
Journal of Cancer 2024, Vol. 15 
 

 
https://www.jcancer.org 

2601 

Journal of Cancer 
2024; 15(9): 2601-2612. doi: 10.7150/jca.91955 

Research Paper 

ARID1B Deficiency Leads to Impaired DNA Damage 
Response and Activated cGAS-STING Pathway in 
Non-Small Cell Lung Cancer 
Guangsheng Zhu1#, Jinghao Liu1#, Yongwen Li2#, Hua Huang1, Chen Chen2, Di Wu1, Peijun Cao1, Lianchun 
Su1,2, Yanan Wang1, Hongbing Zhang1, Hongyu Liu2, Jun Chen1,2 

1. Department of Lung Cancer Surgery, Tianjin Medical University General Hospital, Tianjin 300052, People’s Republic of China. 
2. Tianjin Lung Cancer Institute, Tianjin Key Laboratory of Lung Cancer Metastasis and Tumor Microenvironment, Tianjin Medical University General 

Hospital, Tianjin 300052, People’s Republic of China. 

#These authors contributed equally in this work.  

 Corresponding authors: Jun Chen: huntercj2004@qq.com; Hongyu Liu: liuhongyu123@hotmail.com. 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See http://ivyspring.com/terms for full terms and conditions. 

Received: 2023.11.06; Accepted: 2024.02.24; Published: 2024.03.11 

Abstract 

Purpose: Lung cancer is a major cause of morbidity and mortality globally, necessitating the 
identification of predictive markers for effective immunotherapy. Mutations in SWI/SNF chromatin 
remodeling complex genes were reported sensitized human tumors to immune checkpoint inhibitors 
(ICIs), but the underlying mechanisms are unclear. This study aims to investigate the association between 
SWI/SNF gene ARID1B mutation and ICI response in non-small cell lung cancer (NSCLC) patients, to 
explore the functional consequences of ARID1B mutation on DNA damage response, immune 
microenvironment, and cGAS-STING pathway activation. 
Methods: TCGA LUAD, LUSC, and AACR GENIE data are analyzed to assess ARID1B mutation status 
in NSCLC patients. Prognostic analysis evaluates the effect of ARID1B mutation on patient outcomes. In 
vitro experiments carried to investigate the consequences of ARID1B knockdown on DNA damage 
response and repair. The immune microenvironment is assessed based on ARID1B expression, and the 
relationship between ARID1B and the cGAS-STING pathway is explored. 
Results: ARID1B mutation frequency is 5.7% in TCGA databases and 4.4% in the AACR GENIE project. 
NSCLC patients with ARID1B mutation showed improved overall and progression-free survival following 
ICIs treatment. ARID1B knockdown in lung cancer cell lines enhances DNA damage, impairs DNA repair, 
alters chromatin accessibility, and activates the cGAS-STING pathway. ARID1B deficiency is associated 
with immune suppression, indicated by reduced immune scores, decreased immune cell infiltration, and 
negative correlations with immune-related cell types and functions. 
Conclusion: ARID1B mutation may predict improved response to ICIs in NSCLC patients. ARID1B 
mutation leads to impaired DNA damage response and repair, altered chromatin accessibility, and 
cGAS-STING pathway activation. These findings provide insights into ARID1B's biology and therapeutic 
implications in lung cancer, highlighting its potential as a target for precision medicine and 
immunotherapy. Further validation and clinical studies are warranted. 
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Introduction 
Lung cancer remains a leading cause of 

morbidity and mortality worldwide, with over 2.2 
million new cases and 1.8 million deaths annually [1]. 
Non-small cell lung cancer (NSCLC), including 

adenocarcinoma (LUAC), squamous cell carcinoma 
(LUSC), and large cell carcinoma, accounts for 80-85% 
of all lung cancer cases [1,2]. Despite advancements in 
NSCLC treatment, the overall five-year survival rate 
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remains below 30% [1,2]. Immune checkpoint 
inhibitors (ICIs), such as anti-PD-1 and anti-PD-L1 
antibodies, have revolutionized cancer 
immunotherapy but show a limited overall response 
rate of 20-30% [3,4]. 

PD-L1 expression on tumor cells is commonly 
used as a biomarker to predict response to ICIs [5]. 
Higher PD-L1 expression is associated with immune 
activation and increased response to anti-PD-1 and 
anti-PD-L1 therapies [6]. However, PD-L1-negative 
tumors can still respond to anti-PD-1 therapy, and 
only a fraction of patients with high PD-L1 expression 
show response, suggesting additional factors 
determine ICI response [3,4]. Tumor mutational 
burden (TMB) is another recognized biomarker 
associated with response to ICIs, as higher mutational 
loads lead to increased tumor visibility and a more 
potent antitumor T cell response following ICI 
treatment [5]. 

Recent studies, including our own, have 
identified mutations in genes of the SWI/SNF 
chromatin remodeling complex that sensitize human 
tumors to ICIs [7-9]. Patients with mutations in 
ARID1A, ARID1B, and ARID2 of the SWI/SNF 
complex exhibit significantly higher TMB and 
neoantigen loads [8]. Furthermore, these mutations 
alter the immune microenvironment, including 
decreased activated dendritic cells and monocyte 
infiltration [8]. However, the role of the epigenetic 
landscape of tumor cell chromatin in ICI sensitivity 
and the mechanism underlying SWI/SNF complex 
mutations in T cell activity remain poorly understood. 

