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Abstract: The AT-rich Interactive Domain 1A (ARID1A) is one of the most frequently mutated genes in gastric can-
cer. Here, we found that genetic variants in noncoding regions of ARID1A associated with altered protein levels by
target sequencing. Notably, tumors with ARID1A variants in the 3’untranslated region (3’UTR) exhibited remarkably
increased heterogeneity of ARID1A protein. In general, genetic variants and protein deficiency of ARID1A in tumors
were associated with a better survival. Strikingly, altered patterns and heterogeneity of ARID1A protein expression
were observed in peritumor tissues and carried significant implications in defining tumor immune contexture by
multiplex immunohistochemistry. By analyzing the spatial distribution of TILs, we showed that reduced ARID1A pro-
tein levels in both tumor and peritumor tissues were significantly correlated with increased density and proximity of
TILs to tumor cells. In contrast, high heterogeneity of ARID1A expression was associated with increased TIL density,
but reduced proximity of TILs to tumor cells. Collectively, our study characterized ARID1A genetic alterations and its
protein expression patterns in EOGC, demonstrating new strategies for clinically assessing its molecular impact on
tumor onset and progression, tumor immune response, and patient survival.
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Introduction carcinomas including more than 50% ovarian
clear cell carcinoma (OCCC), more than 30% of
ovarian endometrioid carcinoma and in about

40% of uterine endometrial carcinoma [8, 9].

ARID1A (AT-rich interaction domain 1A, also
called BAF250) is a key component of the

ATP-dependent chromatin remodeling complex
SNF/SWI. It has an evolutionarily conserved
function in regulating cellular processes asso-
ciated with chromatin compaction such as
gene transcription, DNA replication and DNA
repair [1-4]. Genomic sequencing data has
identified ARID1A as one of the most frequ-
ently mutated genes across diverse human
cancers [5, 6]. In TCGA dataset (cBioPortal for
Cancer Genomics) [7], high mutation rates of
ARID1A were found in endometrium-related

ARID1A mutations are also present in more
than 30% of gastric carcinoma and urothelial
bladder carcinoma [5, 10, 11]. In addition,
10-15% colorectal carcinoma, hepatocellular
carcinoma and cholangiocarcinoma contain
ARID1A mutations [12-15]. The majority of id-
entified ARID1A mutations were inactivating
nonsense or frame shift mutations, which re-
sulted in loss of ARID1A expression [8, 9].
Decreased and absent ARID1A protein expr-
ession was further confirmed in human tumor
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samples by immunohistochemistry analysis
[9]. Studies in a variety of animal models have
further demonstrated that ARID1A is a bona
fide tumor suppressor through regulating ge-
ne transcription, genome maintenance mech-
anisms and cell proliferation/differentiation.
Given the high frequency of ARID1A mutations
in tumors, studies have identified and devel-
oped potential therapeutic strategies to target
ARID1A deficiency including inhibitors of his-
tone deacetylases and inhibitors of DNA dam-
age response kinase ATR and DNA repair en-
zyme poly [ADP-ribose] polymerase (PARP) [16-
18]. More recently, ARID1A loss has been as-
sociated with the alterations in tumor infiltrat-
ing lymphocytes (TILs) and treatment respons-
es to immune checkpoint blockade through
regulating mismatch repair-mediated mutation
load and transcription-mediated interferon
(IFN) signaling [6, 19, 20]. These studies sug-
gested that ARID1A mutation/deficiency in tu-
mors might be a potential biomarker for strati-
fying patients for targeted and immune the-

rapy.

Notwithstanding findings of ARID1A as a key
tumor suppressor and potential therapeutic
target, important gaps in knowledge remain
concerning ARID1A mutations and deficiency
in tumors. First, ARID1A gene is located in the
genomic region of 1p36.11. The ARID1A DNA
sequence contains 86080 bp and coding
MRNA contains 8595 bp. It contains 20 ex-
ons coding a protein product of 2285 amino
acids. The current mutation spectrum of AR-
ID1A aberrations was primarily localized in the
coding region due to the sequencing technolo-
gy specifically targeting exomes or lack of cov-
erage depth in whole-genome sequencing [7,
10, 11, 21-24]. A previous study reported that
5% of OCCC lacked protein expression without
ARID1A coding mutations suggesting the po-
tential that additional as yet uncharacterized
mutations affect ARID1A [9]. Thus, it remains
to be determined whether deleterious ARID1A
mutations may occur in non-coding regions.

Second, although inactivating mutations such
as nonsense or frameshift mutations were fre-
quently found in ARID1A coding regions, a con-
siderable number of mutations were identifi-
ed in tumors that retained detectable protein
expression [25]. The effect of specific altera-
tions in ARID1A gene on its protein expression
particularly missense mutations remains to be
further examined.
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Third, current studies analyzing the correlation
between ARID1A protein levels and molecular
changes in tumor immune microenvironment
such as TILs were primarily focused on ARID1A
expression in tumor tissues. In addition to can-
cerous tissues, ARID1A mutations and prote-
in deficiency have been found in premalignant
lesions such as endometrial hyperplasia with
atypia and also in benign inflammatory lesions
of endometriosis, which are strongly associat-
ed with endometrium-related carcinomas [26-
29]. These data indicated that ARID1A loss
could be an early molecular event during tu-
morigenesis. Histologically normal peritumor
tissues are integral components of tumor mi-
croenvironment. It remains largely unexplored
whether peritumor tissues contain ARID1A
loss and whether altered ARID1A expression
in peritumor tissues may impact on shaping
immune responses in tumors.

Fourth, consistent with these findings of ARID-
1A deficiency in non-cancerous lesions with
high risks of developing cancer, tissue-specific
knockout mouse models in multiple cancer
types including ovarian, breast, liver and pan-
creatic cancers demonstrated that ARID1A de-
ficiency promotes the initiation of tumorigene-
sis through cooperating activation of oncoge-
nic signaling (PI3K and K-Ras mutations) and
loss of tumor suppressors (p53 and PTEN)
[30-35]. These studies indicated that ARID1A
loss not only facilitates tumor progression, but
also drives tumor onset. However, whether AR-
ID1A mutations and deficiency are associated
with cancer diagnosed in young patients (early-
onset cancers) remains unknown. It has been
postulated that due to less environmental car-
cinogen exposure, early-onset human cancers
provide an ideal background to study genetic
changes at the initiating stages of tumorige-
nesis.

ARID1A mutations were found in more than
30% of GCs in the TCGA. There are marked
genetic, proteomic and clinicopathological dif-
ferences between early-onset GCs (EOGCs)
(under 40 years old) and traditional late-onset
GCs (over 40 years old) [36, 37] with more
aggressive behavior, molecular heterogeneity
and worse prognosis observed in EOGCs [38-
41]. Thus, EOGCs may provide a unique clinical
model to unravel the potential clinical impact
of ARID1A mutations and deficiency on tumor
onset in human cancers.
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In this study, to address these unanswered key
questions on the pathophysiology of ARID1A
mutations and deficiency in human cancers,
we undertook a comprehensive analysis of
ARID1A genomic alterations, protein deficiency
and associated alterations in tumor immune
contexture in EOGC.

Materials and methods
Patient samples and tissue microarray

All patients included in this study had his-
tologically confirmed GC who underwent surgi-
cal resection between January 2013 and Feb-
ruary 2017 in Tongji Hospital. Informed con-
sent was collected according to the Helsinki
Declaration and ethical approval was granted
by the ethical review committees at the Hua-
zhong University of Science and Technology,
Tongji Hospital. Overall survival (OS) was the
interval from diagnosis to death, or to the date
of the last contact. The Karnofsky score of all
patients was evaluated to be at least 80. Of
the 136 EOGC patients (40 years) eligible for
this study, 20 were excluded because of insuf-
ficient tumor tissues, and 16 were excluded
because of low DNA quality for sequencing,
leaving 100 patients for the current analysis.
Clinical information was obtained from the
electronic medical records.

One tissue microarray (ST8018; Xi’an AiDi Bio-
technology, Xi'an, China) of 40 young patients
defined as EOGC (<35 years) consisting of pri-
mary GC samples and matched peritumor tis-
sues (PT) were purchased for immunohisto-
chemistry (IHC) and multiplex immunohisto-
chemistry (mIHC). The Characteristics of pati-
ents’ information is shown in Supplementary
Table 7.

Targeted DNA sequencing

DNA was extracted from FFPE tissue blocks of
100 EOGC patients using QlAamp DNA FFPE
Tissue Kit (QIAGEN, Catalog no. 56404) and
the concentration of FFPE DNA samples was
measured by Qubit dsDNA assay and FFPE
DNA quality was then assessed to ensure
A260/A280 is within the range of 1.8 to 2.0.
All qualified DNA samples were sheared into
200 bp target size by sonication (Covaris,
M220) for library construction by using NEB-
Next Direct Custom Panel vi1.1 (#E7060B-
X1AAJ, NEB, Ipswich, MA, USA), which was
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designed to enrich for DNA fragments of AR-
ID1A gene for next-generation sequencing on
the lllumina platform. Fragmentation of DNA
was followed by denaturation, probe hybridi-
zation, adaptor ligation, adaptor cleaving and
PCR amplification. Indexed samples were pool-
ed and loaded onto flow cells for sequencing
on a Hiseq Xten (lllumina, Inc., USA) according
to the manufacturer’s protocol.

Sequencing data analysis

The mean sequencing depth of coverage for
the ARID1A gene was more than 500x for all
cases, with the exception of the non-targeted
region in each case.

Sequence data was aligned to the reference
human genome build GRCh37 (hgl9) using
Burrows-Wheeler aligner (BWA) 0.7.17-r1188.
PCR duplication was marked by picard-2.20.3
before subsequent variant calling. GATK-
4.1.4.0 Haplotype Caller was used to call
variants. Variants with a coverage lower than
25 or a mutant allele frequency lower than
5% were filtered out. Variants were annotated
by Ensembl-vep-release-97. Annotations were
defined with ANNOVAR (http://annovar.open-
bioinformatics.org/en/latest). Population alle-
le frequencies were extracted from the Exo-
me Aggregation Consortium ExXAC Browser
(http://exac.broadinstitute.org/), 1000 Geno-
mes (www.1000genomes.org), ClinVar databa-
se (https://www.ncbi.nlm.nih.gov/clinvar), COS-
MIC database (https://cancer.sanger.ac.uk/
cosmic), and the single-nucleotide polymor-
phism database of the National Center for Bio-
technology Information (dbSNP), version 147
(www.ncbi.nlm.nih.gov/projects/SNP). We also
compared our results with data from a large
series of patients with ARID1A mutation in pu-
blic TCGA database through cBioPortal (www.
cbioportal.org).

