catenin, a key gatekeeper in the regulation of gene 

expression (17). Existing preclinical data in gastric and biliary cancers have demonstrated 

similar findings supporting ARID1A as a tumor suppressor (18–20). Retrospective clinical 

data in CRC reveals association of ARID1A loss with late TNM stage, distant metastasis, 

and poor grade (21).

In addition to the functions related to cellular proliferation and gene expression, the role of 

this protein in genomic stability and prevention of structural aberrations in chromosomes has 

been proposed. One suggested mechanism shown by an in vitro study has described 

interaction of ARID1A with topoisomerase IIα and facilitating chromosome segregation 

during mitosis (22). Moreover, SWI/SNF complexes have been demonstrated to contribute 

to the repair of DNA double-strand breaks by promoting ATM-mediated phosphorylation of 

H2AX (23, 24). Also, SWI/SNF complexes have been proposed to have roles in other forms 

of DNA repair including nucleotide excision repair, the repair of pyrimidine dimers, and 

chemical-induced crosslinking of DNA (25–27). MMR deficiency and microsatellite-
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instability-high (MSI-H) phenotypes are associated with ARID1A mutation in various tumor 

types such as gastric and colorectal cancer (28–31) but it is not completely clear if the 

mutation is the result or the cause of MMR deficiency. A recent preclinical study has shown 

a reduced mismatch-repair capacity and a substantially enhanced repair capacity in 

ARID1A-null cells but with ARID1A expression (5). In a proteomic screen, MSH2, an 

important mediator in mismatch-repair, was found to be a binding partner with ARID1A. 

Immunoprecipitation assays further confirmed ARID1A-MSH2 interaction, which is likely 

mediated through the C-terminal regional of ARID1A and the N-terminal region of MSH2 

(5). Also, in cell lines with intact MMR protein expression (MLH1, MSH2, and MSH6), a 

reduced ARID1A expression correlated with lower MMR capability, and this is regardless of 

ARID1A’s transcriptional regulatory role. Using orthotopic implantation of these cell lines 

into immunocompetent mouse models, these studies found that ARID1A deficient cell lines 

show MMR-defective phenotype with an increased level of infiltrating T-lymphocytes (5).

The majority of the mutations in ARID1A are non-sense or frameshift in CRC and result in 

truncation and functional loss of the protein (14). Despite the established role of this protein 

in SWI/SNF complex, the role of ARID1A mutation and its association with immune 

infiltration are not completely understood. Given the proposed role of this protein in DNA-

mismatch repair (per mouse models), we hypothesized that ARID1A mutation in MSS CRC 

would lead to hypermutation and an increase in the expression of gene sets related to the 

immune response.

Materials and Methods

DNA sequencing, gene expression profiling, and clinical data of CRC patients from MD 

Anderson Cancer Center (MDACC) and The Cancer Genomic Atlas (TCGA) were used to 

assess the effect of ARID1A mutation.

The mRNA expression data of the TCGA CRC cohort was generated by Illumina HiSeq and 

GA platforms. The data was normalized, log-transformed and corrected for batch effect of 

the sequencing platform. In case of the MD Anderson cohort, the mRNA expression was 

profiled using Agilent microarrays (Agilent Technologies, Santa Clara, CA, USA). The data 

was preprocessed using Loess based normalization followed by background correction. 

Differential gene expression analysis was conducted using DESeq2 under the assumption of 

negative binomial distribution for the underlying gene expression count matrix and applied 

generalized linear model with Wald statistical test (32). Additional universal validation was 

performed using gene set enrichment analysis (GSEA) to examine the relation between 

ARID1A mutated and other hallmark gene sets (33). To analyze differentially regulated 

pathways and enrichment of immune signatures specifically, we used GO enrichment 

analysis using R package clusterProfiler, with a Bonferroni correction and p-value cutoff of 

0.05 (34). We considered a gene set to be enriched when it was included in the top 100 rank 

in at least two subsets with a p value < 0.05, fold change greater than one and a False 

Discovery Rate (FDR) < 25%.