The SWI/SNF chromatin remodeling complex, 
crucial for chromatin stability, gene expression, and 
post-translational modifications, frequently harbors 
mutations in various cancers [7,8]. ARID1B and its 
paralog ARID1A encode the largest subunits of the 
complex and play key roles in cell fate decisions [7]. 
ARID1B mutations, including protein loss resulting 
from nonsense, frameshift, and insertion/deletion 
mutations, are prevalent in human diseases and 
cancers [7]. Epigenetic and transcriptional regulation, 
along with post-translational modifications, 
contribute to downregulation of ARID1B in tumors 
with low mutational rates [7]. ARID1B is involved in 
fundamental cellular processes such as transcriptional 
regulation, DNA replication, DNA damage repair, 
genomic stability, apoptosis, cell proliferation, and 
cell differentiation. 

In this study, we investigate the impact of 
ARID1B function loss on DNA damage and immune 
microenvironment changes in NSCLC. Our findings 
shed light on the interplay between these factors and 
their potential implications for immune modulation. 
Leveraging ARID1B-mediated immune activation 

may pave the way for novel therapeutic strategies to 
enhance the clinical outcomes of NSCLC patients 
treated with ICIs.  

Materials and Methods 
Data source 

We utilized data from 1,053 NSCLC patients 
from the TCGA LUAD and LUSC datasets [10] and 
DNA sequencing data from 2,004 patients from the 
AACR GENIE project. We obtained overall survival 
data and DNA sequencing results of 1661 cancer 
patients [11] who underwent immunotherapy from 
cbioportal (http://www.cbioportal.org/). Addition-
ally, we retrieved progression-free survival data and 
DNA sequencing information of 350 non-small cell 
lung cancer (NSCLC) patients [12-14] who received 
immunotherapy from cbioportal. 

Cells and cell culture 
H2030 and SK-mes-1 NSCLC cell lines were 

obtained from the ATCC and cultured in RPMI 1640 
and DMEM medium, respectively, supplemented 
with 10% FBS. Cells were maintained at 37°C in a 5% 
CO2 humidified atmosphere. 

Western blot 
Protein samples were extracted and quantified, 

and agarose gel electrophoresis was performed using 
10% separating gels. Proteins were then transferred 
onto PVDF membranes (Millipore, Billerica, MA, 
United States) using a semi-dry transfer system. The 
membranes were then blocked with 5% skim milk at 
room temperature for 2 h. The primary antibody and 
membranes were incubated overnight at 4°C. 
Subsequently, the membranes and secondary 
antibody (1: 5000 dilution; Thermo Fisher Scientific, 
Inc.) were incubated for 1 h at room temperature. The 
bands were visualized using the Pierce ECL substrate 
(Thermo Fisher Scientific, Inc.). 

siRNA interference and lentivirus infection 
The siRNA targeting human ARID1B was 

synthesized by Ribobio (Guangzhou, China) and 
transfected into cells using Lipofectamine 2000 (Life 
Technologies, New York, USA) following the 
manufacturer's protocol. Lentiviral vectors encoding 
short hairpin RNA (shRNA) against human ARID1B 
and control sequences were purchased from 
Genechem (Shanghai, China). Transfection efficiency 
was assessed by protein immunoblotting. 

Immunofluorescence 
NSCLC cells were seeded on 12-well plates with 

coverslips, fixed in 4% paraformaldehyde, 
permeabilized with 0.5% Triton X-100, blocked with 
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1% BSA, and incubated with the primary antibody 
against γ-H2AX (diluted 1:200; Abcam, UK) overnight 
at 4°C. After washing, cells were incubated with the 
fluorescent secondary antibody, and coverslips were 
mounted using fluorescence quenching mounting 
medium with DAPI. Fluorescence images were 
captured using a microscope. 

Comet assay 
The comet assay was performed using the abcam 

assay kit (Abcam, UK) following the manufacturer's 
protocol. Cells were diluted to 1x10^5 cells/mL and 
mixed with comet agarose (1:10 ratio). The mixture 
was applied to comet-specific slides and incubated at 
4°C for 15 minutes. Slides underwent lysis, alkaline 
treatment, electrophoresis, and ethanol immersion. 
Vista Green DNA stain was added, and cells were 
incubated before examination under a fluorescence 
microscope with FITC filter. 

Micrococcus Nuclease experiment 
Cells were washed with chilled PBS and lysed 

with 100 μL of lysis buffer on ice for 30 minutes. 
Digestion with a mixture containing MNase (Life 
Technologies, New York, USA) was performed. 
Proteinase K solution was added, and samples were 
mixed thoroughly. DNA was extracted using the 
TIANamp Genomic DNA Kit (TIANGEN, Beijing, 
China) and subjected to horizontal electrophoresis. 

T cell-mediated tumor cell killing assay 
Human PBMCs were cultured in RPMI-1640 

medium and activated with Dynabeads™ Human 
T-Activator CD3/CD28 (Gibco, CA, USA) for 1 week 
according to the manufacturer’s instructions. NSCLC 
cells were seeded into 12-well plates at a 
cell-dependent concentration. After 24 h, activated 
PBMCs were cocultured with adhered NSCLC cells 
for 48 h at a ratio of 3:1. After 48 hours of incubation, 
remove the cultured and suspended cells, wash them 
with PBS, and perform crystal violet staining and take 
photos. 