IHC of ARID1A

IHC for detecting ARID1A was carried out on
paraffin-embedded sections of 100 EOGC pa-
tients and another commercially purchased
TMA. EOGC paraffin-embedded blocks were
processed into 4 um thick sections and mo-
unted on slides for staining. First, the sections
and microarray slide were incubated at 60°C
for 2.5 h, deparaffinized in xylene, hydrated in
a gradient ethanol series (100%, 90%, 80%,
75%), incubated with 3% hydrogen peroxide to
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eliminate endogenous peroxidase activity, and
subjected to antigen recovery by microwaving
samples for 15 min in Tris-EDTA solution (pH=
9.0). Sections were incubated with 5% BSA for
20 min at room temperature (27°C) to block
nonspecific sites followed by primary antibody
at 4°C overnight. Specific primary Antibody
against ARID1A (1:1000, ab182560; Abcam,
Cambridge, UK) was used for IHC. Next, sec-
tions were incubated with secondary Abs for
25 min at room temperature. After washing
with TBST three times, slides were stained wi-
th 3,3-diaminobenzidine (DAB) and counter-
stained with hematoxylin and mounted with
coverslips in DPX (Sigma, USA) for imaging.
ARID1A immunoreactivity was detected in the
nucleus, in both tumor and stromal cells, which
were used as an internal positive control in all
cases.

Evaluation of ARID1A expression

The ARID1A protein expression of 100 EOGC
slides and commercially available TMA slide
was evaluated for both intensity (0= negative,
1= weak staining; 2= moderate; 3= strong)
and proportion of positively stained cells ex-
pressed as a percentage (0=0%; 1+ <10%; 2+
<11-50%; 3+ <51-80%; 4+ >80%. The inten-
sity and proportion of stained cells were multi-
plied to produce the final score between O and
12 [42]. Patients were divided into low and
high groups representing ARID1A protein ex-
pression below and above the median, respec-
tively. Evaluation of ARID1A heterogeneous
expression in EOGC patients was dependent
on the proportion of absolutely negative cells
in tumor cells. Low heterogeneous expression
group was defined as having “<10% or >90%
negative tumor cells”, while high heteroge-
neous group was characterized as containing
10%~90% negative tumor cells. Same evalua-
tion was also conducted on gastric epithelial
cells in peritumor tissues. Ten 200X magnifica-
tion fields in each stained slice were randomly
selected for observation and scoring. Sections
were evaluated by two pathologists who we-
re blinded to the clinical information, and dis-
agreement was resolved by a third pathologist.

Seven-color immunohistochemical multiplex
staining

Commercially available TMA slide (ST8018,
Xi'an Alena Biotechnology Ltd., Co., Ltd., Xi'an,
China) with 40 matched pairs of primary GC
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samples and peritumoral gastric mucosa tis-
sues was stained by mIHC for PD-L1, CDS,
CD3, CD4, Foxp3, and pan-Cytokeratin (Sup-
plementary Figure 3).

TMA slide was deparaffinized and tissues were
fixed with formaldehyde:methanol (1:10) prior
to antigen retrieval in heated Citric Acid Buffer
(pH 6.0) for 15 min microwave treatment. The
slide was put through six sequential rounds of
staining, each including a protein block with
Antibody Diluent/Block buffer (ARD1001EA)
followed by primary antibody and correspond-
ing secondary horseradish peroxidase-conju-
gated polymer. Each horseradish peroxidase-
conjugated polymer mediated the covalent
binding of a different Opal fluorophore using
tyramide signal amplification. This covalent re-
action was followed by additional antigen re-
trieval in heated Citric Acid Buffer (pH 6.0) for
15 min to remove bound antibodies before the
next step in the sequence. After all six sequen-
tial reactions, sections were counterstained
with Spectra DAPI (FP1490A, PE) and mount-
ed with Fluoromount-G fluorescence mounting
medium (SouthernBiotech, UAB, USA).

Slide scanning and analysis for mIHC

Multiplex stained TMA slide was scanned us-
ing the Vectra 3.0 software (Perkin Elmer, Wal-
tham, MA) and the resultant raw high-power
fields (HPF) of each core were photographed
for further analysis. Spectral unmixing, cell
segmentation, and identification and quantifi-
cation of cellular subpopulations of TMA cores
were processed in InForm 2.1 Image Analysis
software (Perkin Elmer) after spectral unmix-
ing algorithm was determined on single-stain-
ed control of each marker in pre-experiment.

To determine the proximity between cells dis-
playing distinct phenotypes within the same
tissue section, we used the Spatial Analysis
Module in HALO v2.0 digital image analysis
software (Indica Labs, Corrales, NM), which is
compatible with Vectra and InForm software
[43-45]. The algorithm of this image analysis
software was designed to calculate the num-
ber of cells within a given distance of another
cell.

Statistical analysis

All statistical analyses were performed appro-
priately by using GraphPad Prism 7.0 (San
Diego, California, USA) unless specified other-
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wise. Difference among groups with percent-
age data or quantitative data were compared
using unpaired t-test and Mann-Whitney U test
(two-tailed) respectively. Categorical data were
tested using the chi-square test. For survival
analyses, Kaplan-Meier plots were using Log-
rank Mantel-Cox test. The Pearson’s correla-
tion coefficient(r) was used for the correlation
analyses between groups of T cell subpopula-
tions. Univariate and multivariate analyses of
the survival data were performed using the cox
regression analysis in SPSS version 23 (Chi-
cago, IL, USA). P values lower than 0.05 were
considered as statistically significant.

Results

Analysis of ARID1A genomic alterations in
early-onset gastric cancer (EOGC)

To catalog ARID1A genetic alterations in early-
onset tumors, we performed deep targeted-
sequencing with a high resolution coverage of
the whole genomic region of ARID1A (includ-
ing 3’- and 5-untranslated regions, introns and
exons) in EOGC patients (<40 years, n=100).
Among these samples, 33 wildtype tumors we-
re identified without any ARID1A alteration
and a total of 119 variations including 98 sin-
gle-nucleotide variants (SNVs) and 21 inser-
tion/deletion (INDELs) were found in 67 cases
(Figure 1A and Supplementary Table 1). All
variants detected in our study were heterozy-
gous alterations. Thirty-three alterations in
coding regions were observed in 27 samples.
Intronic variants were found in 45 samples
while alterations in 5" and 3'UTR were found
in 11 samples (Figure 1A). Interestingly, am-
ong 27 samples with ARID1A coding variants,
5 samples contained multi-coding variants and
14 samples exhibited one-coding variant (Fig-
ure 1B). Additionally, there were 11 patients,
who had variants in both coding and noncod-
ing regions (Figure 1A, 1B).

We then plotted the disperse distribution of
the 33 coding variants across the exon regions
of ARID1A (Figure 1C). Surprisingly, the exonic
variants were enriched in exons 1, 18 and 20.
Among these 33 variants, there were 3 stop-
gain variants, 8 insertion/deletion polymorph-
isms (INDELs), 11 synonymous SNVs and 11
nonsynonymous SNVs (Figure 1D). The nucleo-
tide base change of coding variants showed a
predominant pattern of C>T (8/33) and G>A
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(9/33) transition change (Figure 1E). The tran-
sition-transversion (ti/tv) ratio is 2.57 along
with an insertion-deletion ratio of 0.6 (Figure

1D, 1E and Supplementary Table 1).

Next, we analyzed the distribution of variants
in noncoding regions. In contrast to an enrich-
ed distribution pattern of coding variants, the
noncoding variants showed a scattered distri-
bution pattern (Figure 1F). Notably, among the
noncoding regions with high frequency of vari-
ant allele occurrence, 14 variants (14/86), 11
variants (11/86) and 10 alterations (10/86)
were located in intron 1, intron 8 and 3’UTR
respectively (Figure 1F and Supplementary
Table 1). Noncoding variants showed a domi-
nant base change pattern of C>T (13/86) and
G>A (16/86) similar to coding variants. How-
ever the base change of A>G was predominant
found in noncoding variants (15/86 cases)
compared to coding variants (1/27 cases)
(Supplementary Figure 1). Furthermore, ti/tv
ratio of 1.92 and the insertion-deletion ratio
of 1.6 in noncoding regions were remarkably
different from those of coding variants, sug-
gesting that different mechanisms may under-
lie the molecular origins of variants located in
different genomic regions (coding regions vs

noncoding regions) (Supplementary Table 1).

To gain insight into potential pathogenic rele-
vance of these variants, we then compared
these coding variants with previously reported
ARID1A SNVs in The Single Nucleotide Poly-
morphism Database (dbSNP) (Version 147)
(Supplementary Table 1). We also annotated
all 33 coding variants with the ExAC, 1000G
(version 1000g2015aug) and ClinVar databas-
es (Supplementary Table 1). Of 33 coding vari-
ants, 10 (30.3%) were archived in EXAC and 6
were archived in the 1000 Genome Project
databases. Further, we found six out of 10
(60%) ExAC-archived variants showed a great-
er prevalence in East Asian populations than
in the whole EXAC population. Interestingly, 4
out of the 6 variants archived in the 1000
Genome Project (66.7%) had a greater preva-
lence in East Asian populations than in the
whole population. The other two variants were
new variants identified from our study, which
have not been reported in East Asian popula-
tions (Supplementary Table 1).

In the ClinVar database analysis, two out of
the 33 coding variants (6%) were previously
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Figure 1. Genetic alterations dispersed in the coding and noncoding regions of ARID1A gene in EOGC tumors. A.
Variants identified in different genomic regions of ARID1A (n=67). B. Multiple variants identified in the same tumor
with ARID1A coding alterations (n=27). C. Schematic showing the feature and distribution of ARID1A variants in
coding regions. (Red) Variants previously reported in TCGA; (Blue) Different variants at the same genomic sites
previously identified in TCGA. Each symbol represents a variation event and variation types are depicted in differ-
ent colors. D. The feature of 33 ARID1A coding variants identified in 27 tumors. E. The pattern of nucleotide-base
change in 33 ARID1A coding variants identified in 27 tumors. F. Schematic showing the feature and distribution
of ARID1A variants in noncoding regions. G. Schematic of ARID1A protein domains showing amino acid changes
caused by ARID1A coding variants. (Red) Amino acid changes previously reported in TCGA; (Green) Different amino
acid changes identified in the same sites previously reported in TCGA. UTR, un-translated region; SNV, single nucleo-

tide variant.

reported, whereas the pathogenic significance
of the remaining 31 variants (94%) is unknown
(Supplementary Table 1). We then analyzed the
COSMIC database and found that 5 out of the
33 coding variants were archived. It was wor-
thy of noting that 2 archived variants occurred
concurrently in one patient case, that com-
pletely lost ARID1A protein expression (patient
ID: G2-96) (Supplementary Table 1). Then we
compared these 33 coding variants with ARID-
1A mutations identified in TCGA tumors (cBio-
Portal). We found 3 coding variants (1 nonsyn-
onymous, 1 stop-gain and 1 frameshift inser-
tion) were previously reported in TCGA data-
bases (Figure 1C, 1G and Table 1). Interesting-
ly, 3 variants (Figure 1C) were located at the
same genomic site and 10 variants (Figure 1G)
were located in same protein site but with dif-
ferent nucleotide/amino acid (AA) changes
compared to TCGA mutations. Collectively the-
se data revealed a spectrum of ARID1A vari-
ants with distinct features in both coding and
noncoding regions in EOGC patients.

