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Abstract

Colorectal cancer (CRC), a common malignancy, is one of the leading cause of cancer death in adults. AT-rich interac-
tion domain 1A (ARID1A), a critical portion of the SWitch/sucrose non-fermentation (SWI/SNF) chromatin remodeling
complexes, shows one of the most frequent mutant genes across different human cancer types. Deleterious varia-
tions of ARID1A has been recognized to be correlated the tumorigenesis and the poor prognosis of CRC. Here, we
summarize recent advances in the clinical implications and molecular pathogenesis of ARID1A variations in CRC.
According to independent data of 23 included studies, ARID1A is mutated in 3.6-66.7%. Consistently, all of the 23
relevant studies report that ARIDTA functions as a specific tumor suppressor in CRC. Clinically, ARIDIA variation status
serves as a biomarker for survival prognosis and various therapies for CRC. Mechanistically, the pathophysiologic
impacts of ARIDTA variations on CRC may be associated with the co-occurrence variations of other genes (i.e, TP53,
KRAS, APC, FBXW?7, and PIK3CA) and the regulation of several signaling pathways being affected (i.e., WNT signaling,
Akt signaling, and MEK/ERK pathway), leading to cell cycle arrest, chromatin remodeling, chromosome organiza-
tion, and DNA hypermethylation of the cancer cells. The present review highlights ARID1A serving as a potent tumor
suppressor and an important prognostic factor in CRC. ARID1A variations hint towards a promising tool for diagnostic

tumor profiling and individualized therapeutic targets for CRC in the future.
Keywords: ARID]A variations, Colorectal cancer (CRC), Biomarker, Prognosis, Pathogenesis

Introduction

Colorectal cancer (CRC) is one of the top-common
malignancies worldwide, nearly 1,850,000 incidences,
and is the second leading cause of cancer deaths, with
an approximate 881,000 fatalities (9.2% of all fatal can-
cer cases) in the world yearly (Bray et al. 2018). CRC
with locoregional lymph node diffuse has a 5-year over-
all survival (OS) of 70% while disuse to distant organs
carries a substantially worse prognosis with a 5-year OS
of 12% (Siegel et al. 2018). Metastasis to the liver is the
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most common site of distant spread (Fong et al. 1997)
while the peritoneal surface is the second most com-
mon site of metastasis, involving roughly 10% of patients
with CRC at the very beginning of the presentation and
the sole site of recurrence in as much as 25% of patients
with CRC (Dawson et al. 1983; Russell et al. 1983). Peri-
toneal metastasis (PM) is associated with a poor progno-
sis, and the survival period for systemic chemotherapy
alone is 5—7 months (Chu et al. 1989; Koppe et al. 2006).
Compared to other site transfers, PM is associated with
a greatly shorter progression-free survival (PFS) and OS
(Franko et al. 2012). The molecular underlying mecha-
nisms of CRC is driven by the continuous acquisition of
epigenetic and genetic abnormalities, which is related to
the repression of the tumor suppressor and the activation
of pro-oncogenic factors (Lao and Grady 2011). The low
effectiveness of conventional therapeutic interventions to
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prolong life span in CRC patients needs new and effective
targeted therapies.

The heterogeneity of CRC tumor aggressiveness and
prognosis might be prompted by differences in genetic
variation. According to some reports, the gene encoding
the SWltch/sucrose non-fermentation (SWI/SNF) chro-
matin remodeling complex is one of the most common
mutant genes in a variety of malignant tumors. SWI/
SNF chromatin remodeling complex play role in the tran-
scription and DNA reproduction and repair (Wilson and
Roberts 2011). Among the family of the SWI/SNF genes,
AT-rich interaction domain 1A (ARID1A) is a common-
mutated gene in human cancers, which contributes to the
binding of protein and DNA (Kadoch and Crabtree 2013;
Wang et al. 2004). ARID1A, a gene located on chromo-
some 1p36.11, is a core component of the mammalian
SWI/SNF complex (Megaridis et al. 2018). ARIDIA
encodes a protein with nuclear/cytosolic localization.
Nuclear ARIDIA is speedily degraded by the nuclear
ubiquitin—proteasome system unstable due to the nuclear
ARID1A is unstable (Mao and Shih 2013). In-frame dele-
tions disrupting the nuclear export signal cause a declina-
tion of ARID1A expression, due to the nuclear retention
of the protein and its subsequent degradation (Mao and
Shih 2013; Guan et al. 2012). ARID1A exhibits its bio-
logical function by interacting with DNA and recruiting
associated transcriptional co-activators, while ARID1A
variation commonly cause the dysregulation of BAF
complex-mediated chromatin remodeling (Chandler
et al. 2013). ARID1A contains an ARID domain, which
interacts with DNA in a sequence-nonspecific manner
modulating cellular processes (e.g., proliferation and dif-
ferentiation) (De and Dey 2019). Thus, ARID1A has been
found to be contributed to the tumorigenesis of multiple
cancers.