Bioinformatics and statistical methods 
Differential gene analysis utilized the 'edgeR' R 

package [15], while pathway enrichment analysis 
employed the 'clusterProfiler' R package [16]. Immune 
microenvironment scoring [17] and analysis of 
immune cell infiltration were performed using the 
GSVA package [18]. Immune cell infiltration results 
obtained from the Sangerbox website (http://vip 
.sangerbox.com/) included CIBERSORT [19], EPIC 
[20], MCPcounter [21], IPS [22], and QUANTISEQ 
[23]. Statistical significance was defined as a p-value ≤ 
0.05. **** denotes a p-value ≤ 0.0001, *** denotes a 
p-value ≤ 0.001, ** denotes a p-value ≤ 0.01, and * 

denotes a p-value ≤ 0.05. 

Results 
ARID1B mutation is associated with 
Chromatin damage and ICIs response in 
NSCLC Patients 

According to our previous study, NSCLC 
patients with ARID1B mutations treated with ICIs 
trends had better OS compared to WT group. We 
therefore used both TCGA as well as AACR GENIE 
databases to investigate the mutation status of 
ARID1B gene. According to our exploration of TCGA 
LUAD, LUSC datasets and AACR GENIE project 
datasets, we identified a mutation frequency of 5.7% 
for ARID1B gene in NSCLC patients of TCGA 
databases (Fig. 1A) and 4.4%in NSCLC patients of 
AACR GENIE project (Supplementary Fig. 1). The 
mutation type including missence, inframe, splice and 
fusion. Also, we identified some PTM location site, 
including phosphorylation, acetylation, ubiquiti-
nation, methylation and sumoylation. The mutations 
are evenly distributed across various exons of the 
entire gene, without the presence of hotspot 
mutations (Fig. 1A). The gene mutation rates of 
ARID1B in these two datasets are 6% (67/1053) and 
5% (78/1636), respectively. Additionally, we observed 
a relationship between ARID1B mutation and 
smoking status, with a higher prevalence of ARID1B 
mutation in smoking patients, which indicated the 
tobacco exposure may significantly impact mutations 
of ARID1B gene (Fig. 1B). Furthermore, we found a 
correlation between ARID1B alteration (any form of 
non-synonymous mutation in ARID1B, classifies the 
patient as belonging to the ARID1B-altered group) 
and bone metastasis in NSCLC patients, with a lower 
incidence of bone metastasis observed in patients with 
ARID1B mutation (Fig. 1C).  

Analyzing the prognosis of nearly 3,000 NSCLC 
patients (1,053 patients from TCGA LUAD and LUSC 
datasets and 2,004 patients from the AACR GENIE 
project), we determined that ARID1B mutation was 
not associated with prognosis in patients who did not 
receive ICIs (Fig. 1D, E). However, in a subsequent 
prognosis analysis of 1661 cancer patients who 
underwent ICIs therapy, we discovered that patients 
with ARID1B mutation exhibited better outcomes 
following ICIs treatment, the median overall survival 
time for altered group is 44 months compared to 18 
months for non-altered group (Fig. 1F). The prognosis 
analysis of 350 NSCLC patients who underwent ICIs 
therapy, we also discovered that patients with 
ARID1B mutation exhibited better outcomes 
following ICIs treatment, the median progress free 
survival time is 22.43 months for altered group 
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compared to 3.77 months for non-altered group (Fig. 
1G). This result suggests a predictive value for 
ARID1B in ICIs response in NSCLC patients. 
Moreover, consistent with our previous findings, 
mutated patients demonstrated higher mutation 
counts and TMB (Fig. 1H, I). 

In order to explore the role of ARID1B mutations 
in the regulation of ICIs response, we examined the 
pathway enrichment analysis of differentially 
expressed genes between mutated and non-mutated 
patients in sequencing data from these patients who 
did not receive ICI treatment in the TCGA database. 
We found significant enrichment in pathways related 
to chromatin, DNA assembly and stability, and 
immune response (Supplementary Fig. 2A). GSEA 
enrichment analysis showed that many chromatin 
and DNA assembly/stability related pathways 

associated with ARID1B mutations were downregu-
lated (Supplementary Fig. 2B). 

ARID1B mutation leads to impaired DNA 
damage response and DNA repair  

To explore the role of ARID1B and DNA damage 
response genes, we first mined the TCGA database 
and found a positive correlation between ARID1B 
expression and genes for DNA damage response and 
DNA repair, such as ATM, CHEK1, CHEK2, H2AFX, 
KU70, and KU80 (Supplementary Fig. 3A-F). 

Next, we want to know whether ARID1B 
respond to DNA damage. We induced DNA damage 
in SK-MES1 and H2030 lung cancer cells, which are 
ARID1B wild type cells, with etoposide, a known 
DNA-damaging agent. As shown in Fig. 2, we 
observed DNA damage induced by etoposide in 

 

 
Figure 1: Mutation analysis and prognostic significance of ARID1B in NSCLC. (A) Mutation frequency and types, as well as predicted PTM sites of ARID1B in NSCLC 
patients from TCGA LUAD, LUSC datasets. The distribution of mutation types across the exons of ARID1B is shown. (B) Association between ARID1B mutation and bone 
metastasis in NSCLC patients. The bar graph represents the incidence of bone metastasis in patients with or without ARID1B mutation. C Association between ARID1B 
mutation and smoking status in NSCLC patients. (D, E) Prognostic analysis of ARID1B mutation in NSCLC patients who did not receive ICIs treatment. Kaplan-Meier survival 
curves show the overall survival and progression-free survival, respectively. (F, G) Prognostic analysis of ARID1B mutation in patients who underwent ICIs treatment. 
Kaplan-Meier survival curves demonstrate the overall survival and progression-free survival, respectively. (H, I) Comparison of mutation counts and tumor mutation burden 
(TMB) between ARID1B-altered and ARID1B non-altered NSCLC patients. The box plots represent the median, interquartile range, and outliers. *p < 0.05, **p < 0.01, ***p < 
0.001, ****p < 0.0001. 
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SK-MES1 and H2030 cells, as evidenced by 
upregulation of phosphorylated γ-H2AX, a 
phosphorylated histone protein, which is a marker of 
DNA DSBs, as well as phosphorylated CHK1, CHK2, 
ATM, markers of DNA damage (Fig. 2A). Since in 
eukaryotic organism, non-homologous end joining 
(NHEJ) is one of the major DNA damage repair 
mechanisms, we further measured the expression of 
KU70 and KU80, which are involved in the NHEJ 
pathway, by immunoblotting. The DNA damage 
induced by etoposide led to the upregulation of KU70 
and KU80 (Fig. 2B). 