Correlation of ARID1A protein levels with
ARID1A genomic alterations

Having identified a wide spectrum of genomic
variants in both ARID1A coding and noncoding
regions, next, we sought to determine whether
these variants may have an impact on the lev-
els of ARID1A protein. ARID1A protein expres-
sion was evaluated by immunohistochemistry
staining (IHC) in this cohort of EOGC samples
(n=100). Samples were divided into four gr-
oups based on the feature of ARID1A variants
including coding variants, noncoding variants,
3'UTR variants and wildtype samples. We ob-
served that the overall level of ARID1A prote-
in was significantly reduced in all groups with
ARID1A variants compared to the group with
wildtype ARID1A (Figure 2A, 2B). Notably, tu-
mors with 3'UTR variants showed a significant
reduction of ARID1A protein to a similar degree
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as variants in coding regions (Figure 2B). Ne-
xt, we analyzed different expression levels of
ARID1A protein (high, low and negative expres-
sion) in tumors of each group (Figure 2C). As
expected, the highest percentage of samples
with negative ARID1A expression was found in
the group with coding variants (22%, 6/27) and
lowest in the group with noncoding variants
(including UTR variants) (9.80%, 5/51). By con-
trast, 72.73% of cases (24/33) in the wildtype
group and 41.18% of cases (21/51) in the non-
coding variant group showed high-level ARID-
1A expression. Interestingly, we observed that
3'UTR variants had the highest percentage
of cases containing low-expression ARID1A
(80%, 8/10) with 1 case exhibiting high-level
ARID1A expression and 1 case exhibiting ne-
gative ARID1A expression (Figure 2C). Surpri-
singly, although there was no negative ARID1A
expression in the wildtype group, a significant
portion of samples exhibited low ARID1A ex-
pression (27.23%, 9/33), while 14.81% of ca-
ses containing coding variants (4/27) exhibit-
ed high-level ARID1A expression. The specific
variants with unexpected expression levels of
ARID1A protein are summarized in Figure 2D.
Among four patients with coding variants, who
contained high-level ARID1A protein, one pati-
ent’s tumor surprisingly harbored three exon
variants (Figure 2C, 2D). Together, these data
indicated that ARID1A genomic variants in co-
ding and 3'UTR regions had a significant im-
pact on ARID1A protein levels, but were not
the only molecular determinants of ARID1A pr-
otein levels in tumor cells. Next, we analyzed
whether the presence of multiple ARID1A vari-
ants in a tumor may have an impact on the
ARID1A protein level. We divided the sampl-
es into three groups based on the number of
ARID1A variants found in the tumors including
the wildtype group (no ARID1A variants), the
one-site group (one variant) and the multi-site
group (more than one variant) (Figure 2E). We
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Table 1. Variants reported in stomach adenocarcinoma (TCGA, Provisional)

Amino
Sample Age Genome Nucleotide ) ! ExAC_ EXAC_ 1000g2015au 1000g2015au . .
P Sex g ) Acid Mutation type Exon avsnpl47 - - S & g & Cosmic81_coding
ID (Y) Location Change ALL  EAS all eas
Change
G2-6 M 24 27105886 ¢.5497C>T p.R1833C nonsynonymous 20 rs372213935 ID=COSM2235541; OCCURENCE=1
SNV (stomach)
G2-47 M 40 g.27101099 c.4381C>T p.R1461X stopgain 18 NA ID=COSM4031017; OCCURENCE=1
(oesophagus), 1 (stomach), 4
(endometrium), 1 (pancreas)
G2-96 M 37 g.27105930 c.5542dupG p.G1847fs frameshift 20 NA 2E-05 0 ID=COSM1644335; OCCURENCE=3
insertion (haematopoietic_and_lymphoid_tissue), 2

(large_intestine), 1 (lung), 1 (endometrium),
1 (salivary_gland), 1 (breast)

NA, not available.
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Figure 2. ARID1A variants affect its protein levels in EOGC tumors. A. Representative images of ARID1A protein
analysis in tumors with indicated ARID1A variants (Coding, Noncoding, 3'UTR and Wildtype). ARID1A immunoreac-
tivity was detected in the nucleus, in both malignant epithelial cells and stromal cells. ARID1A protein staining in
stromal lymphocytes was served as an internal positive control. All scale bars equal 50 um. B. IHC score of ARID1A
expression in tumors with indicated ARID1A variants. Data were presented as mean * s.d. p values were analyzed
by one-way ANOVA with Dunnett’'s multiple comparisons test. C. ARID1A protein levels in tumors with indicated
ARID1A variants. D. ARID1A variants associated with unexpected protein expression. E. Samples stratified by the
number of ARID1A variants identified in tumors. F. ARID1A protein levels in tumors with indicated number of ARID1A

variants. p value was calculated by x? test.

found that tumors with one-site or multi-site
variants exhibited reduced ARID1A protein lev-
els compared to wildtype tumors (Figure 2F).
Samples with multi-site variants had an incre-
ased percentage of negative ARID1A expres-
sion in tumors though, this was not statisti-
cally significant potentially due to the limited
sample size in each group (Figure 2F). These
results indicated that the genomic location
and the number of ARID1A variants may alter
protein expression in tumors.

Heterogeneous expression of ARID1A in EOGC

In addition to overall altered protein levels of
ARID1A detected by IHC staining, we observed
remarkable complexity of ARID1A protein ex-
pression patterns in both tumor and tumor-
adjacent normal tissues. The presence of AR-
ID1A heterogeneity in our study was determin-
ed by the obvious existence of negative stain-
ing in nuclei among neoplastic cells or normal
epithelial cells in tumor cores and peritumor
cores respectively. All sections were perform-
ed under strictly consistent condition optimi-
zed with verified antibody with very high speci-
ficity to avoid non-specific staining mentioned
in Methods. Importantly, we carefully reviewed
all stained sections and focused on the nucle-
us of tumor cells or normal epithelial cells to
evaluate the heterogeneity.

As shown in Figure 3A, ARID1A expression
levels could range from intense staining of all
nuclei in tumor cells to the complete loss of
staining with many intermediate staining phe-
notypes including the clonal type and the mix-
ed type defined using the methods in previ-
ous publications [46, 47]. This observation led
us to further examine the association between
ARID1A genomic variants and heterogenous
expression of ARID1A protein. We divided sam-
ples into three groups based on ARID1A vari-
ants in coding, noncoding (including UTRs) and
3'UTR regions (Figure 3B). Nearly half of sam-
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ples with ARID1A variants exhibited high he-
terogenous expression of ARID1A (Figure 3B).
Surprisingly, samples containing 3'UTR vari-
ants showed the highest level of heterogene-
ous ARID1A expression among all variants
(Figure 3B and 3C). There was no significant
correlation between the extent of ARID1A het-
erogeneous expression and the number of con-
current variants in tumors (Figure 3D), while we
observed samples with low ARID1A protein
levels exhibited an increased heterogeneity in
ARID1A expression compared to samples with
high ARID1A expression (Figure 3E). In additi-
on to heterogeneous ARID1A expression in tu-
mor tissues, strikingly we observed localized
or regional absence of ARID1A expression in
the histologically normal gastric mucosa adja-
cent to tumor tissues in samples with ARID1A
variants and also in samples with wildtype
ARID1A (Figure 3F).

Association of genomic alterations and hetero-
geneous expression of ARID1A with survival in
EOGC patients

Next, we examined whether genetic alterati-
ons/heterogeneous expression of ARID1A as-
sociated with survival of EOGC patients. First,
we grouped patients based on genomic regi-
ons of ARID1A variants or the number of vari-
ants identified in the tumors (Supplemen-
tary Figure 2A-G). Patients with ARID1A vari-
ants in tumors had a significantly longer sur-
vival than patients with wildtype ARID1A tu-
mors (Supplementary Figure 2A). Patients with
different types of ARID1A variants (coding, non-
coding, intronic, 3’'UTR, multi-site and one-site)
had a longer survival trend compared to pa-
tients with wildtype ARID1A, although statisti-
cal significance was not achieved potentially
due to the limited sample size in each sub-

group (Supplementary Figure 2B-G).

We then grouped patients based on ARID1A
protein levels. Patients with low expression
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heterogeneous expression includes clonal type and mixed type. B. ARID1A heterogeneous expression in tumors with
indicated ARID1A variants. C. Representative images of ARID1A heterogeneous expression in tumors with 3’'UTR
variants. D. ARID1A heterogeneous expression in tumors with indicated number of ARID1A variants. E. The effect of
ARID1A protein levels in tumors on its heterogenous expression. p value was calculated by x? test. F. Representative
image of ARID1A heterogeneous expression in the histologically normal gastric mucosa tissue adjacent to the tumor
tissue. Arrow heads indicate the ARID1A-deficient mucosa cells. All scale bars equal 50 pm.

(Supplementary Figure 2H) or with low heter-
ogenous expression of ARID1A protein (Sup-

plementary Figure 2l) had a longer survival
trend compared to patients with high expres-
sion and with high heterogenous expression of
ARID1A protein. Interestingly, in the group of
patients with low expression of ARID1A in
tumors, low ARID1A heterogenous expression
was associated with a relatively improved sur-
vival compared to the high ARID1A heteroge-
neous expression (Supplementary Figure 2)).
In contrast, in the group of patients with high
expression of ARID1A in tumors, ARID1A ex-
pression heterogeneity did not show an asso-
ciation with survival (Supplementary Figure
2K). Consistent with this finding, low ARID1A
heterogenous expression was associated with
a trend of longer survival in patients with AR-
ID1A variants (Supplementary Figure 2L) but
not in patients with wildtype ARID1A (Supple-
mentary Figure 2M). Among different types of
variants, low ARID1A heterogenous expres-
sion showed a trend of improved survival in
patients with ARID1A coding variants (Supple-
mentary Figure 2N) and noncoding variants
(Supplementary Figure 20). Similar findings
were also found in patients with multi-site vari-
ants (Supplementary Figure 2P) and patients
with one-site ARID1A variants (Supplementary
Figure 2Q). These data suggested that hetero-
geneity of ARID1A expression may have a more
marked molecular impact on tumors with low
ARID1A expression or with ARID1A genomic
alterations.