ARIDIA has lately been recognized as a crucial tumor
suppressor gene in diverse cancer types. Ovarian cancer,
stomach cancer, and pancreatic cancer have the high-
est mutation (or variation) frequency (29-57%), while
CRC (13%), liver cancer (10—17%), bladder cancer (13%),
esophageal cancer (9%), breast cancer (3%) and childhood
retinoblastoma (6%) have somewhat lower variation fre-
quencies (Cornen et al. 2012; Dulak et al. 2013; Fujimoto
et al. 2012; Gui et al. 2011; Guichard et al. 2012; Jones
et al. 2012, 2010; Sausen et al. 2013; Shain et al. 2012;
Wiegand et al. 2010). Also, Ogiwara et al. (2019) sum-
marized that ARID1A is mutated in about 46% of ovarian
clear cell carcinomas, 43% of uterine corpus endometrial
carcinomas, 33% of gastric carcinomas, 30% of ovarian
endometrioid carcinomas, 28% of bladder carcinomas,
27% of cholangiocarcinomas, 15% of pancreatic carci-
nomas, 12% of lung adenocarcinomas, and 10% of CRC.
The frequency of ARID1A variations in ovarian clear cell
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carcinomas is up to 60% in the US, Canada, and Japan,
indicating that ARID1A deficiency may be a poten-
tial biomarker for precision medicine of ovarian cancer
(Takahashi et al. 2021). It was reported that ARID1A var-
iations was observed in up to 40% of low-grade endome-
trioid carcinomas (Toumpeki et al. 2019). The reported
ARID1A mutant prevalence in gastric cancer among
different studies was 8-27% (Wang et al. 2021). Dugas
et al. (2019) demonstrated that ARID1A variation was
observed in 3.6% of the non-muscle-invasive bladder
cancer and 10% of the muscle-invasive bladder cancer.
Zhao et al. showed that the variation rate of ARID1A in
cholangiocarcinomas ranged from 5% to 68.2% (Zhao
et al. 2021). Though ARID1A may be not the most highly
mutated gene in the aforementioned malignancies, it can
synergize with other mutant genes to promote the patho-
genesis and the development of cancers.

Most of the ARIDIA variations are inactive condi-
tion that result in the loss of the protein expression of
ARIDIA (Kishida et al. 2019). In current years, mounting
evidence revealed that ARID1A variation is related to the
clinicopathologic characteristics of CRC (Wei et al. 2014;
Ye et al. 2014). At present, in different clinical studies,
the specific role of ARIDIA on the prognosis and clinico-
pathological features of CRC is widely debated. Accord-
ing to published data, most studies indicate that ARIDIA
serves as an important tumor suppressor gene. For exam-
ple, Lee et al. (2016) demonstrated that no connection
was evident between ARIDIA expression and 5-year
OS. However, a recent study conducted by Jiang et al.
(2020) showed that disease-free or PFS of patients with
ARIDIA variations [DFS/PFS, HR=0.74 (0.64-0.91),
P=0.0026]. The OS of patients with ARIDIA variations
was significantly prolonged by 28 months, compared with
18 months in those with wild-type ARIDIA [HR=0.73
(0.61-0.93), P=0.0092]. The role of ARIDIA in CRC is
currently uncertain. In this narrative review, we aim to
overview all the current evidence that ARIDIA variation
or expression is associated with the development of CRC,
and reveal the potential molecular mechanisms.

Searching strategy

Four common data bases were searched to find the eli-
gible studies prior to January 1, 2022. The searching
strategy these databases was: ((((((((((((((ARID1A) OR
(B120)) OR (BAF250)) OR (BAF250a)) OR (BMO029))
OR (Clorf4)) OR (CSS2)) OR (ELD)) OR (MRD14))
OR (0OSA1)) OR (P270)) OR (SMARCF1)) OR (hELD))
OR  (hOSA1))  AND  (((CCCCCCCCCCCCC((((“Colorectal
Neoplasms”[Mesh]) OR (Colorectal Neoplasm)) OR
(Neoplasm, Colorectal)) OR (Neoplasms, Colorectal))
OR (Colorectal Tumors)) OR (Colorectal Tumor)) OR
(Tumor, Colorectal)) OR (Tumors, Colorectal)) OR
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(Colorectal Cancer)) OR (Cancer, Colorectal)) OR (Can-
cers, Colorectal)) OR (Colorectal Cancers)) OR (Colo-
rectal Carcinoma)) OR (Carcinoma, Colorectal)) OR
(Carcinomas, Colorectal)) OR (Colorectal Carcinomas))
OR (Colonic Neoplasm)) OR (Colon Cancer)) OR (Rectal
Neoplasms)) OR (Rectum Cancer)). For identifying more
eligible studies, we manually inspected the reference lists
in the related articles. According to the data collection
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form, the following information in each study was
extracted, including the first authors’ names, the publica-
tion year, study area, type of CRC, ARIDIA variations in
CRC, and some details of clinical and molecular aspects.
Figure 1 showed the search flowchart. Finally, 23 eli-
gible studies (16, 23—44) with a total of 15,580 subjects
were included. The characteristics of the 23 eligible stud-
ies were listed in Table 1. According to the available

[ Identification of studies via databases and registers ]
)
Records removed before
-E Records identified from ScreDe: Irllig:ate records removed
8 MEDLINE, Cochrane Library, 0 21189)
= EMBASE, and PsychINFO: —> S
= 7 Records marked as ineligible
c Databases (n = 1984) : -
o Registers (n = 0) by automation tools (n = 0)
=2 Records removed for other
reasons (n = 0)
\4
Records screened > Records excluded
(n =795) (n=706)
\4
Reports sought for retrieval Reports not retrieved
> (n = 89) | (n=42)
c
o
o
‘g v
Reports assessed for eligibility Reports excluded (n = 24):
(n = 47) _— 1. Do not examine research
question (n =9)
2. Did not meet inclusion
criteria (n = 8)
3. Insufficient outcome data
(n=4)
S 4. Reviews or comments
(n=3)
Reports of included studies
(n=23)
Fig. 1 Flow chart of study selection




Page 4 of 16

(2022) 28:42

Zhao et al. Molecular Medicine

Abo
(#107) e 19 19p  -|ouyda101g ZNnU) elueS

001:1 -ewbis
(¥107) 1239 94 Apognue jeuojdAjod

0051 ewbis

(#107) e 39 31X ss|pogiue yggey
(¥107) le 32 0snfed ele|D elues
(#102) |8 319 NOYD 001 :1 ewbis
(¢107) e 19 sauor VN

(S0'0>d I[e) uonesyls
-sepd [eoibojoyied Jood
pue ‘s|se15e19W JURISID
‘b3S YN 21| 01 paie)
-21102 SeM SSO| V[ /4y

(500<d) SO

9SIOM B PIEMO] pUJ) B
Yum pue (s0'0>d Ile)
YD JO saInjedy [ed1bo)
-0y1edodiuld snoLeA
U1M Pa1eOosse Ajpued
-JIubIs sem sso| 1 qjdy