In order to further elucidate the role of ARID1B 
in DNA damage response, as the majority of ARID1B 
gene mutations are loss-of-function mutations, we 
employed two siRNAs and shRNA to knock down 
ARID1B in SK-MES1 and H2030 cells. Western blot 
validation confirmed the high efficiency of 
knockdown using all three methods (Fig. 2C). 

Subsequently, we induced DNA damage in these cells 
using etoposide. We observed that si-ARID1B alone 
did not change the expression of the DNA damage 
markers, but ARID1B knockdown cells showed 
enhanced DNA damage when treated with etoposide, 
resulting in increased levels of phosphorylated CHK1, 
CHK2, ATM, and γH2AX (Fig. 2D,E). Similar results 
were obtained using lentiviral-mediated ARID1B 
knockdown (Fig. 2F). 

Furthermore, DNA repair pathways were 
up-regulated in ARID1B-knockdown cells, as 
evidenced with increased KU70 and KU80 expression 
(Fig. 2G-I). 

We also confirmed the impact of loss function of 
ARID1B on DNA damage, with immunofluorescence 
experiments and the results demonstrated that 
SK-MES1 and H2030 cells with ARID1B gene 
knockdown exhibited increased upregulation of the 
γ-H2AX upon etoposide induction (Fig. 3A, B).  

 

 
Figure 2: Impact of ARID1B on DNA damage response and repair in lung cancer cells. (A-B) Western blot demonstrating the levels of DNA damage response 
(γ-H2AX, p-CHK1, p-CHK2) and DNA damage repair (KU70, KU80) proteins in ARID1B wild-type lung cancer cells (H2030 and SK-mes-1) upon etoposide treatment. (C) 
Western blot validation of the knockdown efficiency of ARID1B by two types of siRNA and shRNA. (D-F) Western blot of DNA damage response proteins in ARID1B 
knockdown (with siRNA and shRNA) lung cancer cells (H2030 and SK-mes-1) treated with etoposide. (G-I) Western blot of DNA damage repair proteins in ARID1B 
knockdown (with siRNA and shRNA) lung cancer cells (H2030 and SK-mes-1) treated with etoposide. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 3: Influence of ARID1B on chromatin accessibility and DNA damage levels. (A, B) Immunofluorescence staining showing the levels of γ-H2AX in lung cancer 
cells with or without ARID1B knockdown upon etoposide treatment. C Comet assay results indicating DNA damage levels in lung cancer cells with or without ARID1B 
knockdown following etoposide treatment. (D, E) Micrococcal nuclease digestion assay demonstrating chromatin accessibility in ARID1B knockdown lung cancer cells. (F) Based 
on ATAC seq analysis of non-small cell lung cancer cells before and after knocking down ARID1B, plot the distribution of peaks obtained on chromosomes. The agarose gel 
electrophoresis images represent the DNA fragment lengths. *p < 0.05, **p < 0.01, ***p < 0.001 ****p < 0.0001. 

 
These findings suggest that ARID1B is associated 

with DNA damage response and modulates DNA 
repair pathways, highlighting its potential role in 
maintaining genome stability and influencing the 
cellular response to DNA damage. 

Furthermore, comet assays were employed to 
assess DNA damage levels. Consistent with our 
findings, DNA damage was observed when SK-MES1 
and H2030 cells treated with etoposide and comet 
assays revealed that ARID1B knockdown in SK-MES1 
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and H2030 cells resulted in an increased tail length, 
indicating enhanced DNA damage upon etoposide 
treatment (Fig. 3C). The statistical analysis of our Fig. 
3C results demonstrated that in both the H2030 and 
SK-MES1 cell lines, the longest comet tail length was 
observed when ARID1B was knocked down and the 
cells were treated with etoposide. The next longest 
comet tails were observed when normal cells were 
treated with etoposide. However, when ARID1B was 
solely knocked down without etoposide treatment, 
the changes were not significant. 

