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AT-rich interaction domain 1A (ARID1A) is a tumor suppressor gene that mutates in
several cancer types, including breast cancer, ovarian cancer, and colorectal cancer
(CRC). In colon adenocarcinoma (COAD), the low expression of ARID1A was reported but
the molecular reason is unclear. We noticed that ARID1A low expression was associated
with increased levels of miR-185 in the COAD. Therefore, this study aims to explore
ncRNA-dependent mechanism that regulates ARID1A expression in COAD regarding
miR-185. The expression of ARID1A was tested in COAD cell line under the effect of miR-
185 mimics compared with inhibitor. The molecular features associated with loss of
ARID1A and its association with tumor prognosis were analyzed using multi-platform data
from The Cancer Genome Atlas (TCGA), and gene set enrichment analysis (GSEA) to
identify potential signaling pathways associated with ARID1A alterations in colon cancer.
Kaplan-Meier survival curve showed that a low level of ARID1A was closely related to low
survival rate in patients with COAD. Results showed that inhibiting miR-185 expression in
the COAD cell line significantly restored the expression of ARID1A. Further, the increased
expression of ARID1A significantly improved the prolonged overall survival of COAD. We
noticed that there is a possible relationship between ARID1A high expression and tumor
microenvironment infiltrating immune cells. Furthermore, the increase of ARID1A in tumor
cells enhanced the response of inflammatory chemokines. In conclusion, this study
demonstrates that ARID1A is a direct target of miR-185 in COAD that regulates the
immune modulations in the microenvironment of COAD.

Keywords: AT-rich interaction domain 1A (ARID1A), miR-185-5P, gene expression, posttranscriptional regulation,
The Cancer Genome Atlas (TCGA), immune cell infiltration
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GRAPHICAL ABSTRACT | The schematic represents Mir185 controls ARID1A expression in COAD.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most prevalent forms of
cancer in the world, which is responsible for the most cancer deaths
(1). Several genes, including ARID1A, are involved in the
pathogenesis of CRC (2). Colon cancer is also one of the most
affected cancers in terms of intertumoral heterogeneity caused by
immunosuppressive and dysfunctional immune cell subsets. These
include M2 macrophage polarization, CD8+ T cells, B cells, and
natural killer cells (3). Shen et al. discovered that ARID1A
deficiency was associated with decreased mismatch repair protein
capacity, increased cancer mutability, and proposed that ARID1A
could increase immune checkpoint blockade therapy efficacy (4).
Many researchers have demonstrated that tumors can inhibit the
function and infiltration of cytotoxic T lymphocytes (CTLs) (5, 6).
In this regard, some genes may interact with CTLs and either
prevent CTLs infiltration or inhibit the activity of CTLs, thus
promoting immune escape and immunotherapy tolerance. Recent
studies have reported that ARID1A elevates the expression of
programmed cell death ligand 1 (PD-L1) and modulates the
immune microenvironment (7). Further, ARID1A deficiency was
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reported to activate phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (AKT) signaling and increased PD-L1 expression in
gastric cancer (7). ARID1A is the core subunit of SWItch/
Sucrose Non-Fermenting (SWI/SNF), which plays an essential
role in DNA transcription, replication, and damage repair. In
various types of cancer, chromatin remodeling factor, ARID1A,
is frequently mutated and acts as a tumor suppressor (8, 9).
Recently, decreased mRNA ARID1A and protein expression have
been associated with poor prognosis in gastric cancer (9). In colon
cancer, ARID1A protein loss was associated with clinicopathologic
features, distant metastases, and poor overall survival (10).
However, the mechanism by which ARID1A expression was
decreased, other than loss of function mutation, remains unknown.