Exome-sequencing (WES) data from TCGA and MDACC was used to assess the mutational 

status of ARID1A in CRC. Whole-exome sequencing of MDACC cohort had been 
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performed using HiSeq2000 system by sequencing core facility at the institution (Illumina, 

San Diego, CA) at a depth of at least 50x, achieving at least 80% coverage of mapping bases 

with at least 8x coverage and 94% of the genome being sequenced. The exome data of both 

cohorts were aligned to Human genome (hg19) using BWA. The variants were identified by 

Mutect2 after pre-processing the data in GATK pipeline (35). Variants with at least a 

sequencing depth of 30 and alternate alleles supported by 5% of reads were selected. 

Mutational status of ARID1A was defined by presence any non-silent mutation in coding 

region of the gene. Genes with frequent mutations in CRC were assessed for their 

association with the total mutational burden (TMB), frameshift mutation rate, and gene 

signatures of the immune response along with ARID1A.

MSI status for both TCGA and MD Anderson cohorts was determined using 

Immunohistochemistry (IHC) or Polymerase chain reaction (PCR) as previously described 

in the literature (36, 37). Additionally, we applied MSISensor (version 0.5) to identify MSI 

status using WES data of both cohorts. The samples were classified as MSS if MSISensor 

score less than 3.5 and MSI if greater than or equal to 3.5. MSISensor resulted in 100% 

agreement with the MSI status determined by IHC and PCR (38).

Consensus molecular subtypes (CMSs) is an established classification system in CRC; 

according to gene expression described in prior publication, each subtype has unique 

molecular and metabolic characteristics. The subtypes were defined using a large-scale 

analytical study interconnecting 6 CRC classification systems. The subtypes are 

microsatellite instability/immune (CMS1), canonical (CMS2), metabolic (CMS3), and 

mesenchymal (CMS4) (39). In this present study, ARID1A mutational rate was evaluated in 

the context of CMS subtypes of TCGA and MD Anderson cohorts.

TMB and frameshift mutation rate of MSS CRC cases were compared according to 

ARID1A mutational status. An external cohort was used for validation of this analysis (40). 

Clonality was defined as >25% of maximal allele frequency in the tumors.

Gene signatures for IFN-γ pathway and other components of immune response (Table S1) 

were utilized to analyze the differential RNA expression between ARID1A mutant (mt) and 

ARID1A wild-type (wt) cases (41, 42). In addition to ARID1A, other genes with frequent 

mutations in CRC (mutation frequency >5%) were assessed for their association with TMB, 

frameshift mutation rate, and with the expression of gene sets related to the immune 

response.

We also evaluated the tumor infiltration of T lymphocytes in MSS CRC according to 

ARID1A mutational status. Immunohistochemistry (IHC) staining was performed on FFPE 

tumor blocks by using the Opal fIHC Kit (PerkinElmer, Waltham, MA) as described 

previously (43–45). The CD3 immunofluorescence antibody for T cells was used (Dako, 

Carpentaria, CA). The final data were reported as number of cells/mm2.

At the end, we assessed the association of the ARID1A mt with clinical characteristics such 

as gender, age at the time of diagnosis, primary tumor location (right vs. left), stage, and 

race in MSS CRC cases. Using these variables, we performed univariate and multivariate 
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Cox regression analyses to determine the association of ARID1A mutation with overall 

survival.

Statistical Analysis

The data for gene expression and the mutational burden was compared according to the 

ARID1A mutational status using a non-parametric (Mann-Whitney U) test. The association 

between ARID1A mutations and the binomial features was analyzed using χ2 test. 

Statistical analysis was performed using R (version 4.0.2; R Foundation for Statistical 

Computing, Vienna, Austria; http://www.r-project.org/) and SPSS Windows (version 24) 

software program (SPSS Inc, Chicago, IL, USA). All p values were 2-sided, and statistical 

significance was set at p<0.05. The p values for expression analyses were adjusted for 

multiple comparisons with a false discovery rate correction at q < 0.1.

Results

Among 502 CRC cases in MD Anderson and TCGA cohorts, 56 (11.1%) cases had a non-

silent mutation in ARID1A. Among 419 patients with MSS CRC, 28 patients (6.7%) had a 

non-silent mutation in ARID1A. The mutation map for ARID1A gene in MSS CRC is 

included in supplements (Fig S1). Among 28 patients, 18 (64.2%) had inactivating mutation 

in ARID1A gene. Median TMB and frameshift mutation rate for all MSS CRC cases were 

4.3/mb and 4.0/mb, respectively.

Non-silent mutation in the ARID1A gene was associated with an increase in TMB in MSS 

CRC (median mutation rate of 4.3/mb vs. 7.5/mb in wt and mt cases, respectively, p=0.045). 