ARID1B is related to cell chromatin 
accessibility 

The DNA damage response (DDR) occurs in the 
context of chromatin, and architectural features of 
chromatin have played significant role in DNA 
damage signaling and repair. DNA break induced 
chromatin remodeling affects repair factor access and 
choice. Chromatin relaxation followed by 
condensation represent the initial effects of DSBs, 
which are necessary for both DSB damage and repair 
DNA damage accumulation may be impacted by 
altered chromatin and chromosome structures. Since 
SWI/SNF chromatin remodeling complexes uses the 
energy of ATP to change the structure of DNA, 
playing key roles in DNA regulation and repair. To 
determine whether ARID1B is responsible for the 
abnormal compaction of chromatin structures in 
associated DNA damage, micrococcal nuclease 
digestion assay was then carried out on both cell lines 
to determine whether ARID1B expression would alter 
the chromatin conformation. Larger diffuse DNA 
fragments can be seen in the chromatin of ARID1B 
knocking down cells following the addition of MNase 
and the DNA fragment is more degraded than the 
control group, which indicated that the chromatin 
structure is looser in ARID1B knockdown cells. These 
results demonstrate that reduced ARID1B gene 
expression increased the accumulation of DNA 
damage during DNA damage and exhibited increased 
chromatin accessibility (Fig. 3D, E). We conducted 
ATAC-seq analysis on SK-MES-1 cells and SK-MES-1 
cells with shRNA-mediated knockdown of ARID1B, 
revealing the distribution of peaks obtained on the 
chromosomes. The chromatin accessibility of 
ARID1B-knockdown SK-MES-1 cells was found to be 
increased, indicating a higher accessibility of 
chromatin in these cells (Fig. 3F). 

Collectively, these findings provide further 
evidence that ARID1B knockdown enhances DNA 
damage in SK-MES1 and H2030 cells, as 
demonstrated by increased γH2AX levels, prolonged 
comet tail length, and enhanced chromatin 
accessibility. These results suggest a crucial role for 

ARID1B in maintaining DNA integrity and highlight 
its involvement in DNA damage response pathways. 

ARID1B Expression Correlates with Immune 
Suppression in NSCLC 

To determine whether ARID1B deficiency alter 
immune microenvironment, we collected data from 
TCGA and analyzed 25 immune-related pathways. 
Using gene set variation analysis (GSVA), we scored 
each tumor sample to represent its immune microen-
vironment. Based on ARID1B gene expression levels, 
we divided the samples into high and low expression 
groups, using a TPM value of 30 as the cutoff, with 
values above 30 indicating high expression and values 
below indicating low expression. Our analysis 
revealed that the ARID1B high-expression group 
exhibited a significantly lower immune score 
compared to the ARID1B low-expression group, 
indicating a state of immune suppression (Fig. 4A). 

To validate this observation, we utilized the 
single-sample gene set enrichment analysis (ssGSEA) 
method to assess tumor immune cell infiltration. 
Consistently, we found that patients with high 
ARID1B expression showed reduced levels of 
immune cell infiltration compared to the 
low-expression group (Fig. 4B). 

Furthermore, we employed five additional 
methods, including CIBERSORT (Fig. 4C), EPIC (Fig. 
4D), MCPcounter (Fig. 4E), IPS (Fig. 4F), and 
QUANTISEQ (Fig. 4G), to evaluate immune infiltra-
tion in the tumor microenvironment. Correlation 
analysis between their results and ARID1B expression 
revealed a negative correlation between ARID1B 
expression and the majority of immune-related cells 
or functions. In our CIBERSORT analysis, we 
observed a negative correlation between the 
infiltration of CD8+ T cells in NSCLC and the 
expression of ARID1B (Fig. 4C). The results of the 
other four immune infiltration methods were 
consistent with CIBERSORT, but did not reach 
statistical significance. The EPIC analysis (Fig. 4D) 
and MCPcounter analysis (Fig. 4E) revealed a positive 
correlation between ARID1B and tumor-associated 
fibroblasts. Similarly, the IPS analysis (Fig. 4F) 
showed a negative correlation between ARID1B 
expression and tumor immunogenicity. 

Taken together, our findings consistently 
demonstrate that high expression of ARID1B in 
NSCLC is associated with immune suppression, as 
evidenced by lower immune scores, reduced immune 
cell infiltration, and negative correlations with 
multiple immune-related cell types and functions. 
These results suggest that ARID1B may play a critical 
role in modulating the immune landscape of NSCLC 
tumors. 
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Figure 4: Association between ARID1B expression and immune microenvironment in NSCLC. (A) Immune scores in NSCLC samples with high or low ARID1B 
expression based on gene set variation analysis (GSVA). (B) Immune cell infiltration levels in NSCLC samples with high or low ARID1B expression based on single-sample gene 
set enrichment analysis (ssGSEA). (C-G) Correlation analysis between ARID1B expression and immune infiltration using CIBERSORT, EPIC, MCPcounter, IPS, and QUANTISEQ 
methods. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

ARID1B regulates the immune 
microenvironment through cGAS-STING 
pathway 

The gene set enrichment analysis (GSEA) of 
differentially expressed genes revealed significant 
changes in multiple immune-related pathways 
following ARID1B mutation (Fig. 5A). Knocking out 
ARID1B enhanced the susceptibility of two subtypes 
of non-small cell lung cancer cells to T cell-mediated 
cytotoxicity (Fig. 5B), and knocking out ARID1B 
increased the number of lung cancer cells dying when 
co cultured with T cells in both subtypes of non-small 
cell lung cancer. We investigated the apoptotic 

response of arid1b-knockdown non-small cell lung 
cancer (NSCLC) cells, and the results indicated that 
the reduction of arid1b did not influence the cellular 
apoptosis (Supplementary Fig. 4A,B). This 
substantiates that the observed apoptosis, occurring 
in co-culture with T cells, is mediated by T cells. 

Furthermore, we investigated the relationship 
between ARID1B and the cGAS-STING pathway. We 
found that ARID1B positively correlated with CGAS 
(Fig. 5C), TBK1 (Fig. 5E), and IRF3 (Fig. 5F), but 
showed no association with STING1(Fig. 5D) 
expression. 