The post-transcriptional alteration of mRNAs is one of the
most well-known mechanisms by which miRNAs regulate their
target genes. Although the ARID1A deficiency is widely
documented, there has been no research on ARID1A-
dependent mRNA expression and post-transcriptional
repression by non-coding miRNAs in COAD. To address this
gap, we searched for miRNAs-targeted ARID1A in TCGA-based
data tools and found a subset of miRNAs that may target
August 2021 | Volume 11 | Article 679334
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ARID1A in colon cancer. We also uncovered the prognosis
significance of low ARID1A levels in colon cancer, using RNA
sequencing data from the TCGA database. We discovered that
ARID1A predicted poor prognosis in colorectal cancer patients.
MATERIALS AND METHODS

Aberration Expression of ARID1A and Its
Clinical Significance in COAD
TNMplot provides a comprehensive analysis of RNA sequence
expression and Gene Chip data of tumor pan-cancer. We used
the pan-cancer analysis page to evaluate the expression level of
the ARID1A gene across all tissues in all available normal and
tumor RNA Sew data (https://www.tnmplot.com/). We used
RNA sequencing and Gene Chip data to determine the
differential expression of ARID1A in normal and tumor
COAD tissues. The ARID1A expression profile was compared
us ing Gene Chip da ta f rom tumor , normal , and
metastasis tissues.

Prognostic Analysis of ARID1A
GEPIA 2 was used to study the prognosis of ARID1A in TCGA
COAD (http://gepia2.cancer-pku.cn/#index). A statistical test
from the TCGA database was used to analyze the correlation
between ARID1A expression and clinical features in COAD
patients, including age, gender, tumor stage, pathological
stages, and tumor purity. Utilizing USCS Xian TCGA database
http://xena.ucsc.edu/., we investigated the association between
ARID1A and the standard clinic pathological variables in COAD.
We further evaluated ARID1A’s prognostic importance using the
previously published GEO dataset and discovered that a lower
ARID1A level was correlated with a poor prognosis at a 5%
statistical significance level.

Cell Culture and q PCR
Human colon cancer cell lines HCT116 and LoVo were cultured
in Dulbecco’s Modified Eagle medium (DMEM) or RPM1640
with medium 10% fetal bovine serum (FBS) at 37°C with 5%
CO2. For transfection, HCT 116 and LoVo cells were seeded into
12-well plates and transfected according to the manufacturer’s
instructions using Lipofectamine 2000 (GenePharma, China).
Cells were isolated after being transfected for 24 to 36 h, and after
that, they were processed further. Total RNA was extracted from
the cells using TRIzol Reagent [Code AG21102, Accurate
Biotechnology (Hunan) Co., Ltd].

cDNA was obtained using kit [Code AG11605, Accurate
Biotecnology (Hunan) Co., Ltd, China], which served as a
qPCR template, and the qPCR reaction mix was prepared in
triplicate. Primers ARID1A Forward” TTATGACAGAGTGA
GGACGGAG, and ARID1A Reverse” TGCCTTGGGTGGAG
AACTGAT mixed with SYBR green analysis reagent as
recommended by the manufacturer (company). GAPDH, a
housekeeping gene, was used to normalize gene expression in
the same sample. Normalized Ct values were determined using
the DDCt method.
Frontiers in Oncology | www.frontiersin.org 3
Western Blotting
The total protein derived from cells was extracted using RIPA
lysis buffer with PMSF and cocktail protease inhibitors,
quantified using the BCA method in lysis buffer (Beijing
Solaribo Science & Technology). A total protein was separated
using 8% SDS-PAGE and then transferred to a Millipore PVDF
membrane. After blocking with 5% non-fat milk in Tris-buffered
saline (1× TBS) containing 0.05% Tween-20, the membrane was
incubated overnight at 4°C with rabbit antibodies against
ARID1A (1:300, CUSABIO TECHNOLOGY), bactin (1:1000,
Beijing Zhongshan Biotechnology Co., Ltd). After washing, the
membrane was incubated at 37°C for 2 h with a secondary
antibody conjugated to horseradish peroxidase (Beijing Solaribo
Science & Technology).

Transcription Regulation of ARID1A
We predicted ARID1A-targeted miRNAs using several Web-
based TCGA databases, including Gene Set Cancer Analysis
(GSCALite), CanEvolve, and linkedomics. Following that, we
used the UALCAN database to detect ARID1A-targeted mir185
expression in COAD. Notably, mir185 was shown to target
ARID1A using miRNA mimics and inhibitors. GraphPad
software was used to analyze the ARID1A mRNA expression
data and to visualize the results. The protein expression was
evaluated by SDS-PAGE and Western blotting using the
ARID1A antibody (USABIO TECHNOLOGY). The primary
antibodies were detected with HRP-conjugated secondary
antibodies, and target protein bands were visualized using
LAS-500 imaging system. The study was replicated three times
to ensure the reliability of the findings. Additionally, Cistrome
database-based chip-seq data were used to predict candidate
transcription factors that are most likely to bind and regulate
ARID1A expression in COAD (http://cistrome.org/db/#/).