(60000=4d) D¥D

Jo uonenuaiayip Jood
Y1M Pa1eDosse Ajpued
-Iubis 7/ glyy JO S50
A1ADR J0Y

-eAlIDROD Uondidsuely
pue A1A1De bulpulq
VNQ BIA DYD 9|qeisun
-211||918S0IDIUW Ul 9|01
1uenodw ue Aeyd
V1dlgy 1yl pamoys
pupuanbas swoxg

(L00>d

||e) uoissaidxa uley0id
Jledal ydrewsiu Jo
SSO| pue UoleleA
J009A4 Vg 's9inies)
[ed1ul> 3dninuw yum
P31RID0SSe SeM V| JIHY
JO uoIssaIdxa 5507
‘24D J0 SO @y pue
v1alyy Jo uoissaidxa
$so| usamiaq diys
-uopeal 3uedylubis oN
1uswdo

-]2A3p DYD parowold
uoneAnseul v diyy

Jossauddng

J0ssaiddng

J0ssaiddng

J10ssaiddng

Jossaiddng

Jossaiddng

UoISSa1dXa JO 5507 %8'ST '607/¥S
uoIssa1dxa JO $507 %6 '£ST/TT
uoI5s21dxa JO S50 %C 0€ '98/9C
paie|nbalumoq %6€ '97/81
uoIssa1dxa JO 507 9%6'S'9/81/01 1
pa1enbaIuMod %0l 6LL/CL

Jdd

DiD)

o4

odD

odD

odD

¥10¢

710C

¥10¢

BuIYD 19M

VSN 9A

BUIYD ‘31X

puejul4 ‘osnfed

eljeASNY ‘NOYD

VSN ‘sauor

SURIRYPRY YL AIYY O salpoqnuy

V1dIyV 30 s1ayd
|es160jo1q 10 sainjesy

s16ojoyredodiully VL @IYY 40 9|0y

uoissaidxd V1gIyy (%) uoneueA yigiyy DdDjo adAl ieak uonedijgnd Ainunod puesoyiny

salpn3s 9|qIbI|e €7 Y3 JO SDlIsLldRIRYD 3y | dqel



Page 5 of 16

(2022) 28:42

Zhao et al. Molecular Medicine

(6100) [ 32 epIyshy

(6100) e 39 USS

(8100) e 32 UBM

(8107) '[e 19 sejizauno4

(9107) e 12 Awieby

(9107) e 10 997

(S107) e 12997

00S'L
‘leuopoUOW Jqgey

005:1 ‘Butjeubis |12

Abo

-|ouyda1 bagauabApy

VN

001:1 ‘wedqy
|euopdA|od 1qgey

00€:1 "ewibis
‘leuopdAjod 1qgey

001:1 ewbis
‘leuopdAjod 1qgey

SISPISEIaW 2pOU
ydwA| pue ‘uoiseaul
oieyduA| ‘obe JsbunoA
0} Pa3e[a110D Ajjuedyiu
-Bis sem y1alyy

4O UoIssaIdxd S50

SER
24D PR1eINW-SYYH Ul
9|04 £33 e sAeid v qIyY
JO uoIssaIdxa ay |

VN

(0200=d vSe-1LLL
12%S6 66'L =4H) S4d
3|QPJOARJUN 1O PRIDIP
-aid Appuspuadapul
suoneleA v diyy

VN

(S00>d

||e) abe1s |d 1aybiy pue
‘uolseaul Jejnoseaoyd
-WA| ‘UonenuIayIp
Jood “Aouapyap uiey
-oud sredal-yd1ewsiw
Y1Mm paieosse

SEM SSO| Y[ dIdY
(0L00=d 'D4D) Iopiog
Jowny buipuedxe yum
pue ‘DYD Ul (E000=d)
uolseAu] dneydwiA| oA
-ebau yim paieja110d
Ajpueoyiubis sem uols
-s21dx3 v gJYY 4O SSO7

J0ssaiddng

J0ssaiddng

J0ssaiddng

Jossaiddng

Jossaiddng

Jossaiddng

Jossaiddng

Co_mmmgaxm JO SSOT

uoIssa1dXa JO S50

uoI5521dXa JO $507

uolssaIdxa JO SSO7

uolssaldxs JO SSOT

CO_mmw_wa JO SSO7

uolssaIdxa JO SSO7

%97 '81Z/0L

%91 ¥91/vC

%8'8L 91/€

%¥i '9E/91

%Y'SLEL/T

%6'8 'CSS/61

%L9'9%1/CL

JdD

DLD)

4D

BB

J9dued
4oeWols
pue ‘|amoq
|lews ‘uojoD

2dd

odd

610¢

610C

810¢

ueder ‘eplysty

VSN ‘uss

BUIYD UBM

¥SN ‘sefiziunod

Auewiao) ‘Awieby

VSN 997

£32I0Y) ‘991

se2UBIBRY  VLAIYY JO SBIpoqnuy

V1dIyV 30 s34
|es160jo1q 10 sain3esy

s160joyredodiuld  vLAIYY 3O s3|0Y

uoissaldxd VI aiyy (%) uoneueA yigiyy DD jo adAl iteak uonediignd A1unod pueoyiny

(panunuod) L ajqey



Page 6 of 16

(2022) 28:42

Zhao et al. Molecular Medicine

(0707) 1239 luey]

(020z e 30 eBRUNYOY)

(0207) "[e 38 eBeUNO]

(0z07) e 33 ebeunyol

(0207) e 19 ebRUNYO|.