The mutation was also associated with a higher rate of frameshift mutations in MSS CRC 

(median frameshift mutation rate of 4.0/mb vs. 32.0/mb in wt and mutated cases, 

respectively, p<.001) (Fig 1). While 41% of ARID1A mutant cases had TMB ≥ 10 

mutations/Mb, only 10% of ARID1A wild-type cases had TMB ≥ 10 mutations/Mb. The 

findings for frameshift mutation rate and TMB were validated using MSKCC database. 

(p=0.002, and p<0.001, respectively).

In order to adjust for the potential confounding of high mutation rate resulting in higher 

number of passenger mutations in ARID1A, we conducted several additional analyses. If the 

ARID1A mutation was a passenger event, its frequency would correspond to the gene size. 

However, as shown in Figure S2, ARID1A mutation results in higher mutation rate than 

would be expected based on gene size alone. Second, not all ARID1A mutations are likely 

functional, although frameshift and nonsense mutations result in clear functional 

significance. Indeed, the association with increase in TMB and frameshift mutations was 

retained for inactivating mutation in ARID1A (p=0.008 and p=0.001, respectively) but were 

not observed for ARID1A missense mutations (p=0.8 and p=0.15, respectively). Third, we 

demonstrate that clonality impacts TMB and frameshift rates, with tumors with clonal 

inactivating mutations maintaining the association, while subclonal mutations do not have 

the same association, (p=0.001 and p<0.001, respectively). Finally, we assessed the impact 

of ARID1A copy number loss and found a significantly higher rate of frameshift mutations 

and TMB compared with those with preserved copy number (p=0.004 and p=0.016, 

respectively).
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Next, in order to further evaluate the association of ARID1A mutation with the presence of 

frameshift mutation, we compared the frameshift mutation rates with mutational status of 

genes that are commonly mutated in MSS CRC (mutation frequency >5%). In MSS CRC, 

and out of the 58 genes most commonly mutated, a non-silent mutation in ARID1A had the 

strongest association with the frameshift mutation rate (8-fold increase for ARID1A mt 

cases compared to ARID1A wt, p<0.001) (Fig 2A).

In MSS CRC, ARID1A mutation had also a strong correlation with an increase in the 

expression of the IFN-γ pathway (Δz score +1.91, p=0.001) (Fig 2B).

Higher mutation rate and increase in the IFN-γ expression can be reflective of a larger gene 

size; however, it was noted that in comparison to other commonly mutated genes, a high 

increase in IFN-γ expression in ARID1A mutated cases is not due to the gene size (Fig S3).

The distribution of ARID1A mt across different molecular subtypes in all CRC cases (MSI-

H and MSS) as well as MSS cases is shown in Fig 3A and Fig 3B, respectively. Out of all 

ARID1A mt cases, 31 (55.4%) were in CMS1. The strong enrichment of this mutation in 

CMS1 is due to co-occurrence with MSI-H (out of 68 MSI-H cases, 28 (40.5%) had 

ARID1A mutation). In MSS CRC, ARID1A mutation was still enriched in CMS1 (immune 

subtype) cases (7/21, 33.3%).

In MSS CRC, in order to further understand the association of ARID1A mutation with 

immune response, we looked beyond IFN-γ pathway. ARID1A mutation was associated 

with an increase in the expression of gene sets involved in the immune response (Fig 4A, 

4B). An increase in the expression of gene sets related to NK cell, T reg, and M2 

macrophage, and myeloid-derived suppressor cell (MDSC) were also observed.

In MSS CRC, ARID1A mutation was also associated with increased expression of immune 

checkpoint and key genes known to be associated with immune response (Fig 4C).

In further exploratory analyses, these hypothesis-directed finding was further validated in an 

unbiased differential gene expression (DEGs) analysis comparing tumors with and without 

ARID1A mutation. Gene set enrichment analysis demonstrated enrichment of genes 

involved in immune response, IFN-γ, interleukin (IL)-2, and immune response signaling (q 
< 0.1). The top 10 gene sets are associated with immune response signatures (Supplementary 

Figure S4).

In contrast to MSS, in MSI-H cases, no statistically significant difference in the expression 

of IFN-γ signature, frameshift mutation rate and TMB was observed between ARID1A mt 

and ARID1A wt cases.