Gene Set Enrichment Analysis of ARID1A
Correlated Genes
To further elucidate ARID1A’s tumor-promoting mechanism in
COAD, we sequenced 379 colon cancer tissues in linkedOmics
database. LinkedOmics is a freely accessible portal that contains
multi-omics data from all 32 TCGA cancer types, which includes
genetic information such as DNA mutations, gene expression,
and chromosome copy number variation (http://www.
linkedomics.org/login.php). Cancer Gene and Explorer
Pathways were used in conjunction with LinkedOmics to
investigate ARID1A-related function using TCGA and GEO
gene expression data (https://cgpe.soic.iupui.edu/gsea_result/).

Correlation Between ARID1A and Immune
Cell Infiltration
We studied immune cell infiltration using the TIMER2 tool,
which can directly analyze TCGA data and quantify the ratio of
immune cells in the tumor and normal samples based on gene
expression profiles, copy number, and mutation status. We
established a link between the infiltration of sex immune cell
types and ARID1A mRNA expression, mutation, and copy
number alterations (http://timer.cistrome.org/).
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Association Between CTLs and
Clinicopathological Variables
The association between infiltration of tumor immune subsets
and clinical outcome was tested using the multivariable Cox
proportional hazard model. The analysis was adjusted for
standard clinicopathological characteristics, including age,
stages, and tumor purity variables, whereas ARID1A
expression was used as a confounding factor in the study.
RESULTS

Differential Expression of ARID1A
In recent years, researchers have developed online approaches,
including GEPIA2, TNMplot, and Linkedomics, to analyze and
visualized TCGA data. ARID1A level changes across several
TCGA tissues, including COAD, were first evaluated using the
TNMplot platform (Figure 1A). Analyzing the RNA-seq and
Gene chip data provided in the TNMplot database revealed the
significant downregulation of ARID1A in primary COAD tissues
(Figures 1B, C). Further, we analyzed gene expression of
ARID1A in COAD metastases and found that ARID1A had a
lower expression level in metastases compared to normal
(Figure 1D). To verify the RNA sequencing results, we
detected ARID1A expression in cell lines and tissues of COAD
using quantitative RT-PCR and Western blot. Consistently,
ARID1A rnRNA and protein levels were significantly
downregulated in COAD cell lines, including HCT116 and
LoVo cell lines, than HCOEPIC normal cell line (Figures 1E, F).
Frontiers in Oncology | www.frontiersin.org 4
The Prognostic Implication of ARID1A
in COAD
The predictive value of ARID1A in COAD was assessed using
GEPIA2. Based onmRNAexpressiondata provided inGEPIA2,we
found that COAD patients with low ARID1A levels had short
overall survival and disease-free survival (Figure 2A). To confirm
this, we analyzed previously published GSE17536 and found that
ARID1A’s low level was also significantly associated with worse OS
inCOADmetastases. The low level of ARID1Awas associated with
poordisease-specific survival anddisease-free survival, although the
p-value was not significant (Figure 2B).
ARID1A Expression in Colon Cancer
Tissue Samples and Its Relationship
With the Pathological Stages
We further investigated the clinicopathological role of ARID1A
expression in colon cancer. ARID1A correlates with some
clinicopathological parameters, including age, gender, tumor
stage, pathological stages, and tumor purity. UCSC Xina http://
xena.ucsc.edu/ was launched to analyze the correlation between
ARID1A level and selected pathological features of TCGA
COAD patients. Low ARID1A was reduced in the advanced
TNM stage (Figure 2C) and associated with worse OS in patients
with lymphatic invasion, no microsatellite instability, and death
status, respectively (Figure 2D). As shown in Figure 2, the
results indicate that the ARID1A gene expression profile predicts
recurrence and death in colon cancer patients.
A