(0207) 112 NX

00z:1
ewbis Apogiue uqgey

VN

VN

VN

YD Ul sain1eay
[ea16ojoyredodiuld ayy
10 SO 8y pue Vidlyy
JO SSO[ 31 U9aM1q
punoy sem diysuon
-e[aJ uedYIubIS ON

DYD Ul uoneAnde
sunwuwl buons o1
pesj| suoneueA v Jlyy
abe3s Jowny

131|4e3 pUB UONEDO|
Jowny Alewud papis
-14b1 yum paieposse
Sem uoneueA 1 glyy

sionqiyul

JuI0dsDaYD dUNWIW] 0}

asuodsal Jo pooyl|ayl|
19yb1y e JO sAIedIpUl
o|youd sunwiwi s|ge
-INOARJ B 1M pa3e
-Dosse Ajpuedylubis
Sem UONBUBA /[ JJYY

skemyied
lledas yNQ 91e|nbal

VN PINOd SUONRLIEA V| iy

VN

syuaned DY Jo
sjowny Ul adAouayd
IS pue Aduapyap
HIAIA ‘UoneleA J009A
4vyg ‘siseiseraul
oneydwA| ‘uonenuaisy
-Jip Jood ‘yidap sjowiny
PIUPADE U] PIAJOAUL
Ajpuedyiubis a1om
uolssaidxs ul2104d

S31 4O AdUDDYIP Y3
pue suoneueA [ digy

105s21ddng  UOISSaIdXa MOJ JO S5O

Jossaiddng pa1e|nbasuMoq
Jlossaiddng paie|nbalumoq
Jossaiddng pale|nbaiumoq
10ssaiddng paie|nbasumoq
Jossauddng uolneleA Jlysawel

%.°99'81/TL

%L1 vES/S

%01 '6601/¥01

%8 '619/0S

%8 '97LS/89%

%9°€ '8T/1

JdD

Jdd

odd

odd

odD

Jdos

020 ued| ‘ueyi3
0z0¢ vSN'p-ebeunyol
0202 vSn'g-ebeunyol
0202 vSNn'z-ebeunol
020z VSN’ L-ebeunsjol
020z eulyd nx

S9OUa19j)9Y

VLdIgy o saipoqnuy

V1AIdY 30 s123)3°

|es160jo1q 10 sain3eay
s160joyzedodiuly  L@IYV JO s3I0

uoissaldxd VI aiyy (%) uoneueA yigiyy DD jo adAl iteak uonediignd A1unod pueoyiny

(panunuod) L ajqey



Page 7 of 16

(2022) 28:42

Zhao et al. Molecular Medicine

|EAIAINS 921J-3DUBLINDAI S{Y ‘|eAIAINS 931)-UOISSAIB0Id S44 ‘D|qe|IeAR 10U I/ 49dUeD [e12310]0D Alewiid HyDd ‘41adued [e12210]0D PapIs-13)|

D7 19ued [32310]0d PapIs-1yBil DDY ‘sewouldied [e33310[03 apeih Ybiy DYI-DH ‘|BAIAINS 3314-9SBISIP S/ ‘|EAIAINS |[RISAO SO ‘Ol3] SPPO YO ‘O11el pIeZeH YH 192Ued [e30310|0D YD ‘Y | UIBWOP SAIIDRIDIUI YdL-1V VI dIHY

4D papls

-1ybu yum syusned
95041 Ul SN1e1S UOIIBLIPA
V1dlgy Yim pajejaliod
Ajpueoyiubis sem speib

(1207) |e 12 uowey ‘leuopA|od 1qaey [e2160]03S1Y Jowin| Jossaiddng uonelea %01 '102/0C Bh) 1202 ueder ‘lowey|
(L5T0=d
'6v L=€C0=1D %56
'85'0="YyH) Juesyiu
-Bis Ajjeonsnes
10U 21oM _m>_>gjm

(1707) |e 19 _UIRd  00S:| "ewbIs [euojdA|od Ul seduUJaIp 3y Jossauddng uoIssa1dxa JO S50 %Y LY '6C/CL SOYD-OH 120T uleds ‘eusad

(120t "|e 12 bueny) N VN Jossa1ddng uonepen %E01 ‘0£9/59 YD 1z0z eulyD ‘bueny
(92000=d ¥/ 0=4H)
$4d/54Q 42buo
Ajpuedyiubis e pamoys
uoneueA V(Y

(0z07) e 38 Buerr VN yum sausined Dy Jossaiddng uonepen %L L YECL/68 pitB) 020¢ eulyD ‘Buelr

(0z0?) e 32 buem VN VN lossaiddng paje|nbaiumoq %9, 'STT/LL BltS) 020t eulyD ‘z-buem

(0z07) e 32 Buem VN N Jossaiddng paieinbaiumoq %L '8 '9S1/9/L BitD) 020 euyD ‘L1-buem

S9UOPD %C | '8¢/t ‘Wd

(0207) ‘e 39 URAS Apognue Aiewild VN lossaiddng uonenen ‘%67 '£19/6/1 D¥dd Ald DYDd 020t VSN Ul
(S00<d ||e) AouaIdyap
V1 QI4v 40§ punoj sem

[BAIAINS 991}-9Seas|p ewou
10 dYyDads-aseasip -IDJedOUSpe
(0Z0?) "|e 19 00} wedqy Ul 8dUalalip ON Jossaiddng Aduapyaqg 9%/ 'SEE/91| |e10910]0D) 0707 VSN ‘0JOY

Y1QI4y 0 s1399
|ed160j01q 10 sainjesy

S9OUaIBRYRY VLIV JO salpoqnuy s160joyredodiul]d  v1@Jyy Jo sajoy uoissaldxd V1Y (%) uoneueAyigiyy DD joadAl iteak uonediignd A1unod pue.soyiny

(panunuod) L ajqey



Zhao et al. Molecular Medicine (2022) 28:42

information from the 23 included studies, ARID1A vari-
ation was defined as the loss or low expression levels of
ARID1A. Therefore, though “ARID1A mutation” could
be found several previous related studies, ARID1A is in
fact variant rather than mutated. Besides, according to
the ACMG guidelines for nomenclature of the genomic
variations, it is recommended to use the term “variation”
instead of “mutation” (Richards et al. 2015). As shown in
Fig. 2, the frequency of ARIDIA variations among the
23 studies ranged from 3.6% to 66.7%. The mutant type
is defined as the loss or low of ARIDIA protein expres-
sion. Jones et al. (2012), suggested that ARIDIA has a
tumor suppressor function in the pathogenesis of CRC,
and reported that ARIDIA expression reduction and/or
somatic variations are associated with the progression
of CRC. In Cajuso et al’s study (Cajuso et al. 2014), they
used exome sequencing data to investigate the variation
frequency of all genes containing the drought domain
in 25 cases of microsatellite unstable (MSI) CRC. The
authors identified 47 different somatic variations, includ-
ing 18 frameshift (38%, c.5548delG), 3 nonsense (6%), 18
missense (38%), 1 splice site (2%), and 7 silent mutation
(15%).
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Since the variation rate, clinical significance, and bio-
logical function of ARIDIA are different in 23 qualified
studies, we have therefore conducted an in-depth review
of these eligible studies as follows.