Furthermore, we analyzed whether any clinical-
pathological characteristics of EOGC patients
were associated with ARID1A variants, ARID1A
protein level and ARID1A heterogeneous ex-
pression, which might also contribute to pa-
tient survival (Supplementary Tables 2, 3, 4).
We found that tumors with size bigger than 2
cm (P<0.0084), VEGF (P=0.0354) and thymi-
dine phosphorylase (TP) positivity (P=0.0079)
were significantly more frequent in patients
with ARID1A coding variants than those in
patients with wildtype ARID1A (Supplementary
Table 2). In addition, VEGF negativity was sig-

3958

nificantly associated with patients with high
ARID1A protein expression (P=0.0354) (Sup-
plementary Table 3). No statistically significant
results were found in patients stratified by
ARID1A heterogenous expression (Supplemen-
tary Table 4). Additionally, multivariate Cox re-
gression analysis with adjustments for charac-
teristics including cigarette/alcohol consum-
ption history, clinical stage, lymph node me-
tastases, and Her-2/neu status revealed that
ARID1A status remained as an independent
association with survival in EOGC patients (HR
0.414, 95% CI 0.178-0.960, P<0.040) (Sup-
plementary Tables 5, 6). Collectively, these
results indicate that ARID1A variants, ARID1A
protein levels or heterogeneous ARID1A ex-
pression in tumors may function as an inde-
pendent molecular features prognosticating
EOGC survival.

The protein level and heterogeneous expres-
sion of ARID1A in tumor tissues and peritumor
normal tissues in EOGC

As shown in Figure 3F, we observed heteroge-
neous expression of ARID1A in tumor adjacent
normal tissues. We thus systematically exam-
ined the level and heterogeneous expression
of ARID1A protein in tumors (T) and in paired-
adjacent histologically normal peritumor mu-
cosa tissues (PT) using tissue microarrays
(TMA) from an independent EOGC cohort (n=
40; <35 years old). The clinical characteristics
of the patients in the TMAs were described in
Supplementary Table 7. Consistent with obser-
vations in the previous EOGC cohort (n=100), a
striking heterogeneity of ARID1A expression in
the T and PT tissues was found ranging from
significant loss to high-level ARID1A expressi-
on in this cohort (Figure 4A-D). Of note, loss of
ARID1A expression in PT tissues was not only
found in samples with loss/low-expression of
ARID1A in tumor cells, but also seen in sam-
ples with high-expression of ARID1A in tumor
cells (Figure 4B). Based on the median expres-
sion level of ARID1A in T and PT tissues, we
divided the samples into four groups includ-
ing HH (high expression in both T and PT), HL

Am J Cancer Res 2020;10(11):3947-3972
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Figure 4. ARID1A protein analysis in tumor tissues and their paired normal peritumor tissues in EOGC. A-D. Repre-
sentative images of ARID1A protein levels in tumor tissues (T) and peritumor tissues (PT). A. High in T and high in
PT (HH); B. High in T and low in PT (HL); C. Low in T and high in PT (LH); D. Low in T and low in PT (LL). All scale bars
equal 100 ym. E. The number of cases with indicated ARID1A protein levels in T and PT. p value was calculated by
X2 test. F. The number of cases with indicated ARID1A heterogeneous expression in T and PT. p value was calculated
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by x? test with Yates’ correction. G. ARID1A heterogenous expression in T in tumors stratified by high and low ARID1A
protein levels in T. H. ARID1A heterogenous expression in PT in tumors stratified by high and low ARID1A protein
levels in T. I. ARID1A heterogeneous expression in T in tumors stratified by high and low ARID1A protein levels in T
and PT. J. ARID1A heterogenous expression in PT in tumors stratified by high and low ARID1A protein levels in T and

PT. The p-value was calculated by Fisher’s exact test.

(high expression in T/low expression in PT), LH
(low expression in T/high expression in PT) and
LL (low expression in T/low expression in PT)
(Figure 4A-E). We also defined the samples by
the level of heterogeneous ARID1A expression
in T and PT tissues as shown in Figure 4F.
Potentially due to limited sample size in each
group, no statistical significance was detect-
ed when we examined the association among
ARID1A protein levels or ARID1A heteroge-
neous expression in T and PT tissues (Figure
4E, 4F). However we indeed observed a poten-
tial molecular impact of ARID1A expression lev-
els in T and PT tissues on the heterogeneous
expression of ARID1A (Figure 4G-J). Samples
with low ARID1A expression levels in tumor
cells (T) showed an increased heterogeneity of
ARID1A expression in T and also in PT tissues
(Figure 4G, 4H). A similar pattern was also fo-
und in samples with low ARID1A expression
detected in both T and PT tissues (Figure 4l,
4)). Strikingly, samples with high-ARID1A ex-
pression in T tissues but low-ARID1A expres-
sion in PT tissues (n=2) exhibited a dominant
heterogeneity of ARID1A expression pattern in
PT tissues, but not in T tissues, although the
sample size was limited (Figure 4F and 4)).
Nevertheless, these data suggested that AR-
ID1A protein levels may change in both T and
PT tissues, which potentially has a molecular
impact on the heterogeneous expression of
ARID1A not only in T tissues but also in PT
tissues.

The effect of ARID1A-expression levels and
heterogeneity on tumor-infiltrating T lympho-
cytes

Studies from our group and others have re-
ported that ARID1A deficiency in tumors is as-
sociated with an increased immune respon-
siveness, which is a significant contributor to
patient survival. In the next step, we asked a
previously unexplored question whether the le-
vel of ARID1A expression and/or the hetero-
geneous expression of ARID1A in tumor tissu-
es and also peritumor normal tissues are as-
sociated with overall infiltration of T lympho-
cytes in tumors.
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To answer this question, we examined the in-
filtration of various T lymphocyte subpopula-
tions in tumors (T) of EOCG tissue microarrays
(valid n=34, <35 years old) utilizing quantita-
tive fluorescent multiplex immunohistochemis-
try staining (mIHC) (Supplementary Figure 3).

As shown in Figure 5 and Supplementary Fig-
ure 4, in combination with histological proper-

ties such as cellular size and morphology, key
markers CD3, CD8, CD4 and Foxp3 were ex-
amined to define T cell subpopulations includ-
ing all T cells (CD3*), all CD4* T cells (CD3*CD8"
CD4%), cytotoxic T cells (Tc cells, CD3*CD8*
CD4°), CD4* effector T cells (CD4* Teff, CD3*
CD8CD4*Foxp3), regulatory T cells (Treg cells,
CD3*CD8 CD4*Foxp3*) and ‘other T cells’ (any
CD3* cells negative for the three other mark-
ers). Pan-Cytokeratin and DAPI were used to
identify epithelial cancer cells in tumor cores
and nuclear stain respectively as previously
described [48].

We first tested whether ARID1A expression
in tumor cores (T) correlates with the altera-
tions in TILs. We found that the percentage of
overall T cells (namely CD3* cells), Tc cells and
Treg cells were significantly higher in patients
with low ARID1A expression in tumor tissues
(Low™ T) compared to those in patients with
high ARID1A expression (High"T) (Figure 6A-
C), whereas the percentage of tumor cells (p-
CK*CD3), other cell components (p-CK'CD3),
overall CD4" cells, CD4* Teff cells and other T
cells did not show a significant difference be-
tween these two groups (Figure 6A). Although
ARID1A expression levels in PT tissues (Low™
PT/High™ PT) alone may not directly impact on T
cell infiltration in tumors (Supplementary Fig-
ure 5A), low levels of ARID1A protein in both T
and PT tissues (LL) were associated with a re-
markable increase in the percentage of overall
T cells (namely CD3* cells), Tc cells and Treg
cells among four groups of samples defined by
ARID1A protein levels in T and PT (Figure 6D).
As shown in Supplementary Figure 5B-D, the
heterogeneity of ARID1A protein levels in T and
PT did not exhibit a significant correlation with
the overall number of TILs present in tumor
tissues. Notably, Tc, Teff and Treg cells show-
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L Phenotype Markers Description
Tumor 5 , Irregularly big nucleus and
(pan-Cytokeratin®) p-CK'CD3 cytologic atypia
] Other cell p-CK-CD3 Negative for all markers

cD3'CcDs* Small round shape, circular

Cytotoxic T cell ring around nucleus

Small round shape, circular

® |CD4* Effector T cell[CD3*CD4*Foxp3 ring around nucleus

Small round shape, circular
ring around nucleus
Small round shape, circular
° Other T cell CD3'CD4CD8 ring around nucleus, not
expressing CD4 or CD8

O| Regulatory T cell [CD3*CD4*Foxp3*

Figure 5. Multiplex immunohistochemistry (mIHC) analysis of T cell subpopulations in EOGC tumors. (A, B) Repre-
sentative mIHC images of the tumor tissues: (A) raw image and (B) composite image after spectral unmixing. (C-J)
Representative composite images showing staining markers after spectral unmixing: (C) all markers, (D) P-CK (cyto-
plasmic, visualized with Opal 520, pseudocolored yellow), (E) PD-L1 (membrane, Opal 540, pseudocolored green),
(F) CD8 (membrane, Opal 570, pseudocolored cyan), (G) CD4 (membrane, Opal 620, pseudocolored megenta),
(H) Foxp3 (nuclear, Opal 640, pseudocolored white), (I) CD3 (membrane, Opal 690, pseudocolored red) and (J)
DAPI (nuclear, Spectral DAPI, pseudocolored blue). (K) Cell phenotype map identifying different cell subpopulations
defined by the multiplex staining markers. (L) Summary of cell subpopulations, color codes and their associated
markers. All scale bars equal 100 uym.

ed a positive correlation when they were com- tively, these results indicated that ARID1A ex-
pared in pairs (Supplementary Figure 5E-G) pression levels in both tumor and peritumor
indicating a potential common mechanism in tissues inversely correlated with overall infil-
recruiting these T cell subpopulations. Collec- tration of a subpopulation of T cells including
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Figure 6. ARID1A protein levels correlate with the infiltration of T cell subpopulations in EOGC tumors. (A) The presence of indicated cell component in tumors strati-
fied by the median ARID1A protein level in tumor tissues (low"T vs highT). (B) Relative distribution of cell components in tumors stratified by the median ARID1A
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protein level in tumor tissues (low™" " vs high"T). (C) Relative distribution of T cell subpopulations stratified by the
median ARID1A protein level in tumor tissues (low™ T vs high"T). (D) The presence of indicated cell component in
tumors stratified by the median ARID1A protein level in tumor and peritumor tissues (LL, LH, HL and HH) as defined
in Figure 4. Statistical significance was computed by unpaired t-test. All data presented as mean + s.d (B, C) or mean

+s.e.m (A, D).

Tc cells and Treg cells, suggesting an active im-
mune status in ARID1A-deficient EOGC.