B C D

E F

FIGURE 1 | Differential expression of ARID1A. (A) Differential ARID1A expression analysis across several cancer types (significant differences by the Mann-Whitney U
test are marked with red*). Left, normal; right, tumor); (B) ARID1A expression include paired tumor and adjacent normal tissues from Gene chip data; (C) ARID1A
expression include paired tumor and adjacent normal tissues from RNA-Seq data; (D) Significant different expression of ARID1A through metastases, normal, and
tumors; (E–F) Experimental verification of ARID1A mRNA and protein levels in colon cancer cell line using qPCR and western blot, respectively.
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FIGURE 2 | COAD patients with low ARID1A mRNA levels had a poorer prognosis and pre
Kaplan-Meier plotter from GEPIA2, OS, Overall survival, DFS, Disease free survival; (B) Progn
DSS, disease-specific survival, and M-DFS, Metastases disease-free survival; (C) Pathologic
respectively. *p < 0.05 and ***p < 0.001.

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Baldi et al. ARID1A Deficiency Predicts Poor Prognosis
ARID1A Regulation Network Analysis
Mir-185 has been implicated in regulating tumor-associated
genes in various cancer types, but its function in ARID1A
suppression is unknown. We first used GSCALite tool to
identify the ARID1A miRNAs network in COAD. The data
represented in Figure 3A show that mir185-5p targets ARID1A
reported by the GSCALite tool. We also used ChIP-seq data and
identified transcription factors that might posttranscriptionally
regulate ARID1A expression in COAD (Figure 3B).

Expression analysis of mir-185 based on the TCGA database
revealed mir185 was upregulated in COAD tissue. As Figure 3C
shows, there is a significant difference (p = 0.00026293) between
the two groups. Starbase v.3 provides miRNA-associated genes
correlation using this function; therefore, a negative correlation
between mRNA ARID1A level and mir-185 in COAD was
detected in Figure 3D.

HCT 116 and LoVo cells were transfected with miR-185 and
checked for the impact on ARID1A levels.We found that miR-185-
5p mimics significantly reduced the ARID1A level compared with
NC, and the reduction was repealed by miR-185-5p inhibitors as
evidenced by qRT-PCR (Figures 3E, F). Additionally, we
performed a Western blot analysis to examine the ARID1A
protein level. The results showed that miR-185 mimics and
inhibitors significantly decreased and increased ARID1A protein
levels, respectively (Figure 3G). The most striking result to emerge
from the data in Figure 3 is that ARID1A is a direct target of
mir185-5p and is an oncogenic involved in COAD tumor
progression, which further confirmed RNA-seq results.

Determining the Function of ARID1A in
Colon Cancer
To understand the function of ARID1A in COAD, we utilized
available TCGA sequencing data using LinkedOimcs online tool.
Frontiers in Oncology | www.frontiersin.org 6
The association results and top 50 positively and negatively
correlated genes are shown in Supplementary Figure 1. The
KEGG and Gene Ontology analyses were performed to identify
biological and phenotypic pathways associated with the ARID1A
gene. Interestingly,GSEAanalysis ofpositively associatedgeneswas
enriched in multiple cancer-related pathways, including (1) cell
adhesion molecules, (2) chemokine signaling pathway, (3) PI3K-
Akt signalingpathways, (4)MAPKsignalingpathway, (5) pathways
in cancer (Figures 4A, B). However, the gene ontology annotation
and KEGG signaling pathways of negatively correlated genes were
more relevant withmetabolic pathways, RNA transport, ribosome,
spliceosome, and Huntington disease. (Figures 4C, D).

Correlation Between ARID1A and
Infiltration of Immune Cells
It was interesting to note the abovementioned findings; hence, we
intended to establish whether ARID1A modulates the tumor
microenvironment. Therefore, the second set of analyses
examined the impact of ARID1A on the immune infiltration level
in the COAD microenvironment. We observed statistically
significantly higher immune cell counts in tumors with ARID1A
gene expression across various cancers. In particular, there was a
strong positive correlation of CD8+, CD4+ T cells, B cells, NK cells,
as well as macrophages and neutrophils with ARID1A expression
level in COAD. However, all associations were adjusted for tumor
purity and remained statistically significant (Figure 5A).