ARID1A expression and variations in CRC

Variation rate of ARID1A in CRC among different studies
Comprehensive genome analysis is one useful tool to
identify variations of various oncogenes and tumor-sup-
pressor genes, particularly in those genes that code for
chromatin remodeling factors (Centore et al. 2020; Gos-
wami et al. 2020; Mao et al. 2013; Mathur 2018; Wei et al.
2014; Ye et al. 2014) One of such genes is ARIDIA. How-
ever, the variation rate of ARIDIA in CRC is low, Jones
et al. (Jones et al. 2012) reported 10%, and Kim et al.
(49) did not find variations. Based on this evidence, the
effect of ARIDIA loss in CRC is still underestimated. Wei
et al. (2014) found that the ARIDIA protein loss caused
by immunohistochemistry occurred in 25.8% of primary
CRC tumors, and the proportion was higher in stage IV
CRC, which was 35.2%, suggesting that ARIDIA protein
loss is not very common in CRC.
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Fig. 2 Variation rate of ARID1A in CRC among different studies
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In this narrative review, the evidence related to the
ARIDIA variants in CRC was comprehensively summa-
rized. According to the data of 23 eligible studies, great
different has been identified on the ARIDIA variation
rate varies greatly. As shown in Fig. 2, ARIDIA varia-
tion in pCRC, PM-CRC, and HG-CRC was recorded at
29%, 12%, and 41.4%, respectively. Based on the previ-
ous publications, the highest variation rate of ARIDIA
in ovarian clear cell carcinoma, which is as high as
46-57% (Yoshino et al. 2020). But CRC did not make
any comments or conclusions.

CRCs have two genetic and clinically distinct sub-
types: chromosomal instability tumors (CIN) and
microsatellite instability tumors (MSI). Most tumors
show CIN, and about 15% are MSI. In MSI tumors, the
mismatch repair (MMR) system is defective, which can
usually correct a large number of errors that occur dur-
ing DNA replication. This leads to a large number of
small insertions and deletions in the repetitive regions
surrounding the genome, especially in the short tan-
dem repeat regions called microsatellites. The overall
variation rate of MSI-CRC is estimated to be about 10
times that of microsatellite stable (MSS)-CRC (2012;
Vogelstein et al. 2013). Tokunaga et al. (2020) com-
pared the relationship between ARIDIA variations
and the molecular characteristics in CRC by using the
next-generation sequencing, RNA sequencing, and
the immunohistochemistry methods. They found that
ARIDIA variations were more common in primary
and early age tumors on the right site of CRC. ARIDIA
mutant tumors mainly have gene variations related to
chromatin modification, DNA repair, WNT signal-
ing pathway, and EGFR inhibitor resistance pathway
at the same time, and ARIDIA variations have a strong
regulatory effect on DNA repair pathways. CMS1, one
of the consensus molecular subtypes of the CRC clas-
sification system, plays an essential role in immune
response (Guinney et al. 2015). It was reported that
ARIDIA mutant samples proved a higher prevalence
of CMS1 than ARIDIA wild-type samples, which indi-
cates ARIDIA variation could result in strong immune
activation (Tokunaga et al. 2020).

The data from the 23 eligible studies showed that the
ARIDIA variation rates and expression levels were differ-
ent among different studies. These discrepancies might
be related to various factors, e.g., different demographic
features (i.e., sample size and race), CRC stage (early or
advanced), different antibodies of anti-ARIDIA, the
assessments of the ARIDIA protein expression (i.e., IHC,
western blot, targeted sequencing analysis, qRT-PCR, tis-
sue microarrays, and chromatin immunoprecipitation),
and multifarious co-present or targeted genes being
affected.
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All studies indicate that ARIDIA is low or absent in
CRC, and ARIDIA acts as a tumor suppressor, which is
consistent with the function of ARIDIA in other types of
cancer (Wu and Roberts 2013). According to the current
evidence, ARIDIA variants are only expected to play a
tumor suppressor effect CRC development.

Clinical significance of ARID1A in CRC

Although the high frequency of ARIDIA variants has
been observed in CRC, the prognostic value of ARIDIA
in CRC is still controversial. Jiang et al. (2020) found that
DES or PES of patients with variations in ARIDIA was
significantly prolonged (HR=0.74, 95%CI: 0.64-0.91,
P =0.0026). The OS of patients with ARIDIA variation
was significantly prolonged than those with wild-type
(28 months vs. 18 months, P=0.0092). In other words,
ARIDIA deletion predicts superior OS in stage IV CRC.
Wei et al. (2014) analyzed 209 primary CRC tumor
samples by IHC and discovered that ARIDIA loss was
detected in fifty-four (25.8%) primary CRC tumors.
Moreover, the authors also observed that the distant
metastasis rate was higher in patients with ARIDIA
loss than those without ARIDIA loss (46.3% vs. 29.7%).
In addition, Wei et al. further observed that ARIDIA
loss was related to the late TNM stage (P=0.020) and
poor pathological classification (P=0.035). However,
this study highlighted that positive ARIDIA was associ-
ated with worse OS as compared to those with negative
ARIDIA in stage IV CRC (HR=2.49, 95% CI: 1.13-5.51),
indicating that ARIDIA loss predicted superior OS in
stage IV CRC. Largely consistent with Wei et al’s find-
ings, (Ye et al. 2014) found that ARIDIA was related to
tumor staging, lymphatic invasion, and tumor recurrence
of CRC. ARIDI1A-deficient CRC has a higher proportion
of lymph node and distant metastasis, and the overall
5-year survival rate shows a downward trend. Kishida
et al. (2019) proved that lymphatic invasion is indepen-
dently related to ARIDIA expression. The above studies
confirmed that the prognostic value of ARIDIA variants
in CRC is related to ARIDI1A defect or low expression.
Tokunaga et al. (2020) believed that the ARIDIA varia-
tion was related to the location of the primary tumor
on the right side and the stage of the early tumor. The
above data suggest that both low and high expression of
ARIDIA variants are related to the prognostic signifi-
cance of CRC.