To validate these findings, we performed 
Western blot analysis. We observed that induction of 
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cellular damage led to an upregulation of the 
cGAS-STING pathway (Fig. 5G). Interestingly, cells 
with ARID1B knockdown showed enhanced 
upregulation of the cGAS-STING pathway upon 
damage induction (Fig. 5H). 

Collectively, our results demonstrate that 
ARID1B mutation alters immune-related pathways, as 
evidenced by significant changes in their enrichment. 
Additionally, we identified associations between 
ARID1B and key components of the cGAS-STING 
pathway. The induction of cellular damage resulted in 
the upregulation of the cGAS-STING pathway, and 
cells with ARID1B knockdown exhibited an 
augmented response in the pathway upon damage 
induction. These findings suggest that ARID1B plays 
a role in modulating the cGAS-STING pathway in 
NSCLC. 

Discussion 
The SWI/SNF complex is a critical regulator of 

chromatin structure and gene expression, and its 

dysfunction has been implicated in various cancers. In 
our study, we focused on the impact of ARID1B 
mutation, a core member of the SWI/SNF complex, 
on the response to ICIs in lung cancer patients. Our 
findings shed light on the potential mechanisms 
underlying the favorable response observed in 
SWI/SNF-mutated patients and provide important 
implications for precision medicine and 
immunotherapy. 

SWI/SNF complexes play an important role in 
the maintenance of genome integrity and their role in 
DDR includes modification of chromatin structure 
around sites of DNA damage and direct recruitment 
of proteins required for DDR [7]. During DNA 
damage, SWI/SNF complexes rapidly bind to 
chromatin surrounding DNA damage through 
interaction with γ-H2AX [24]. Canonical BAF and 
PBAF complexes have been shown to be involved in 
both nonhomologous end joining and homologous 
recombination repair processes [7].  

 

 
Figure 5: ARID1B modulation of the cGAS-STING pathway. (A) Gene set enrichment analysis (GSEA) showing changes in immune-related pathways following ARID1B 
mutation. B Before and after knocking down ARID1B, co-culture it with T cells to detect its degree of T cell killing. (C-F) Correlation analysis between ARID1B expression and 
genes related to the cGAS-STING pathway (CGAS, STING1, TBK1, and IRF3) in TCGA datasets. (G) Western blot demonstrating the activation of the cGAS-STING pathway 
upon cellular damage induction. (H) Western blot analysis showing enhanced cGAS-STING pathway activation in ARID1B knockdown lung cancer cells following cellular damage 
induction. 
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Figure 6: A working model for the role of ARID1B in activating the cGAS-STING pathway. 

 
ARID1 proteins recruit the BAF complexes to 

DNA damage sites, assist in homologous 
recombination-mediated DNA repair and nonhomo-
logous end joining at double-strand breaks, and 
required for cellular resistance to various types of 
DNA damage [7,25]. It was shown that ARID1A 
regulates DNA double-strand break repair through 
interaction with DNA damage checkpoint kinases 
ATR and ATM. Moreover, ARID1A interacts with 
TOP2a that resolves newly replicated sister 
chromatids linked by catenated strands of DNA and 
prevents DNA entanglements during mitosis. In 
addition, ARID1A induces expression of a subunit of 
the cohesion complex STAG1, which plays an 
important role in telomere cohesion and stabilization 
[7]. Inactivation of ARID1A results in mitotic defects 
such as anaphase bridges and chromosomal lagging, 
leading to genomic instability and polyploidy. 
ARID1A was also found to interact with the mismatch 
repair (MMR) protein MSH2 and recruit it to 
chromatin during DNA replication to induce MMR 
[26]. However, the mechanisms about ARID1B with 

DDR and ICIs therapy are not well understood. 
Here, we observed a significant association 

between ARID1B mutation and improved overall 
survival in lung cancer patients treated with ICIs, 
consistent with previous studies [8]. This highlights 
the potential of ARID1B mutation as a predictive 
biomarker for immunotherapy outcomes in non-small 
cell lung cancer (NSCLC) patients. Our study further 
adds to the growing body of evidence supporting the 
role of SWI/SNF complex mutations as potential 
biomarkers for immune checkpoint blockade. 

In our investigation of the functional 
consequences of ARID1B mutation, we explored its 
impact on DNA damage response and repair 
mechanisms. ARID1B has been implicated in 
maintaining genome stability and influencing the 
cellular response to DNA damage. We found that 
ARID1B-deficient cells exhibited enhanced DNA 
damage, as evidenced by increased levels of 
phosphorylated CHK1, CHK2, ATM, and γH2AX 
[27-30]. These findings suggest that ARID1B mutation 
may impair DNA damage repair pathways, rendering 
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cancer cells more susceptible to the cytotoxic effects of 
ICIs. This is consistent with studies implicating 
SWI/SNF complex members in DNA damage repair 
and genome integrity maintenance. 

Furthermore, our study revealed an additional 
mechanism by which ARID1B deficiency can 
influence the tumor microenvironment and enhance 
the response to immunotherapy. Our research 
indicates that the absence of ARID1B enhances 
chromatin accessibility in cells, which increases their 
likelihood of DNA damage. As a receptor for 
cytoplasmic DNA fragments, the Sting pathway's 
association with the ARID1B gene is undoubtedly our 
next research direction. We found that ARID1B- 
deficient cells exhibited activation of the cGAS-STING 
signaling pathway (Fig. 6) [31-39], which is involved 
in the innate immune response to DNA damage and 
viral infection. Activation of this pathway can lead to 
the production of type I interferons and pro-inflam-
matory cytokines, promoting an immune-activated 
tumor microenvironment. This activation of the 
immune response could potentially enhance the 
cytotoxic function of T cells and improve the 
anti-tumor immune response. 