The effect of ARID1A expression on the spatial
organization and functioning density of tumor-
infiltrating T cells

Recent studies have shown that not only the
relative abundance, but also the spatial orga-
nization and functioning density of tumor-infil-
trating T cells are important factors that deter-
mine anti-tumor immune responses [44]. Thus,
we first tested whether the levels of ARID1A
protein affects the spatial distribution of T cell
subpopulations in the radius of 20 ym around
tumor cells, which represents an enhanced
probability for cell-cell contact (Figure 7A). We
defined the functioning density of infiltrating
T cells by calculating the number of T cells in
each subpopulation relative to the number of
tumor cells in the same region (Figure 7B-G).
We found that the density of infiltrating total T
cells, Tc cells and Treg cells was significantly
higher in tumors with low ARID1A (low"T) ex-
pression compared to tumors with high ARID-
1A expression (high"T) (Figure 7B). Interesting-
ly, we also observed that tumors with low
ARID1A expression in PT tissues (low" ) had
a significant increase in the density of infiltr-
ating Tc cells compared to tumors with high
ARID1A expression in PT tissues (high"T) (Fig-
ure 7C). Furthermore, samples with low AR-
ID1A expression in both T and PT tissues (LL)
showed a significant increase in the density of
total T cells and Tc cells compared with other
groups (Figure 7D). In contrast, a significant
increase of Treg cell density was found in sam-
ples with ARID1A expression low™ T tissues and
high" PT tissues (LH) (Figure 7D). Next, we test-
ed whether the heterogenous expression of
ARID1A in T and PT tissues may affect the
density of T cell subpopulations in the radius
of 20 ym around tumor cells. Due to the limit-
ed samples size (valid n=1) for HL hetero type
(high heterogenous ARID1A expression in T
and low heterogenous ARID1A expression in
its paired PT), we only evaluated three sub-
groups of samples based on ARID1A heteroge-
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nous expression in T and PT tissues (LL hetero,
LH hetero and HH hetero). As shown in Figure
7E-G, samples with high heterogenous ARID1A
expression in T and PT (High hetero" T, High
hetero™ PT and HH hetero) showed an increa-
sed density of overall T cells. Furthermore, we
analyzed the average distance of T cell sub-
populations to tumor cells (Figure 7H). Strik-
ingly, we observed high heterogenous ARID1A
expression in T and PT tissues (High hetero™ T
or High hetero" " and HH hetero) were associ-
ated with an increased average distance of T
cell subpopulations to tumor cells, suggesting
a reduced access of T cells to tumor cells
(Figure 71-K).

Furthermore, we also analyzed the percentage
of each T cell subpopulation (T cells, Tc cells,
CD4* Teff, Treg cells) recruited to the radius of
20 pum of tumor cells (Supplementary Figure
B6A-G). Samples with low heterogeneous AR-
ID1A expression in T or PT (Low hetero"T and
Low hetero™ ™) showed a higher percentage
(Supplementary Figure 6B, 6C). Although the
percentage of HH group was significantly lower
than that of the other two groups, the percent-
age of LH hetero group was relatively higher
than that of LL group (Supplementary Figure
6D). The similar results were also found in the
comparison of proportion of T cell subsets (Tc
cells, CD4* Teff, Treg cells) adjacent to tumor
cells in all Tc, CD4* Teff and Treg cells respec-

tively (Supplementary Figure 6E-G).

Among three T cell subpopulations including
Tc, Teff and Treg cells, there was a strong
positive correlation of presence of these cells
in the proximal regions of tumor cells when two
groups of them were compared (Supplemen-
tary Figure 6H-J). Given this concomitant re-
cruitment of Teff and Treg cells with Tc cells
to tumor microenvironment, we further tested
whether ARID1A expression affects the spatial
distribution of Teff and Treg cells in the proxi-
mal regions of Tc cells, which may regulate the
function of Tc cells potentially through local-
ized molecular interactions. A strong positive
correlation of cell counts of Teff and Treg cells

Am J Cancer Res 2020;10(11):3947-3972



ARID1A in early-onset gastric cancer

ot
it —EE
.m(m( oo n_c:_u%ﬂ_
15 "t tRig L s Wl EES
LE: s [F S5 ~p[- 5§58 ¢ WY
Nl 0 0 . mm.n -nvlmv
= o2 = LTI =
§ 3|E 83 )E J3E . B
b= "+ =5 By
L 2|3 3% g e
..................... s
@© a “ ﬁ
g b i PR |3
[=}
Y 1Y 8
.......................................... L |
-” v 2 umsn - m--# a%s e we|  TTTTTTTTTITTTTTTTTT
- - <
oo e oee o M. ° Oﬂl_‘_ooor... . é
— —t -ilk
OTNQ© ¥ o O OTN O®OTNO
[=] o (=] — O 00 OC
(199 Jowny e Jo wrlgZ uyiim 192 Jowin} e Jo wrigz uiypum a'
) s}esqns ||82 | jo Aysuap syl w S}osgns |80 1 JO ANSUBP BY] e
m;u* 4da q <
=) 3le
—_~r = > o ]
ce T L L4 T % R e
c £ ST _._._ .
—= - L o ° [
TE g « P o F IE 2 e
M.WM— L O - 0 _DII- Tt T T 1T 171
2 g = OTN O®OTNO
4T 7 . oﬂ*‘ oo_._._w- ~C ocoo
i S o 182 Jown} & jo wrgz uyim
= M I iiaaanasaassees sjasqns |92 | Jo Aususp 8yl
)5 LS o
Rl il
v m - =
..................... O e= I e
o ._-.m 5 &
| { 8 Tl
T s MR
................................ e - @ Hﬁv >
mm .m =
- o =
g Jeat+ J 31 T » mm B
o B W [+ Sttt
ez %o w|, B8, .
r~—t b 1 [~ e w3 U e
OT N O 0 ) e LT =] .r,,m
— o 2
122 Jown} B jo wripz uiypm o il‘ ol o
sjesqns |92 | Jo Asuepayy
m .
rml_lv._vv e vul_m
° g O s T
S -
o
M & -# = m--‘ Vu--hfuu _
.m. M 000 ] ° W oﬂ TT.....
_m = LI _"“ 1 I I LI _“ “ 1 I || I 1
® OYN © T o O OFTN O® O NO
% o o o L= R=N=N=]
. 182 Jowny e Jo wrlpz uiyim (182 Jown} e Jo wrigZ uiyim
< a sjesqns [|@9 | Jo Ausuap ay| L Siesans e Ljo Kysuap ay|

Am J Cancer Res 2020;10(11):3947-3972

3964



ARID1A in early-onset gastric cancer

H | ® | ow hetero "7 J e Low hetero "PT
T . ® High hetero "7 = High hetero " °7
% umor € =E p=0.0057  p=0.0055  p=0.0008  p=0.0031 = 1000 "N LA R #=0.0001
® T cell 3 £1000 [ i o [ 85 1 M a n [
— @ 200 s | s | HE H — & 200 Rl ' . -
@ @ 5 g 200 : : : 5 g 200 : : :
N - [ ' ! ' [1}] ' ' [
. - O = ' ! ! O = ] ] W
N c S 150 : | : c 0 150 ] ) i
P 25 0 | - %5 100 : | % 5 i
"o S o W oo ' . ' o oe : o Ll .
' o 0 : ! | a® o 0 " e - - L
-— 50 ' L . ' - 50 [ ] v L ' @, ' L) ]
o INMIIN IR LT E el £ ¥% ¥¥
2S5 o4 L e " e e Z3S 0. ) ‘e )
w T T T T n T T T T
AlT Tc CD4* Teff Treg AlT Tc CD4* Teff Treg
K p=0.0850 p=0.0556 p=0.0151 p=0.0203 ® LL hetero
= 1000 p=0.0096 p=00T1 p=00034 p=00083 = LH hetero
83 0l at o st 4 4 HH hetero
(] ' ' I
B T 200 ! ] :
o © | ' :
g 8 150 l : J. : l : 1
o ;E, ' ae | .
0 2 ' Pl '
s 3 100 S . s‘. : = g
o 0 A ! o ' i =
+ 50 ' ] ' aus ' ee A
T ' A ' '
¢ 2 *%“:”f‘ﬁ‘n‘:‘%a R
<2 0 * T =2 T e T * T
AT Tc CD4* Teff Treg
L M N
Eg p=0.0087 ©
i = - e
® Cytotoxic T S ‘5100— ; p=0.0062 ; p=0.0405 5 80 ; p=0.0245 : p=0.0503
©Treg ® CD4* Teff E g a : . ' g_g . .l L o
387 ° i - @ » 60 s e '
= e : £3 : :
o & g 504 L) ; L) i L % ;40_ ... ' ..0 ' 0g®
g o ® e . E [ L El ug mg ete mp :% v, i t%o . B
0T 254 ; ; LI v [ "I" : vy U]
oL 3 i3 A 2 vo = 20- sy WX =
o 85 %o | ooge _%: e 3T £ eee "o s w¥li e @n vy
ph L mmi o’ Wi B v 3 ol g wRiwe JFis 4 T
o o A 4 a & 6‘3 A, 4 “ &
© & < $ © § < $
8 SE Y e & & O N
A SN D Vo & ¥

Figure 7. ARID1A protein levels and heterogenous expression in tumor tissues and peritumor tissues impact on the density and spatial distribution of tumor-infiltrat-
ing T cell subpopulations. (A) Schematic of the density analysis of indicated T cell subpopulations within the area of 20 um round a tumor cell. (B-G) The density of
T cell subpopulations in two groups of tumors stratified by ARID1A protein characteristics in tumor tissues (T) and peritumor tissues (PT): (B) low and high ARID1A
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protein levels in T; (C) low and high ARID1A protein levels in PT; (D) low and high ARID1A protein levels in T and PT
(HH, HL, LH and LL); (E) low and high ARID1A heterogenous expression in T; (F) low and high ARID1A heterogenous
expression in PT; (G) low and high ARID1A heterogenous expression in T and PT. Statistical significance determined
by Mann-Whitney U-test. (H) Schematic of the spatial distribution of T cell subpopulations as measured by their aver-
age shortest distance to tumor cells. (I-K) The spatial distribution of T cell subpopulations in groups of tumors strati-
fied by ARID1A heterogeneous expression: (I) low and high heterogeneity in T; (J) low and high heterogeneity in PT;
(K) low and high ARID1A heterogenous expression in T and PT. Statistical significance determined by Mann-Whitney
U-test. (L) Schematic of the spatial distribution of CD4* Teff and Treg cells within the area of 30 ym around cytotoxic
cell (Tc) analyzed in m and n. (M) The distribution of CD4* Teff cells in groups of tumors stratified by ARID1A protein
levels in T, PT and both. (N) The distribution of Treg cells in groups of tumors stratified by ARID1A protein levels in T,

PT and both. Statistical significance determined by unpaired t-test. All data presented as mean + s.e.m.

adjacent to Tc cells is shown in Supplementary
Figure 6K. We further found that the percent-
age of Treg/Teff (CD4*) cells in a radius of 30
pum around Tc cells among all Treg/Teff (CD4Y)
cells that infiltrated in the tumor tissues was
negatively associated with ARID1A expression
in T tissue and PT tissues (Figure 7L-N). Taken
together, these data indicated that the levels
and heterogeneity of ARID1A expression in tu-
mor tissues and also in peritumor tissues have
a significant impact on the functioning density
and spatial organization of T lymphocytes infil-
trated into the tumors, as well as the spatial
distribution of immunosuppressive Treg cells or
supportive CD4* Teff cells in proximity to cyto-
toxic T cells.