However, other studies did not support a positive
association between the ARIDIA variant or expres-
sion level and the prognosis of the disease in the CRC.
Chou et al. (2014) found that there is a strong correlation
between ARIDIA expression loss and older age, right-
sided tumors, larger tumor size, medullary morphol-
ogy, high histological grade, BRAFV600E variation, and
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loss of mismatch repair protein expression (all P<0.01),
however, no significant association was found between
loss of ARID1A expression and overall survival. Similarly,
Lee et al. (2015) have also found that the loss of ARIDI1A
expression was significantly related to the negative lym-
phatic invasion of CRC (P=0.003), and tumor bound-
ary expansion (CRC, P=0.010). But there is no obvious
correlation between ARIDIA expression and 5-year OS.
Lee et al. (2016) suggested that at a median follow-up of
49 months, ARIDIA deletion was not associated with the
OS, disease-specific survival, or recurrence-free survival
in CRC patients.

Based on these studies, there is no significant correla-
tion between ARIDIA variants and the survival of CRC.
One potential explanation for this observation may be
due to the low number of CRC cases in some studies.
For instance, the study by Erfani et al. (2020) reported
that the ARIDIA variation rate in CRC was as high as
66.7%. The authors found that among the 18 CRC tumors
studied, 7 cases (38.8%) and 5 cases (27.7%) had no or
low ARID1A expression, respectively. The limited num-
ber of patients may limit the study’s results. Conversely,
studies involving a relative large number of patients are
more likely to determine the poor prognostic signifi-
cance of ARIDIA variants in CRC (Fountzilas et al. 2018;
Jiang et al. 2020; Xie et al. 2014). Certainly, various anti-
ARIDIA antibodies being used in every study conducted
by IHC (e.g., antibody’s clone, manufacturer, dilution
rate, IHC score, and cut-off value). These factors may
be the underlying reasons behind the different results
obtained in each study.

In summary, ARIDIA variants may be predictive of
metastasis, recurrence, and death of CRC patients,
which indicates that ARIDIA may play a crucial role in
the development of CRC. It is worth noting that because
some studies do not support the prognostic value of
ARIDIA, further studies are needed to verify the prog-
nostic significance of ARIDIA variants in CRC.

Molecular mechanisms of ARID1A variations on CRC

Since the causal association between ARIDIA variation
and CRC has been observed in multiple clinical studies,
an exhaustive comprehension of the molecular func-
tions of ARIDIA is of great significance to researchers.
ARIDIA is a driver gene that encodes the DNA bind-
ing subunit of the SWI/SNF chromatin-remodeling
complex. ARIDIA provides specificity for the SWI/SNF
complex and promotes protein—protein or protein-DNA
molecular interactions. ARIDIA inactivation may acti-
vate the cell cycle process, resulting in uncontrolled cell
proliferation of cancer cells, indicating that ARIDIA is a
potential tumor suppressor function and the correlation
between ARIDIA deletion and tumorigenesis (Nagl et al.

Page 10 of 16

2005). ARIDIA might exert its biological functions and
pathological impact on CRC by interacting with multiple
mutated genes, affected signaling pathways, and some
other factors.

ARID1A variation was associated with the co-occurrence
variation of TP53 and some other genes

Some authors believe that there is a link between
ARIDIA and TP53 variations. TP53 (also named P53) is
one of the most common genetic variants in human can-
cers and plays an important role in the regulation of the
apoptosis, cell cycle, and DNA repair (Pinto et al. 2020).
The variation of TP53 has become a critical biomarker of
cancer prognosis due to its cancerous biological function.
Guan et al. (2011) proposed the theory that ARIDIA and
p53 inhibit tumor growth synergistically at the molecu-
lar level. Other researchers suggested that ARIDIA and
TP53 variations are reciprocally exclusive and in charge
of alternative pathways of tumorigenesis (Jones et al.
2012; Wang et al. 2011). In gastric cancer and gynecologi-
cal cancer, ARIDIA variation or loss of ARIDIA protein
expression is closely related to microsatellite instability,
and negatively related to the variation of TP53 (Bosse
et al. 2013). Tokunaga et al. (2020) reported that among
the 20 genes assessed in the CRC cohort, only TP53 vari-
ations and ARIDIA variations were reciprocally exclu-
sive. ARIDIA variation cause defects in cell cycle control
point activation and TP53 variation in answer to DNA
damage (Watanabe et al. 2014). ARID1A and TP53 jointly
prevent tumorigenesis by inhibiting the transcriptional
activation of genes downstream of tumors. As a result,
the prognostic significance and biological effects of
ARIDIA in CRC may partly depend on the variation of
TP53.