During the tumor progression and the development of cancer
cells, immune cells interact by multiple genes and pathways.
Hence, we gain insight into predicting the influence of infiltrated
CTLs on the clinical prognosis of patients and explore whether
the interaction between the expression level of the ARID1A gene
and the level of CTLs impacts the patient’s survival. The CTLs
cells were separated into four groups according to ARID1A
A B

C D E G

F

FIGURE 3 | Mir-185 downregulates ARID1A in colon cancer. (A) ARID1A can be controlled by mir-185-5p; (B) Transcription factors that regulate ARID1A
expression from Cistrome (Chip-Seq data); (C) Mir-185 is overexpressed in COAD; (D) ARID1A is negatively correlated with mir-185-5p in COAD; (E, F) Mir185
mimics and inhibitors results detected by qPCR; (G) Mir185 mimics and inhibitors results detected by western blot.
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FIGURE 4 | Gene Set Enrichment Analysis. (A, B) KEGG pathways and Gene Ontology of sign
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expression and immune cell infiltrations while using the median
as the cutoff in the analysis. Furthermore, hazard ratio and p-
value for Cox regression indicated that CTLs infiltration was
significantly associated with increased risk of COAD patients.
Cox regression analysis showed the impact of ARID1A on
patients’ outcomes (Figure 5B).

ARID1A shows a positive correlation with a wide range of
chemokines and immune cell biomarkers, chemokines, receptors,
and inhibitors in colon cancer (Supplementary Table 1). These
results indicate that ARID1A may affect the immune response of
colon cancer. We found no statistically significant tumor-
infiltrating lymphocytes (TIL) counts in tumors harboring CNV
or somatic oncogenic ARID1A mutations than tumors that were
not amplified or mutated in the ARID1A gene.
DISCUSSION

Researchers use the TCGA database to analyze mRNA expression,
methylation, mutation, and copy number alteration (CNAs) (11–
15). Several studies reported ARID1A loss expression in CRC, but
the mechanisms that lead to ARID1A silencing are still unknown.
Frontiers in Oncology | www.frontiersin.org 8
ARID1A mutations are the main focus of the existing studies. We
found that ARID1A is significantly downregulated in COAD
tumor malignant than adjacent normal tissues. These results
reflect those of Erfani et al. (16), who also found that ARID1A
showed no or low expression in CRC (16). Compared with
primary colorectal tumors and normal intestinal mucosa,
ARID1A exhibits higher expression in metastatic lesions, but its
low expression was associated with worse survival in metastases.
When primary tumors are metastatic, novel transcripts can be
generated at different levels, or novel mRNAs are synthesized at
differing amounts in metastases (17). The ARID1A loss expression
was detected in colon cancer samples and was not associated with
overall, disease-specific, or recurrence-free survival (18). However,
the current report found a significant correlation between loss of
ARID1A expression and primary colon and metastases cancer
stages, suggesting that loss of ARID1A expression may drive
tumor formation, invasion, and tumor differentiation (19).
Furthermore, ARID1A loss was related to clinicopathological
parameters, including clinical and pathological stages as well as
survival status. This result consistent with the previously published
studies (10, 18). This complete concordance of the lower mRNA
and protein loss of ARID1A in COAD strengthen the evidence
A

B

FIGURE 5 | The correlation between ARID1A and immune cell infiltration. (A) The significant positive correlation between ARID1A and subtypes of immune cells
(TIMER); (B) Kaplan-Meier curves for the immune infiltrates and ARID1A Expression. The correlation between ARID1A expression and the abundance of CD4+ T
cells, B cells, and natural killer cells, respectively (TIMER).
August 2021 | Volume 11 | Article 679334
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that ARID1A is a major pathological factor in COAD
pathogenesis, significantly associated with adverse outcome.
Thus, ARID1A may serve as a prognostic predictor in COAD.