Discussion

In this study, we systematically characterized
genetic and protein alterations of ARID1A in
EOGC, a unique clinical model to unravel the
genetic changes that are potentially associat-
ed with initiating stages of tumorigenesis and
drive the onset of tumors. Results from our
study discovered previously unreported mo-
lecular features of ARID1A alterations, which
exhibit a significant impact on patient survival
and tumor immune contexture.

ARID1A genetic variants and their associated-
protein expression in EOGC tumors

ARID1A mutations were found in 30% of TCGA
GCs, which were primarily identified by whole
exome sequencing. Deep-targeted sequencing
of ARID1A in our study enabled us to catalo-
gue a full spectrum of ARID1A genomic altera-
tions including the coding and noncoding re-
gions. ARID1A variants were found in 67%
EOGC samples (Figure 1). 27% EOGC cases
contained variants in the coding regions, whi-
ch is close to TCGA findings in late-onset GC.
These data suggested a significant portion of
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tumors may contain ARID1A variants in non-
coding regions. Among these ARID1A variants,
11 noncoding variants and 1 coding variant
were identified as recurrent variants in more
than 1 case, which have not been reported in
TCGA datasets. Notably, the most frequent-
ly recurrent variant in 3’UTR (c.*16_*17insC)
was found in 5 EOGC cases (5%), which was
associated with reduced ARID1A protein ex-
pression. Compared to variants in other non-
coding regions, variants in 3’'UTR was remark-
ably associated with reduction of ARID1A pro-
tein expression levels to the same degree as
variants in coding regions (Figure 2A, 2B). Se-
veral possible mechanisms may underlie the
reduced protein expression levels resulting
from noncoding genetic changes including im-
paired gene transcription, altered splicing pro-
cess, or reduced mRNA stability [49, 50]. It
remains to be further determined how ARID1A
3'UTR variants may affect its protein expres-
sion. In addition, the EOGC cohorts used in
this study were from a primarily Asian popula-
tion, among whom the gastric cancer inciden-
ce and mortality rate are significantly higher
than Western population [38-41]. It is of fu-
ture research interests to compare the genetic
alterations of ARID1A in EOGC patients with
different ethnic origins. Additionally, one study
using whole exome sequencing (WES) in EOGC
and LOGC showed that ARID1A mutation rate
was 14% in EOGC (median age 38 years) and
15% in late-onset GC (LOGC median age 67
years), suggesting there was no difference of
ARID1A mutation rates between EOGC and
LOGC [51]. In this study, we identified a variety
of alterations in ARID1A noncoding regions,
which were associated with reduced ARID1A
protein expression. It remains to be examined
whether similar genetic variations or a similar
mutation rate might be observed in LOGC. It
is worth mentioning that all ARID1A variants
identified in our study were heterozygous vari-
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ants. A similar phenomenon was found in one
study of hepatocellular carcinomas, where ne-
arly all of the ARID1A mutations were found
to be heterozygous [13]. In addition, among
tumors with identified ARID1A variants, 48%
(31/67) of cases contained multiple ARID1A
variants and exhibited a higher percentage of
negative ARID1A protein expression. These
data suggested that when a ARID1A variant
occurs on one allele and ARID1A protein may
express from the other allele, which likely
leads to reduced levels of ARID1A expression
and may mediate a functional haploinsufficien-
cy in promoting tumorigenesis. When multiple
variants occur in the same tumor, possibly on
different alleles, it may dampen ARID1A ex-
pression from both alleles and thus lead to
loss of ARID1A expression without homozy-
gous genetic hits. Surprisingly, we observed
that 27% (9/33) of tumors with wildtype ARID-
1A showed a reduction in ARID1A expression
(Figure 2E, 2F). This result suggested that epi-
genetic changes such as promoter DNA meth-
ylation or protein stability control rather than
genetic alterations may play an important role
in regulating ARID1A protein levels in tumors.

The heterogeneity of ARID1A protein levels

While scoring ARID1A expression levels in the
whole tissue sections of EOGC patients, we
observed a variety of ARID1A protein levels in
different regions of the same tumor samples
(Figure 3A). The patterns of ARID1A expres-
sion detected by IHC staining ranged from lack
of staining to strong staining of all nuclei in
tumor cells with intermediate staining pheno-
types. Our analysis further showed that com-
pared to tumors with high ARID1A expression,
tumors with low ARID1A expression exhibited
a higher frequency of heterogeneous expres-
sion (Figures 3E and 4G). Interestingly, tumors
with 3’UTR variants showed increased hetero-
geneity of ARID1A protein levels (Figure 3B,
3C). This result suggested that variants in non-
coding regions may not completely abolish pro-
tein expression like nonsense mutations in the
coding regions. However, variants in noncoding
regions may modify protein levels by regulating
MRNA stability, protein synthesis efficiency or
protein stability, contributing to the variation
in ARID1A expression. In addition to this possi-
bility, the heterogeneity of ARID1A levels may
also be caused by different molecular stages
of clonal expansion during tumorigenesis, cell
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differentiation status or epigenetic modifica-
tions associated with subsets of tumor cells.
Mechanisms underlying the heterogeneity of
ARID1A levels remain to be further investi-
gated.

The heterogeneity of ARID1A protein levels may
lead to distinct molecular changes in tumor
cells, which in turn may contribute to the bio-
logical phenotypes and clinical outcomes of
tumors. Indeed, our analysis showed that the
low heterogeneity of ARID1A protein levels was
associated with an improved survival in EOGC
patients (Supplementary Figure 2I-0). Further-
more, our study for the first time showed that
heterogenous protein levels of ARID1A mark-
edly affected the density and spatial distribu-
tion of TILs in tumors (Figure 7 and Supple-
mentary Figures 5 and 6). High heterogeneous
ARID1A levels were associated with an incre-
ased density of TILs in the proximal region of
tumors cells (the radius of 20 ym around the
tumor cells) (Figure 7E-G). Paradoxically, EOGC
patients with high heterogeneous ARID1A lev-
els exhibited a worse survival compared to
patients with low heterogeneous ARID1A lev-
els. To examine the potential mechanism un-
derlying this unexpected observation, we fur-
ther analyzed the spatial organization of TILs
by measuring the average distance between
TILs and tumor cells (Figure 7H-K). Interest-
ingly, our data showed that tumors with high
heterogenous ARID1A levels exhibited signifi-
cantly increased distance between TILs and
tumors cells. These data suggested that anti-
tumor immune response resulting from incre-
ased density of TILs may be dampened by
increased spatial distribution distance of TILs
to tumor cells. Not only the density of TILs
in tumors, but also the spatial organization of
TILs around tumor cells needs to be examined
in order to assess the impact of ARID1A pro-
tein levels on tumor immune responsiveness.

Heterogeneity and significance of ARID1A pro-
tein levels in peritumor tissues

Surprisingly, we unexpectedly observed that
“partially loss of ARID1A” is a quite common
phenomenon in adjacent gastric tissues am-
ong EOGC patients (Figure 3E). Previous stud-
ies already reported that the mutation status
of ARID1A is a key event in the transformation
from endometriosis to ovarian clear-cell carci-
noma [9, 52, 53]. In addition, accumulation of
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somatic mutations have recently been found
in normal colorectal epithelial cells, liver cells,
and corresponding diseased cells, suggesting
that mutations of “cancer-associated genes”
could be involved in malignant transformation
at the initiation of carcinogenesis [37, 54-56].

Although the mechanisms underlying loss of
ARID1A in peritumor normal tissues need to
be further investigated, it is possible that a
proportion of non-malignant gastric epithelial
cells adjacent to tumor may already harbor
ARID1A mutations or other regulatory factors
affecting ARID1A expression.

Notably, our results showed that peritumor
tissues more likely exhibited heterogeneous
ARID1A protein levels in tumors with low AR-
ID1A expression (Figure 4H), suggesting po-
tential molecular interactions between loss of
ARID1A in tumors and ARIDA protein levels in
peritumor tissues. Indeed, we found the levels
of ARID1A expression and heterogeneity in
peritumor tissues were remarkably associated
with the recruitment, the density and the spa-
tial distribution of TILs in tumor tissues (Figure
7 and Supplementary Figure 6). These data
indicated that the altered ARID1A expression
in peritumor tissues may function as a major
contributor to shape the immune microenvi-
ronment, which should be taken into consider-
ation when ARID1A expression is used as a
marker to analyze tumor immune responsive-
ness. In addition, these findings may provide a
rationale to examine genetic alterations and
protein deficiency of ARID1A in normal gastric
mucosa adjacent to tumor tissue and in gas-
tric premalignant lesions, which may provide
unique insights into developing surveillance
strategies to monitor tumor onset and pro-
gression.

ARID1A expression patterns as a predictive
marker for immune responsiveness

For the first time, our study characterized the
patterns of ARID1A protein levels in both tu-
mor tissues and paired-adjacent histologically
normal mucosa tissues (peritumor tissues) in-
cluding the protein levels and the heterogene-
ity expression of ARID1A and their molecular
impact on tumor immune contexture including
the recruitment of TILs, the density of TILs
around tumor cells and the spatial distribution
of TILs (the distance) around tumor cells (Fig-
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ures 6, 7 and Supplementary Figures 5 and 6).
We found a significant inverse relationship be-

tween TILs (all T, Tc, Treg) levels and ARID1A
protein levels. Interestingly, ARID1A protein
levels in tumor-adjacent gastric mucosa had a
remarkable influence on the density and the
spatial distribution of TILs in tumor tissues.
This observation indicated that ARID1A ex-
pression status in non-tumorous mucosa, as
an integral component of the tumor microenvi-
ronment, exerts a significant molecular impact
on shaping tumor immune contexture likely
during the initiation and progression of normal
mucosal cells to cancerous cells.