TP53 and ARIDIA are considered to be the most com-
mon mutant genes in CRC (Stein et al. 2020). In addition
to TP53, ARIDIA variations can also occur simultane-
ously and may interact with some other genes (such as
APC, FBXW7, PIK3CA, PD-L1, and KRAS), which may
be involved in the development of CRC. Numerous stud-
ies have shown that ARIDIA variations are often accom-
panied by Adenomatous polyposis coli (APC) variations
in CRC. It was reported that the APC tumor suppressor
is mutated in 27-71.7% of the CRC cases (Ashktorab
et al. 2019; Huang et al. 2021). ARIDIA and APC varia-
tions could increase the proliferation and survival of the
CRC cells (Sen et al. 2019). It was reported that FBXW7
was one of the most frequently mutated genes of Chinese
CRC patients (Liu et al. 2018). ARID1A variations are fre-
quently accompanied by FBXW?7 variations. Huang et al.
(2021) found that both EBXW7 (17.5%) and ARIDIA
(10.3%) were the most common mutated genes in CRC
patients via a genomic alteration analysis. Wang et al.
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(2020) showed that ARIDIA (7.6%) and FBXW7 (6.2%)
frequently mutated in the deficient mismatch repair CRC.
In a study of the African Americans population, Ashk-
torab et al. (2019) demonstrated that ARIDIA (7%) and
FBXW7 (4%) were the common variants in CRC patients.
PIK3CA is an oncogene in CRC. A comparative genomic
analysis demonstrated that variations in ARIDIA and
PIK3CA (6.7%) genes between primary CRC and meta-
static liver tumors of CRC (Lee et al. 2014). A genes
exome sequencing study (Ashktorab et al. 2019) reported
that the variation rate of ARIDIA is 7% (8/121), while in
PIK3CA is 6% (7/121) in CRC, and both two genes con-
tributed to the carcinogenic process of CRC.

The programmed death-1 (PD-1)/programmed death-
ligand 1 (PD-L1) axis is one of the effective therapeutic
targets for immune checkpoint blockade therapy. Kamori
et al. (2021) reported that CRC with ARIDIA variations
was likely to have a higher tumor mutational burden,
while ARID1A-deficient CRC was frequently accompa-
nied by enhanced PD-L1 expression by stromal cells.
Kirsten rat sarcoma viral oncogene homolog (KRAS) and
ARIDIA variants have also been found by many research-
ers to coexist in CRC development. Several activation-
type KRAS variations are observed in the group positive
for the protein expression of ARIDIA. The existence of
ARIDIA variations (44%) and KRAS variations (48%) has
been demonstrated in stage I-III CRC (Fountzilas et al.
2018). Sen et al. (2019) suggested that ARIDIA might
facilitate KRAS signaling-regulated enhancer activity in
CRC. They found that KRAS variations were particularly
dependent on the presence of ARIDIA. According to sev-
eral reports, along with ARIDIA variations, the KRAS
variations rate were recorded ranging from 4.3% to 50%
(Ashktorab et al. 2019; Cajuso et al. 2014; Huang et al.
2021). In KRAS mutant cells, after ARIDIA is deleted, the
enhancer co-occupied by ARIDI1A and AP1 transcription
factors become inactive, resulting in a decrease in tar-
get gene expression (Sen et al. 2019). Therefore, in CRC
with KRAS variation, mSWI/SNF complex may provide a
unique and context-dependent treatment option.

Roles of the ARID domain-containing gene family

The ARID domain-containing gene family might also
contribute to the tumorigenesis mechanisms of CRC, and
act collectively with ARIDIA variations. It was described
ARIDIA as belonging to the ARID domain-containing
gene family (Cajuso et al. 2014). ARID1B (13%, 6/46),
ARID2 (13%, 6/46), ARID4A (20%, 9/46) and ARIDIA
(39%, 18/46) was reported to frequently have variations
in tumors. The results show that besides ARIDIA, other
members of the ARID gene family might also play a part
in MSI CRC. Jones et al. (2012) evaluated 759 malignant
tumors, including pancreas, breast, colon, stomach, lung,
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prostate, brain, and blood (leukemia). And truncated
variations were found in 6% of the tumors studied; non-
truncated cell variations were found in another 0.4% of
tumors. Variations are most common in gastrointestinal
samples, and 12 of 119 (10%) colon samples have ARIDI1A
variations. The majority of the mutant colorectal tumors
show microsatellite instability (MSI). The variations in
these tumors are insertions or deletions of single nucleo-
tide repeats outside the frame.

Roles of the affected signaling pathways

The pro-oncogenic roles of ARIDIA variation on CRC
development may also associate with its regulation on
the activity of several affected signaling pathways. Some
investigators even believe that variations in some tumor
pathways are involved in the first step of progress from
normal to CRC (Suleiman et al. 2015). Crosstalk between
ARIDIA and PI3K/Akt pathway has been detected
in multiple cancers (Sun et al. 2021). Xie et al. (2014)
believed that ARIDIA depletion could promote CRC cell
proliferation, enhance chemoresistance, and inhibit cell
apoptosis by regulating the activity of the Akt signaling
pathway. MTT experiments showed that overexpression
of ARIDIA in SW620 cells led to decreased cell prolif-
eration, and depletion of ARIDIA could increase cell
growth rate. Sen et al. (2019) found that ARIDIA has
a previously unknown background-dependent tumor
support function in CRC downstream of the KRAS sig-
nal and MEK/ERK pathway, showing that the absence
of ARIDIA enhances the proliferation of CRC cells. In
addition, at the transcriptional level, the authors also
detected a strong colocalization of ARID1A and TCF7L2,
a downstream effector of the Wnt pathway. Aurora
kinase A (AURKA) commonly functions in mitosis and
non-mitotic biological processes. Wu et al. (Wu et al.
2018) demonstrated that ARIDIA loss contributed to the
growth and survival of the CRC cells via negatively regu-
lating AURKA-mediated signaling and the downstream
genes, such as PLK1 and CDC25C. A gene set enrich-
ment analysis conducted by Tokunaga et al. showed that
ARIDIA mutant status was closely correlated to the DNA
repair pathway, mediating chemotherapy/radiotherapy
sensitivity of CRC (Tokunaga et al. 2020). Since intesti-
nal deletion of ARIDIA was tightly associated with CRC
development, Hiramatsu et al. believed the underlying
molecular mechanisms might be related to the disrup-
tion of the intestinal homeostasis, and pointed out that
the Wnt signaling pathway crucially involved this action.