In the following two respects, the mechanism of
downregulation of ARID1A in CRC was mainly explained.
Firstly, we discovered that miR-185 binds to the ARID1A 3’
UTR, validating databases findings that miR-185 targets and
regulates ARID1A expression. Additionally, miR-185 expression
was inversely associated with ARID1A expression in CRC
tissues. Similarly, gastric cancer samples exhibit absents
or weak ARID1A protein expression even though there were
no detectable ARID1A mutations (20). TFs could either promote
or inhibit gene expression post-transcriptionally. Therefore, we
secondly identified a cluster of TFs that can interact and regulate
endogenous ARID1A expression in COAD. Further studies need
to be conducted on the current topic.

Several recent studies suggested that tumor microenvironmental
cells play an essential role in the occurrence and progression of
various cancers, including colon cancer (21). There was a significant
positive correlation between ARID1A expression and infiltration
of macrophages, neutrophils, NK, B cells, CD8+, and CD4+
immune cells. Nevertheless, ARID1A CNAs were not associated
with immune cell infiltrations in our TCGA cohort (22–24).

The degree to which a gene impacts CTLs is reflected in the
prediction of CTLs on patient clinical prognosis. Cox regression
analysis showed that low CTL levels in patients with high
ARID1A expression levels indicate a better prognosis. Whereas
in patients with low ARID1A expression levels, high CTL levels
indicate a worse prognosis. These findings are supported by
another research that shows that increasing levels of ARID1A
associated with a decrease in T-cell levels promotes cancer cell
survival (25). We used GSEA to uncover the underlying
regulatory processes leading to CTLs differences between the
two groups. ARID1A have been found to utilize chemokine
signaling pathway to regulate CTLs in COAD. This analysis
provides preliminary data on the role of ARID1A in CTL
infiltration. To learn more about the effects of ARID1A on
immunological infiltration, we evaluated previously described
biomarkers of major immune cell types (15, 26) and their
association with ARID1A levels (Table 1). Reportedly, the
immunoinhibitory molecules attach to the PD-1 receptor on
the surface of CD8+ T cells to stop their function. Hence these
molecules view immunotherapy resistance as the primary cause
(15). While ARID1A deficiency enhanced PDL-1 expression
(24), the findings of this study generally validated prior
research in this field and proved that ARID1A deletion may
influence immunity-related pathways. The altered tumor
microenvironment immune cell populations in ARID1A-
induced T-lymphocyte dysfunction have not been tested in the
current report. However, further studies need to be elucidated.
CONCLUSION

The study investigated the clinical value of the ARID1A in
TCGA colon adenocarcinoma (COAD) tissues and cell lines
Frontiers in Oncology | www.frontiersin.org 9
and discovered that mir-185 downregulates ARID1A in COAD
and that lower ARID1A expression was associated with high
overall survival (OS), disease-free survival (DFS) (P<.05), and is
an independent prognostic factor in colon cancer. Also, a
correlational analysis was presented based on TCGA colon
cancer data between mRNA ARID1A expression and
clinicopathological features, tumor-infiltrated immune cells,
immune inhibitors, activators, and chemokines.
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Supplementary Figure 1 | (A) volcano blot of ARID1A association results. (B, C)
Top 50 positively and negatively associated ARID1A genes.
TABLE 1 | Correlation analysis between ARID1A and gene biomarkers of
immune cells in COAD (TIMER).

Immune cell types Biomarkers Correlation P value

T cell (general) CD3E 0.245573 5.45E-07
CD2 0.179266 0.000283

CD8+ T cell CD8A 0.176948 0.00034
B cell CD79A 0.147069 0.002974
Monocyte CD86 0.200761 4.62E-05

CD115(CSF1R) 0.328745 1.10E-11
M1 macrophage COX2(PTGS2) 0.173564 0.000443
M2 macrophage CD163 0.272391 1.05E-10

VSIG4 0.117725 0.017642
MS4A4A 0.120851 0.01483

TAM CCL2 0.144697 0.003478
CD68 0.272391 2.44E-08
IL10 0.110228 0.026354

Neutrophils CD11b (ITGAM) 0.273472 2.14E-08
CCR7 0.139655 9.40E-09

Natural killer cell KIR2DL4 0.139655 0.004815
KIR2DS4 0.106783 0.031466
KIR3DL1 0.097806 0.04891
KIR3DL2 0.211194 1.78E-05
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