The significance of our study lies in several 
aspects. Firstly, we provide further evidence 
supporting the association between ARID1B mutation 
and improved response to ICIs in NSCLC patients. 
This strengthens the potential of ARID1B mutation as 
a predictive biomarker for immunotherapy outcomes. 
Secondly, our study unravels the functional implica-
tions of ARID1B mutation in DNA damage response 
and repair, providing mechanistic insights into the 
underlying biology. Moreover, we highlight the 
cGAS-STING signaling pathway as a potential 
mediator of the immune-activated tumor microen-
vironment in ARID1B-deficient cells, further 
enhancing our understanding of the complex 
interplay between genomic alterations and the 
immune system in cancer. 

In conclusion, our study expands the 
understanding of the mechanisms by which ARID1B 
mutation influences the response to ICIs in lung 
cancer patients. ARID1B mutation may impair DNA 
damage repair pathways and activate immune 
signaling pathways, leading to improved sensitivity 
to immunotherapy. These findings have important 
implications for precision medicine approaches and 
the development of targeted therapies aimed at 
SWI/SNF complex members, such as ARID1B, in lung 
cancer. Further validation studies in larger patient 
cohorts and functional investigations are warranted to 
fully elucidate the clinical relevance and therapeutic 
implications of these findings. 

Limitations 
Our study lacks in vivo models constructed by 

ARID1B mutant and wild-type, and cannot directly 
verify the direct response of ARID1B mutant and 
wild-type to ICI treatment. 

Supplementary Material 
Supplementary figures.  
https://www.jcancer.org/v15p2601s1.pdf 

Acknowledgements 
Funding 

This work was supported by the National 
Natural Science Foundation of China (82072595, 
82172569 and 61973232), Tianjin Key Medical 
Discipline (Specialty) Construction Project 
(TJYXZDXK-061B, TJWJ2022XK005). Tianjin Health 
Science and Technology Project (ZC20179). Beijing 
Science and Technology Innovation Medical 
Development Fund (KC2021-JX-0186-57). Funding 
sources had no role in study design, data collection, 
and analysis; in the decision to publish; or in the 
preparation of the manuscript. 

Data availability 
The data can be obtained from public databases 

or the corresponding author upon reasonable request. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. 

Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and 
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021; 
71:209-249. 

2. Zheng RS, Sun KX, Zhang SW, Zeng HM, Zou XN, Chen R, et al. [Report of 
cancer epidemiology in China, 2015]. Zhonghua Zhong Liu Za Zhi. 2019; 
41:19-28. 

3. Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al. 
Nivolumab versus Docetaxel in Advanced Nonsquamous Non-Small-Cell 
Lung Cancer. N Engl J Med. 2015; 373:1627-39. 

4. Herbst RS, Baas P, Perez-Gracia JL, Felip E, Kim DW, Han JY, et al. Use of 
archival versus newly collected tumor samples for assessing PD-L1 expression 
and overall survival: an updated analysis of KEYNOTE-010 trial. Ann Oncol. 
2019; 30:281-289.  

5. Chan KK, Bass AR. Autoimmune complications of immunotherapy: 
pathophysiology and management. BMJ. 2020; 369:m736. 

6. Braun DA, Hou Y, Bakouny Z, Ficial M, Sant' Angelo M, Forman J, et al. 
Interplay of somatic alterations and immune infiltration modulates response 
to PD-1 blockade in advanced clear cell renal cell carcinoma. Nat Med. 2020; 
26:909-918.  

7. Mittal P, Roberts CWM. The SWI/SNF complex in cancer - biology, 
biomarkers and therapy. Nat Rev Clin Oncol. 2020; 17(7): p. 435-448. 

8. Zhu G, Shi R, Li Y, Zhang Z, Xu S, Chen C et al. ARID1A, ARID1B, and ARID2 
Mutations Serve as Potential Biomarkers for Immune Checkpoint Blockade in 
Patients With Non-Small Cell Lung Cancer. Frontiers in Immunology. 2021; 
12:670040. 

9. Miao D, Margolis CA, Gao W, Voss MH, Li W, Martini DJ, et al.Genomic 
correlates of response to immune checkpoint therapies in clear cell renal cell 
carcinoma. Science. 2018; 359:801-806. 

10. Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ, Drill E, et al. 
Cell-of-Origin Patterns Dominate the Molecular Classification of 10,000 
Tumors from 33 Types of Cancer. Cell. 2018 Apr 5;173:291-304.e6. 



 Journal of Cancer 2024, Vol. 15 

 
https://www.jcancer.org 

2612 

11. Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY, et 
al. Tumor mutational load predicts survival after immunotherapy across 
multiple cancer types. Nat Genet. 2019; 51:202-206.  

12. Rizvi H, Sanchez-Vega F, La K, Chatila W, Jonsson P, Halpenny D, et al. 
Molecular Determinants of Response to Anti-Programmed Cell Death (PD)-1 
and Anti-Programmed Death-Ligand 1 (PD-L1) Blockade in Patients With 
Non-Small-Cell Lung Cancer Profiled With Targeted Next-Generation 
Sequencing. J Clin Oncol. 2018; 36:633-641. 

13. Hellmann MD, Nathanson T, Rizvi H, Creelan BC, Sanchez-Vega F, et al. 
Genomic Features of Response to Combination Immunotherapy in Patients 
with Advanced Non-Small-Cell Lung Cancer. Cancer Cell. 2018; 33:843-852.e4. 

14. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al. 
Cancer immunology. Mutational landscape determines sensitivity to PD-1 
blockade in non-small cell lung cancer. Science. 2015; 348:124-132. 

15. Robinson MD, McCarthy DJ, Smyth GK (2010). edgeR: a Bioconductor 
package for differential expression analysis of digital gene expression data. 
Bioinformatics. 2010; 26:139-140 

16. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: A universal 
enrichment tool for interpreting omics data. The Innovation. 2021; 2:100141. 

17. García-Mulero S, Alonso MH, Pardo J, Santos C, Sanjuan X, Salazar R, et al. 
Lung metastases share common immune features regardless of primary tumor 
origin. J Immunother Cancer. 2020; 8(1):e000491. 

18. Hänzelmann S, Castelo R, Guinney J (2013). GSVA: gene set variation analysis 
for microarray and RNA-Seq data. BMC Bioinformatics. 2013; 14:7. 

19. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust 
enumeration of cell subsets from tissue expression profiles. Nat Methods. 
2015; 12:453-460. 

20. Racle J, de Jonge K, Baumgaertner P, Speiser DE, Gfeller D. Simultaneous 
enumeration of cancer and immune cell types from bulk tumor gene 
expression data. Elife. 2017; 6:e26476. 

21. Becht E, Giraldo NA, Lacroix L, Buttard B, Elarouci N, Petitprez F, et al. 
Estimating the population abundance of tissue-infiltrating immune and 
stromal cell populations using gene expression. Genome Biol. 2016; 17:218. 

22. Charoentong P, Finotello F, Angelova M, Mayer C, Efremova M, Rieder D,et 
al. Pan-cancer Immunogenomic Analyses Reveal 
Genotype-Immunophenotype Relationships and Predictors of Response to 
Checkpoint Blockade. Cell Rep. 2017; 18:248-262. 

23. Finotello F, Mayer C, Plattner C, Laschober G, Rieder D, Hackl H, et al. 
Molecular and pharmacological modulators of the tumor immune contexture 
revealed by deconvolution of RNA-seq data. Genome Med. 2019; 11:34. 

24. Lukas, J, C. Lukas, J. Bartek. More than just a focus: The chromatin response to 
DNA damage and its role in genome integrity maintenance. Nat Cell Biol. 
2011; 13: 1161-1170. 

25. Polo SE, SP Jackson. Dynamics of DNA damage response proteins at DNA 
breaks: a focus on protein modifications. Genes Dev. 2011; 25: 409-442. 

26. Shen J, Ju Z, Zhao W, Wang L, Peng Y, Ge Z, et al. ARID1A deficiency 
promotes mutability and potentiates therapeutic antitumor immunity 
unleashed by immune checkpoint blockade. Nat Med. 2018; 24:556-562.  

27. Chapman JR, MR Taylor, SJ Boulton. Playing the end game: DNA 
double-strand break repair pathway choice. Mol Cell. 2012; 47: 497-510. 

28. Burgess RC, Burman B, Kruhlak MJ, Misteli T. Activation of DNA damage 
response signaling by condensed chromatin. Cell Rep. 2014; 9:1703-1717.11.
  

29. Downs JA, MC Nussenzweig, A Nussenzweig, Chromatin dynamics and the 
preservation of genetic information. Nature. 2007; 447: 951-959. 

30. Park JH, Park EJ, Lee HS;Kim SJ, Hur SK, Imbalzano AN, et al. Mammalian 
SWI/SNF complexes facilitate DNA double-strand break repair by promoting 
gamma-H2AX induction. EMBO J. 2006; 25:3986-97.  

31. Dempsey A, AG Bowie. Innate immune recognition of DNA: A recent history. 
Virology. 2015; 479-480:146-52. 

32. Barber GN. Cytoplasmic DNA innate immune pathways. Immunol Rev. 2011; 
243: 99-108. 

33. Ishikawa H, GN Barber. STING is an endoplasmic reticulum adaptor that 
facilitates innate immune signalling. Nature. 2008; 455:674-8. 

34. Sun W, Li Y, Chen L, Chen H, You F, Zhou X, et al. ERIS, an endoplasmic 
reticulum IFN stimulator, activates innate immune signaling through 
dimerization. Proc Natl Acad Sci U S A. 2009; 106:8653-8658.  

35. Zeng W, ZJ Chen. MITAgating viral infection. Immunity. 2008; 29:513-518. 
36. Diamond MS, Kinder M, Matsushita H, Mashayekhi M, Dunn GP, 

Archambault JM, et al. Type I interferon is selectively required by dendritic 
cells for immune rejection of tumors. J Exp Med. 2011; 208:1989-2003.  

37. Fuertes MB, Kacha AK, Kline J, Woo SR, Kranz DM, Murphy KM, et al. Host 
type I IFN signals are required for antitumor CD8+ T cell responses through 
CD8{alpha}+ dendritic cells. J Exp Med. 2011; 208:2005-2021. 

38. Schadt L, Sparano C, Schweiger NA, Silina K, Cecconi V, Lucchiari G, et al. 
Cancer-Cell-Intrinsic cGAS Expression Mediates Tumor Immunogenicity. Cell 
Rep. 2019; 29:1236-1248.e7. 

39. Jing W, McAllister D, Vonderhaar EP, Palen K, Riese MJ, Gershan J, et al. 
STING agonist inflames the pancreatic cancer immune microenvironment and 
reduces tumor burden in mouse models. J Immunother Cancer. 2019; 7:115. 

 