ARID1A variation associated with MMR deficiency

and hypermethylation

MMR deficiency is one of the important prognostic fac-
tors in CRC. The significant association between ARIDIA
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deletion and MMR defect in CRC has been fully dem-
onstrated in the literature, showing that loss ARIDIA
expression in 15-25% of MMR-deficient versus 4—6%
of MMR-intact CRC cases, respectively (Agaimy et al.
2016). Lee et al. (Lee et al. 2016) reported that ARIDIA
loss was significantly more prevalent in the MMR-defi-
cient CRC cases than in the MMR-proficient CRC cases
(18.7% vs 6.3%, P<0.001). A previous study (Ye et al.
2014) indicated that ARIDIA variations were associated
with a worse outcome among the MMR-abnormal CRC
cases. This study also demonstrated that the main mech-
anism of MMR deficiency in ARIDIA-deficient tumors
was hypermethylation of the mutL. homolog 1 (MLH1)
gene promoter (Ye et al. 2014). BRAF V600E variations
are frequently shown in these MMR-deficient tumors
with ARID1A deletion. By comparison, MMR defects due
to germline variations (i.e., Lynch syndrome) appear to
occur mainly in ARIDIA-preserving cases (Chou et al.
2014; Ye et al. 2014). The association between ARIDIA
deletion and MMR defect co-exists in the early CRC. In
addition, most of these MMR-deficient ARIDIA dele-
tion tumors do show simultaneous deletion of MLH1 and
PMS2, and this pattern is expected in tumors where the
MLH1 promoter is methylated (Lee et al. 2016). Chou
et al. (Chou et al. 2014) believe that, considering these
associations, ARID1A may be used as a marker of somatic
hypermethylation for the classification genetic testing of
Lynch syndrome. It is worth noting that the MMR defect
pattern that suggests Lynch syndrome can also occur in
tumors with ARIDIA deletion. Promoter hypermethyla-
tion is one of the main reasons for ARIDIA variations.
ARIDIA loss leads to epigenetic alterations by a defi-
cient SWI/SNF complex with subsequent MLH1 pro-
moter methylation. Chou et al. reported that a low level
of ARIDI1A was closely associated with larger tumor size,
right-sided tumors, and high histological grade of CRC,
which were features of somatic hypermethylation (Chou
et al. 2014). Erfani et al. (2020) found that promoter DNA
hypermethylation significantly promoted the silencing
or down-regulation of ARIDIA in CRC cell lines. The
authors also suggested that ARIDIA might be an effec-
tive tumor suppressor gene in certain subtypes of CRCs
because it affects many genes through its role in chro-
matin remodeling expression (Erfani et al. 2020). Based
on the above evidence, promoter hypermethylation may
serve as a down-regulation mechanism of ARIDIA in
CRC.

In summary, ARIDIA variants seem to play an impor-
tant role in the occurrence and progression of CRC
tumors. As illustrated in Fig. 3, this schematic diagram
summarizes the multi-factor mechanisms that may be
involved in the development of ARIDIA-driven CRC,
including cell cycle arrest, chromatin remodeling and
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chromosome organization, and DNA hypermethyla-
tion. The interactions of multiple genes (i.e., TP53, APC,
FBXW7, PIK3CA, PD-L1, and KRAS) and the affected
signaling pathways (i.e., PI3K/Akt, MEK/ERK pathway,
Wnt pathway, AURKA-mediated signaling, and DNA
repair pathway) enhance the process of cell proliferation
and anti-apoptosis. Nevertheless, further relevant studies
are still needed to better clarify the potential mechanism
of ARIDIA variations that trigger the development of
CRC.

Limitations and perspectives

This is the first study to comprehensively review ARIDIA
variations associated specifically with CRC from the
clinical through the molecular level. However, several
drawbacks in the present study should be acknowledged.
First, though ARIDIA variation is closely associated with
the clinicopathologic features of CRC (i.e., TNM stage,
tumor location, and histological grade), its role on the
prognostic significance of CRC remains controversial
among the 23 eligible studies, especially on the survival.
Second, large differences in the variation rate of ARIDIA
in CRC were observed among different included studies,
ranging between 3.6 and 66.7%. This heterogeneity might
be partly due to various geographic populations, study
design, sample size, different tumor staging, gender, age,
and the assessments for the expression level of ARIDIA.
Third, the biomarker role, the potential antitumor effect,
and the underlying biological mechanisms for the partici-
pation of ARIDIA variants in the tumorigenesis of CRC,
development, prediction, and therapy need to be further
studied.

Conclusions

In the present review, all of the 23 included studies con-
sistently suggest that ARIDIA is a tumor suppressor in
CRC. The loss of ARIDIA expression may represent the
ARIDIA-driven carcinogenesis in CRC. However, the
rate of ARIDIA variation in CRC cases is diverse across
different studies, ranging from 3.6 to 66.7%. Though
ARIDIA variation status has several clinical impacts on
CRC, such as serving as a biomarker for survival progno-
sis and various therapies, no significant differences were
observed between the variation and wild type of ARIDIA
in a few studies. The biological functions and pathologi-
cal impacts of ARIDIA variations on CRC might be cor-
related to the co-occurrence variation of other genes (i.e.,
TP53 and KRAS) and the regulation of signaling path-
ways (i.e., Akt signaling and WNT signaling). Upon fur-
ther validation with the clinical and biological features
of ARIDIA variations in CRC by future studies, ARIDIA
has the potential to serve as an important prognostic fac-
tor and individualized therapeutic target for CRC.
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Fig. 3 The mechanism by which the ARID1A variation contributes to the pathogenesis of CRCs. ARID1A, a subunit of the chromatin remodeling
protein SWI/SNF, is considered to be associated with the tumorigenesis and the progression of CRCs. The process is initiated by the mutation of
multiple genes (i.e, TP53, ARID domain-containing gene family, APC, FBXW?7, PIK3CA, PD-L1, and KRAS), the dysregulation of several signaling
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