In order to validate the findings seen bioinformatically, we analyzed a cohort of specimens 

by immunohistochemistry for CD3+ cells in cases with MSS CRC and then those with MSI-

H CRC. Out of 58 samples with MSS CRC, 3 cases had ARID1A mutation. Out of 10 cases 

with MSI-H CRC, 5 cases had ARID1A mutation. Although limited by sample size, in 

comparison to ARID1A wt cases, higher intratumoral infiltration of T lymphocytes was 
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observed in ARID1A mt samples (p=0.01) while no difference was observed in MSI-H 

tumors with or without ARID1A mutation (p=0.17) (Fig 5A1, 5A2, 5B, and 5C).

In MSS CRC, there was no associated between ARID1A mt and age at diagnosis, gender, 

race, primary tumor location (right vs. left), and stage at the time of diagnosis. ARID1A 
mutation was not associated with poor overall survival in MSS CRC patients.

Discussion

Prognosis of patients with metastatic CRC remains poor and given the heterogeneity of the 

disease, identifying immunologically active subsets to enhance immune response is crucial. 

ARID1A protein – as an important subunit of SWI/SNF complex - has been shown to 

contribute to cellular division, proliferation, and gene expression. The role of this protein in 

DNA repair, in cooperation with MMR proteins, has been revealed in preclinical models and 

the clinical characteristics of the loss and mutation of this protein have been investigated in 

retrospective studies. In this study, we discovered a strong association between ARID1A 
mutation and an increase in TMB and expression of genes (and gene sets) related to the 

immune response in MSS CRC. We also observed that in MSS CRC, compared with other 

commonly mutated genes, a non-silent mutation in the ARID1A gene was associated with 

the highest increase in the expression of IFN-γ pathway.

We also evaluated the correlation of ARID1A mutation with frameshift mutation rate (in 

addition to TMB) and validated these findings in a separate external cohort. The 

immunogenicity of ARID1A mutant cases in the MSS CRC is likely due to the increased 

level of neoantigens resulting from the increased TMB and frameshift mutations. Given 

recent FDA approval of pembrolizumab for unresectable or metastatic solid tumors with 

TMB≥10 mutations/Mb, further investigation of TMB in ARID1A mutant cases seems 

reasonable.

While TMB is a well-established biomarker that predicts a favorable response to immune 

therapy (46), the role of frameshift mutation rate and immune response is less defined. The 

immunogenicity of frameshift mutations (i.e., insertions or deletions) and its positive 

correlation with response to immune checkpoint blockade have been previously proposed in 

some tumor types (47, 48). For example, high frameshift mutation burden in renal cell 

carcinoma and melanoma is associated with increase in the CTL infiltration and 

improvement in the response to immune checkpoint inhibitors (49). The out-of-frame 

frameshift mutations alter the downstream DNA reading frames and therefore, could 

produce a higher level of neoantigens, if expressed. Hence, frameshift mutations compared 

with TMB (which includes all single-nucleotide variations) are felt to be more immunogenic 

and a better marker of response to immune-checkpoint inhibition (49). In our study, the 

majority of the increase in TMB was from an increase in frameshift mutation rate and thus 

resulting in increase in immune response.

In this study, we have shown that in MSS CRC, ARID1A mutation is correlated with higher 

expression of various genes and gene sets involved in the immune response. The role of 

ARID1A mutation in the immune microenvironment has been explored in a few studies thus 
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far. Some studies in non-CRC cancers (e.g., in gastric cancer) have illustrated the linkage of 

the loss of ARID1A expression and PD-L1 expression (50, 51). A pan-cancer and a GI 

specific study revealed a high TMB and CD8(+) infiltrating T-cells in ARID1A altered 

tumors but CRC was not analyzed specifically and MSI-H cases were also included in the 

analysis (52, 53).

Although the recent approval of pembrolizumab for high TMB patients would suggest 

opportunities for treatment of these patients with ARID1A mutated MSS tumors, the overall 

activity of PD-1 inhibition in high-TMB MSS colorectal cancer patients is low (54). In 

support of this, a recent preclinical study suggests that ARID1A deficient tumors may have 

additional barriers to an effective immune response, including decreased expression of 

CXCL9, CXCL10, and an impaired IFN-γ expression in preclinical models. This was 

associated with a poor response to immune therapy in ARID1A deficient tumors, including 

reduced activity in shARID1A MC38 model with PD-L1 monoclonal antibody. These 

findings will be critical to integrate in applying our work to potential therapeutic strategies 

in the future (55).