Previous studies have identified potential ther-
apeutic strategies through targeting ARID1A
deficiency in tumors. More recently, in a variety
of cancer types, mutations and protein defi-
ciency of ARID1A have been associated with
an altered immune microenvironment in tu-
mors and responses to immune checkpoint
blockade [57-60]. Thus, it is a critical clinical
need to develop optimal assessment of ARID-
1A expression status as a biomarker to stratify
cancer patients for target therapy and immune
therapy. Our data showed that a comprehen-
sive evaluation of ARID1A expression patterns
in tumor tissues and peritumor tissues provid-
ed novel insights into the impact of ARID1A al-
terations on the complexity of immune chang-
es in tumors. Thus, in contrast to conventional
analysis using the average strength of ARID1A
immune staining in tumor cells, an evaluation
of ARID1A expression patterns (levels and het-
erogeneity) in tumor tissues and peritumor tis-
sues may represent a potential new strategy
for better assessing the molecular impact of
altered ARID1A protein levels and better strati-
fying patients before target and immune the-
rapeutics.
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Supplementary Table 1. Targeted sequencing of ARID1A gene in 100 EOGC patients
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rs750225898

rs79525184

rs776467905

0.005 0.022

0.06 0.021
0.065 0.024

0.069 0.029

8E-06 0

9E-05 0

0.008

0.028
0.082
0.028

0.04
0.037
0.039
0.082
0.041

0.943

0.002

0.029

0.008
0.037
0.008

0.025
0.025
0.029
0.037
0.03

0.999

0.009

ID=COSM4031017;
OCCURENCE=1
(oesophagus), 1 (stomach), 4
(endometrium), 1 (pancreas)
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frameshift
deletion

synonymous
SNV

nonsynonymous
SNV

synonymous
SNV

synonymous
SNV

frameshift
deletion

frameshift
insertion

frameshift
insertion

NM_006015: rs369896037
¢.*16_*17insC
NM_006015: rs369896037
c.*16_*17insC
. rs11303126
NM_006015:exon20:
¢.5795delC:p.A1932fs
NM_006015:exon20:
¢.5743T7>C:p.L1915L

rs140476492

NM_006015:exon11:
¢.3116C>T:p.T1039I
NM_006015:exon8: rs149901342
€.2646G>A:p.G882G

rs11247593
. rs117614637
NM_006015:exon18:
c.4575C>T:p.G1525G
rs191266592

NM_006015:exon1:
¢.1010delG:p.W337fs

NM_006015:exon20: rs758608743
¢.5542dupG:p.

G1847fs
. rs201978407
NM_006015:
c.-56G>A
rs12027774
rs117614637
rs79525184
NM_006015:exon1:
¢.720dupC:p.G240fs
rs117342430

0.069 0.029

0.069 0.029

6E-05 8E-04

2E-05 0

0.005 0.022

0.041

0.041

0.002

2E-04

0.519

0.003

2E-04

0.001
0.003
0.002

0.008

0.03

0.03

0.001

0.936

0.015

0.001

0.007
0.015
0.009

0.029

ID=COSM1602138;
OCCURENCE=1
(large_intestine), 1 (liver)

ID=COSM1644335;
OCCURENCE=3
(haematopoietic_and_
lymphoid_tissue), 2
(large_intestine), 1 (lung), 1
(endometrium), 1 (salivary_
gland), 1 (breast)
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rs113319329 . . . 0.028
rs34502618 . . . 0.082
. . rs76490152 . . . 0.028
nonsynonymous NM_006015:exon1:
SNV ¢.829G>T:p.G277C
frameshift NM_006015:exon1:
deletion ¢.850delG:p.G284fs

0.008
0.037
0.008
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Supplementary Table 2. Characteristics of 100 EOGC Participants stratified by Variant status

ARID1A Status

Coding

Noncoding

Any

Wildtype

. . . P1 P2 P3 P4
variant No. variant No. variant No. No. of
of Patients of Patients of Patients  Patients
Total n1=27 n2=40 n3=n1+n2=67 n4=33
Age <30 9 7 16 10 0.1554 >0.9999 0.2677 0.6283
31~40 18 33 51 23
Gender Male 16 15 31 19 0.0887 >0.9999 0.1034  0.3952
Female 11 25 36 14
Tumor size <2cm 6 15 21 19 0.283 0.0084 0.1034 0.0168
>2cm 21 25 46 14
Tumor location Cardia 2 2 4 1 0.184 0.3057 0.7974 0.6805
Body 4 12 16 7
Antrum 13 18 31 17
Angulus 5 8 13 8
Multi-site 3 0 3 0
Operative method Proximal 2 2 4 3 0.3276 0.1639 0.086 0.1361
Distal 18 28 46 28
Total 5 10 15 2
Other 2 0 2 0
Ulcer Yes 23 31 53 26 0.5378 0.7391 >0.9999 >0.9999
No 4 9 14 7
Gastritis Yes 4 6 10 6 >0.9999 >0.9999 0.7593 0.7734
No 23 34 57 27
Alcohol Yes 6 3 9 6 0.1417 0.7535 0.2835 0.5601
No 21 37 58 27
Tobacco Yes 8 8 15 6 0.3946  0.3649 >0.9999 0.7952
No 19 32 52 27
Cancer in parents Yes 5 5 9 2 0.5085 0.2265 0.4458 0.3302
No 22 35 58 31
Tumor classification (p)  T1 6 14 20 12 0.543 0.6089 0.5962 0.639
T2 4 8 12
T3 8 8 16
T4 9 10 19 11
Lymph node involvement No (pNO) 9 23 32 21 0.0805 0.037 0.6374 0.1439
Yes (pN+) 18 17 35 12
Distant metastasis MO 25 36 61 33 >0.9999 0.1983 0.1216 0.1739
M1 2 4 6 0
AJCC 8ed stage | 6 16 22 13 0.0544  0.4282 0.1966 0.5078
1l 7 12 19 9
1 12 6 18 10
\% 6
Surgical margin Positive/+ 1 2 >0.9999 0.45 >0.9999 >0.9999
Negative/- 26 39 65 33
Histology Well 1 2 3 1 0.3398 0.9544 0.4389  0.8064
Moderately 3 1 4 3
Poorly-sig 23 37 60 29
Lauren classification Intestinal 2 5 12 5 0.7642 0.6223 0.8701 0.9609
diffuse 24 33 53 26
Mixed 1 2 2 1
VEGF status Negative/- 12 30 42 24 0.0196  0.0354 >0.9999 0.3743
Positive/+ 15 10 25 9
TP status Negative/- 12 23 35 26 0.3279  0.0079 0.0795 0.0158
Positive/+ 15 17 32 7
Her-2/neu status Negative/- 14 24 38 25 0.617 0.0632 0.2118 0.0795
Positive/+ 13 16 29 8

Note: In this table, patients with coding variant were excluded in noncoding variant group. Based on Chi-square test, for which P is based on Fisher’s exact test; Both val-
ues denote P value <0.05. P1, Coding variant vs Noncoding variant; P2, Coding variant vs Wildtype; P3, Noncoding variant vs Wildtype; P4, Any variant vs Wildtype. AJCC,

American Joint Committee on Cancer; VEGF, vascular endothelial growth factor; TP, thymidine phosphorylase; Her-2, human epidermal growth factor receptor 2.
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Supplementary Table 3. Characteristics of 100 EOGC Participants stratified by Protein level

ARID1A expression

Variables , P
Low High
Total n1=52 n2=48

Age (median 35.5, range 21-40) <30 13 13 0.8238
31~40 39 35

Gender Male 24 26 0.5484
Female 28 22

Tumor size <2cm 18 22 0.3086
>2.cm 34 26

Tumor location Cardia 2 3 0.5218
Body 11 12
Antrum 25 23
Angulus 11 10
Multi-site 3 0

Operative method Proximal 3 4 0.0645
Distal 34 40
Total 13 4
Other 2 0

Ulcer Yes 39 40 0.3364
No 13 8

Gastritis Yes 8 8 >0.9999
No 44 40

Alcohol Yes 5 10 0.1621
No 47 38

Tobacco Yes 8 13 0.219
No 44 35

Cancer in Parents Yes 9 3 0.1253
No 43 45

Tumor classification (p) T1 17 15 0.4143
T2 5 10
T3 14 9
T4 16 14

Lymph node involvement Negative/- 26 27 0.5539
Positive/+ 26 21

Distant Metastasis MO 47 47 0.2067
M1 5 1

AJCC 8ed Stage I 17 18 0.4015
Il 13 15
1 15 13
IV 7 2

Surgical margin Yes 0 2 0.2279
No 52 46

Histology Well 3 1 0.3429
Moderately 5 2
Poorly-sig 44 45

Lauren Classification Intestinal 11 6 0.1126
Diffused 41 39
Mixed 0 3
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VEGF status Negative/- 28 38 0.0109
Positive/+ 24 10

TP status Negative/- 30 31 0.5412
Positive/+ 22 17

Her-2/neu status Negative/- 29 34 0.1484
Positive/+ 23 14

Note: Based on Chi-square test, for which P is based on Fisher’s exact test; Both values denote P value <0.05. AJCC, American
Joint Committee on Cancer; VEGF, vascular endothelial growth factor; TP, thymidine phosphorylase; Her-2, human epidermal
growth factor receptor 2.

Supplementary Table 4. Characteristics of 100 EOGC Participants stratified by Heterogeneous ex-
pression

ARID1A heterogeneous expression

Variables - P
Low heterogenous High heterogeneous
Total n1=54 n2=46

Age <30 11 15 0.1785
31~40 43 31

Gender Male 28 22 0.8411
Female 26 24

Tumor size <2cm 20 20 0.5445
>2.cm 34 26

Tumor location Cardia 1 4 0.3555
Body 11 12
Antrum 28 20
Angulus 13 8
Multi-site 1 0

Operative method Proximal 2 5 0.5582
Distal 42 32
Total 9 8
Other 1 1

Ulcer Yes 41 38 0.4675
No 13 8

Gastritis Yes 12 4 0.0995
No 42 42

Alcohol Yes 8 7 >0.9999
No 46 39

Tobacco Yes 13 8 0.4675
No 41 38

Cancer in Parents Yes 5 7 0.3769
No 49 39

Tumor classification (p) T1 18 14 0.8034
T2 9 6
T3 13 10
T4 14 16

Lymph node involvement Negative/- 27 26 0.5514
Positive/+ 27 20

Distant Metastasis MO 52 42 0.4096
M1 2 4

AJCC 8ed Stage I 20 15 0.8586



Surgical margin

Histology

Lauren Classification

VEGF status

TP status

Her-2/neu status
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Yes

No

Well
Moderately
Poorly-sig
Intestinal
Diffused
Mixed
Negative/-
Positive/+
Negative/-
Positive/+
Negative/-
Positive/+

21

16

>0.9999

0.1201

0.5429

0.6727

0.831

0.6842

Note: Based on Chi-square test, for which P is based on Fisher’s exact test; Both values denote P value <0.05. AJCC, American
Joint Committee on Cancer; VEGF, vascular endothelial growth factor; TP, thymidine phosphorylase; Her-2, human epidermal

growth factor receptor 2.