In the present study, we also found a strong enrichment of ARID1A mutation in CMS1 

CRC. This is likely due to the strong association between the mutation and MSI-H 

phenotype. While the correlation has also been extensively described in different tumor 

types, the causation is unclear. It is not completely understood if the mutation is the result of 

MMR deficiency or it is the cause of it (13, 15, 28, 29, 56). We further explored the role of 

ARID1A mutation in the MSI-H subgroup, although this was not the main objective of our 

study. The rate of frameshift or TMB, as well as the expressions of immune gene sets in 

ARID1A-mutant MSI-H were not significantly different from those in ARID1-wt MSI-H 

cases. This finding supports the contributory effect of ARID1A in DNA repair and reveals 

that a dysfunctional DNA repair state due to MMR defect is not attenuated by an intact 

ARID1A protein.

The limitations of our study are in part due to its retrospective nature and relatively small 

number of ARID1A mutant cases. The ARID1A mutation is an uncommon subgroup of 

CRC cases and our findings need to be validated in larger cohorts of patients. Although the 

strong correlation between mutation rate and neoantigen level has been shown when 

working with whole-exome sequencing data (57), in our study, we did not directly measure 

the neoantigen production in ARID1A mutant cases. While we performed an orthogonal 

validation of our bioinformatic findings utilizing IHC, we acknowledge that our IHC 

validation cohort has small number of ARID1A mutated cases and requires further 

integrated analyses with other immune markers and further characterization of the T-cell 

subsets present. While the correlation of ARID1A mutation with high mutational burden 

was observed in our study, the impact of this mutation on MSH2 needs additional functional 

evaluation.

Immune infiltration has been shown to have a reproducible prognostic impact on MSS CRC 

however, the molecular determinants of this have not been well described. In conclusion, we 

suggest that tumors with ARID1A mutation may define an immunologically active subtype 
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of MSS colorectal. Finally, ARID1A mutant MSS CRC should be explicitly explored as a 

discrete subgroup in future immunotherapy trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

Identifying immunologically active subgroups in microsatellite-stable colorectal cancer 

(MSS CRC) is crucial. Recent preclinical models have proposed a role of ARID1A in 

DNA mismatch-repair. In this study, we demonstrate an association between ARID1A 
mutation, increased frameshift mutation rates, and makers of immune activation in MSS 

CRC patients. Intratumoral T-cell infiltration was confirmed in patient specimens, 

confirming a link between ARID1A mutation and an immunologically active subgroup. 

As only 6.7% of MSS CRC patients have ARID1A mutation, rare responses to 

immunotherapy in this subgroup may have been missed, and future studies enriching for 

this population are warranted.
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Fig 1. TMB and frameshift mutation rate in MSS CRC according to the ARID1A mutational 
status.
A, Violin plot of TMB in ARID1A wt and ARID1A mt in MSS CRC. B, Violin plot of 

frameshift mutation rate in ARID1A wt and ARID1A mt in MSS CRC.
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Fig 2. 
A, Association of frameshift mutation rate with the mutational status of genes commonly 

mutated in MSS CRC. B, Association of the differential expression of the IFN-γ pathway 

and mutational status of genes commonly mutated in MSS CRC.
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Fig 3. The enrichment of ARID1A mutation across different molecular subtype of CRC.
A, Fold enrichment of ARID1A mutation in each molecular subtype in all cases (MSI-H/

MSS). B, Fold enrichment of ARID1A mutation in each molecular subtype in MSS CRC.
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Fig 4. 
A, B, RNA expression of gene sets related to immune response in MSS CRC according to 

the ARID1A mutational status. C, RNA expressions of single genes involved in the immune 

response in MSS CRC cases according to the ARID1A mutational status.
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Fig 5. 
A1. Infiltration of T lymphocytes in the tumor of patients with MSI-H CRC in ARID1A mt 

and ARID1A wt cases. A2. Infiltration of T lymphocytes in the tumor of patients with MSS 

CRC in ARID1A mt and ARID1A wt cases. B, C, Higher intratumoral infiltration of T 

lymphocytes in an ARID1A mt MSS CRC patient (C) in comparison with that in an 

ARID1A wt MSS CRC case (B).
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