Supplementary Table 5. Univariate and multivariate survival analysis

. No. of Univariate Analysis Multivariate Analysis
Variables ;
patients HR 95% ClI P HR 95% Cl P

Alcohol Yes 15

No 85 0.409 0.173-0.968 0.042 0.567 0.173-1.858 0.349
Tobacco Yes 21

No 79 0.457 0.205-1.018 0.055 0.511 0.182-1.432 0.202
Tumor classification (p) T1 32

T2 15 4.672 1.114-19.59 0.035 3.557 0.796-15.91 0.097

T3/4 53 4924 1.454-16.68 0.010 2.950 0.754-11.54 0.120
Lymph node involvement No (pNO) 53

Yes (pN+) 47 2.109 0.965-4.612 0.061 2.129 0.785-5.775 0.138
Her-2/neu status Negative/- 63

Positive/+ 37 0.410 0.165-1.018 0.055 0.461 0.172-1.237 0.124
Mutation status Wildtype 33

Any variant 67 0.470 0.221-1.000 0.050 0.414 0.178-0.960 0.040

Her-2, human epidermal growth factor receptor 2.
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Supplementary Table 6. Univariate survival analysis

! No. of Univariate Analysis
Variables .
patients HR 95% Cl P

Age <30 26

31~40 74 0.695 0.312-1.547 0.373
Gender Male 50

Female 50 0.763 0.357-1.630 0.485
Tumor size <2cm 40

>2.cm 60 1.444 0.648-3.215 0.369
Tumor location Cardia 5

Body 95 0.506 0.152-1.682 0.267
Operative method Distall 7

Proximal 74 0.485 0.163-1.443 0.193

Total 19 0.775 0.218-2.760 0.694
Ulcer Yes 79

No 21 1.060 0.428-2.629 0.900
Gastritis Yes 16

No 84 0.999 0.345-2.889 0.999
Alcohol Yes 15

No 85 0.409 0.173-0.968 0.042
Tobacco Yes 21

No 79 0.457 0.205-1.018 0.055
Cancer in parents Yes 12

No 88 1.214 0.365-4.033 0.752
Tumor classification (p) T1 32

T2 15 4.672 1.114-19.59 0.035

T3/4 53 4.924 1.454-16.68 0.010
Lymph node involvement No (pNO) 53

Yes (pN+) 47 2.109 0.965-4.612 0.061
Distant metastasis MO 94

M1 6 2.632 0.788-8.795 0.116
Surgical margin Positive/+ 2

Negative/- 98 0.642 0.087-4.740 0.664
Histology Poor 72

Moderate/well 28 1.318 0.576-3.014 0.513
Lauren classification Intestinal 17

Diffuse/mixed 83 1.592 0.474-5.346 0.452
VEGF status Negative/- 66

Positive/+ 34 1.779 0.832-3.804 0.137
TP status Negative/- 61

Positive/+ 39 0.648 0.284-1.480 0.303
Her-2/neu status Negative/- 63

Positive/+ 37 0.410 0.165-1.018 0.055
Mutation status-1 Wildtype 33

Any variant 67 0.470 0.221-1.000 0.050
Mutation status-2 Without coding 73

Coding 27 0.729 0.294-1.807 0.495
Overall expression Low 52

High 48 0.692 0.324-1.480 0.343
Heterogeneous expression Low 54

High 46 1.416 0.663-3.026 0.369

VEGF, vascular endothelial growth factor; TP, thymidine phosphorylase.
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Supplementary Table 7. Patients’ information of commercial TMA

Name  ST8018

Detail Gastric cancer tissues (Age <35 years old, Tumor and peritumor cores) with WHO grade, Borrmann grade, Lauren type, 40 cases/80 cores
Cases 40

Cores 80

Diameter 5

Rows 8

Columns 10

Organ Stomach

Position Age Sex Pathology diagnosis

TNM

Stage

WHO Borrmann

Laurten type

grade  grade

Al 28 M  Ulcerative adenocarcinoma T2NOMO 1B 3 3 Poor differentiate diffuse type
A2 28 M Adjacent severe chronic superficial gastritis tissue with acute inflammation - - - - -
A3 35 F  Ulcerative adenocarcinoma T2NOMO 1B 3 2 Poor differentiate diffuse type
A4 35 F  Adjacent severe chronic superficial gastritis tissue with acute inflammation - - - - -
A5 30 F  Ulcerative adenocarcinoma T2NOMO 1B 2-3 3 Mixed moderate differentiate intestinal and poor d
A6 30 F  Cancer adjacent moderate chronic superficial gastritis tissue with acute inflammation - - - - -
A7 17 F  Ulcerative adenocarcinoma T2NOMO 1B 2-3 3 Mixed moderate differentiate intestinal and poor d
A8 17 F  Adjacent severe chronic superficial gastritis tissue with acute inflammation - - - - -
A9 32 F  Ulcerative adenocarcinoma T2NOMO 1B 3 3 Poor differentiate diffuse type
A10 32 F  Adjacent mild chronic superficial gastritis tissue with acute inflammation - - - - -
B1 30 M Ulcerative adenocarcinoma T3NOMO 1A 2-3 2 Mixed moderate differentiate intestinal and poor d
B2 30 M Adjacent mild chronic atrophic gastritis tissue with acute inflammation and focal mild - - - - -

intestinal metaplasia
B3 33 F  Ulcerative adenocarcinoma (sparse) T3NOMO 1A 3 3 Poor differentiate diffuse type
B4 33 F  Adjacent mild chronic atrophic gastritis tissue with acute inflammation - - - - -
B5 35 F  Ulcerative infiltrating adenocarcinoma T3NOMO 1A 2 4 Moderate differentiate intestinal type
B6 35 F  Cancer adjacent moderate chronic superficial gastritis tissue - - - - -
B7 35 F  Ulcerative infiltrating adenocarcinoma T3NOMO 1A 3 4 Poor differentiate diffuse type
B8 34 F  Cancer adjacent mild chronic superficial gastritis tissue - - - - -
B9 34 M  Diffuse infiltrating adenocarcinoma T3NOMO 1A 3 5 Poor differentiate diffuse type
B10 34 M Adjacent Moderate chronic atrophic gastritis tissue with intestinal metaplasia - - - - -
[ox 34 F  Invasive adenocarcinoma T3NOMO 1A 3 4 Poor differentiate diffuse type
Cc2 34 F  Adjacent mild chronic superficial gastritis tissue - - - - -
C3 32 M Ulcerative adenocarcinoma T3NOMO 1A 2 2 Moderate differentiate intestinal type
c4 32 M Adjacent moderate chronic atrophic gastritis tissue with intestinal metaplasia - - - - -
C5 34 M  Invasive adenocarcinoma T2N1MO 1IA 3 4 Poor differentiate diffuse type
Cc6 34 M Cancer adjacent severe chronic atrophic gastritis tissue with intestinal metaplasia - - - - -
Cc7 35 F  Ulcerative infiltrating adenocarcinoma T3NOMO 1A - 4 Poor differentiate diffuse type
Cc8 35 F  Adjacent mild chronic superficial gastritis tissue - - - - -
Cco 25 M Parapoid adenocarcinoma T3NOMO 1A 1-2 1 High-moderate differentiate intestinal type
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Adjacent moderate chronic superficial gastritis tissue with acute inflammation
Ulcerative mucinous adenocarcinoma

Cancer adjacent moderate chronic superficial gastritis tissue

Ulcerative adenocarcinoma

Adjacent moderate chronic superficial gastritis tissue

Ulcerative adenocarcinoma

Adjacent moderate chronic superficial gastritis tissue

Ulcerative pprotrude adenocarcinoma

Adjacent moderate chronic superficial gastritis tissue with acute inflammation
Ulcerative infiltrating adenocarcinoma

Adjacent severe chronic superficial gastritis tissue with acute inflammation
Ulcerative adenocarcinoma

Adjacent moderate chronic superficial gastritis tissue

Ulcerative mucinous adenocarcinoma

Cancer adjacent severe chronic superficial gastritis tissue with acute inflammation
Ulcerative adenocarcinoma

Adjacent mild chronic superficial gastritis tissue

Ulcerative adenocarcinoma

Adjacent moderate chronic superficial gastritis tissue

Ulcerative adenocarcinoma

Cancer adjacent moderate chronic superficial gastritis tissue

Ulcerative adenocarcinoma

Cancer adjacent mild chronic superficial gastritis tissue

Mixed ulcerative adenocarcinoma and singnet ring cell carcinoam

Cancer adjacent mild chronic atrophic gastritis tissue with intestinal metaplasia
Ulcerative adenocarcinoma

Adjacent moderate chronic superficial gastritis tissue

Ulcerative adenocarcinoma

Adjacent moderate chronic superficial gastritis tissue

Ulcerative adenocarcinoma

Cancer adjacent severe chronic superficial gastritis tissue

Invasive adenocarcinoma (sparse)

Adjacent moderate chronic superficial gastritis tissue with acute inflammation
Ulcerative adenocarcinoma

Adjacent severe chronic superficial gastritis tissue

Ulcerative adenocarcinoma (sparse)

Cancer adjacent moderate chronic superficial gastritis tissue

Ulcerative adenocarcinoma

Cancer adjacent severe chronic atrophic gastritis tissue with acute inflammation and
intestinal metaplasia

Ulcerative protrude adenocarcinoma

T3NOMO

T3NOMO

T3NOMO

T3NOMO

T3NOMO

T3NOMO

T3NOMO

T3NOMO

T3NOMO

T3NIMO

T3N1IMO

T4ANOMO

TANOMO

T3N1MO

T3N1MO

T2N2MO

T3NIMO

TANOMO

T3NIMO

T3N2MO

IIA

1A

1A

1A

1A

1A

1A

lIA

1A

1B

1IB

1IB

1IB

1B

1B

1IB

1B

1B

1IB

1A

1-2

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

High differentiate intestinal type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Mixed moderate differentiate intestinal and poor d

High-moderate differentiate intestinal type
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G10 32 M Adjacent mild chronic superficial gastritis tissue - - -
H1 17 M Ulcerative infiltrating adenocarcinoma TANIMO  IIIA 3
H2 17 M Adjacent mild chronic atrophic gastritis tissue - - -
H3 33 F  Diffuse infiltrating adenocarcinoma T3N2MO  lIB 3
H4 33 F  Adjacent moderate chronic superficial gastritis tissue - - -
H5 31 F  Ulcerative adenocarcinoma T3N2MO 1A 3
H6 31 F  Adjacent moderate chronic superficial gastritis tissue with acute inflammation - - -
H7 34 F  Diffuse infiltrating adenocarcinoma T4N1MO 1A 3
H8 34 F  Adjacent moderate chronic superficial gastritis tissue with acute inflammation - - -
H9 30 F  Ulcerative infiltrating adenocarcinoma T3N3MO 1lIB 3
H10 30 F  Adjacent moderate chronic superficial gastritis tissue - - -

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Poor differentiate diffuse type

Moderate differentiate intestinal type
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<Insertion/Deletion

C>G

Supplementary Figure 1. The pattern of base changes in all ARID1A variants identified in noncoding regions. The
total number of 86 noncoding variants were identified in EOGC patient cohort (n=100).
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Supplementary Figure 2. The impact of ARID1A alteration on patients’ survival of EOGC. (A-G) Survival analysis in patients with indicated ARID1A variants com-
pared to patients with wildtype ARID1A. (H) Survival analysis in patients stratified by ARID1A protein levels. (I) Survival analysis in patients stratified by ARID1A
heterogenous expression. (J-O) Survival analysis in patients stratified by ARID1A heterogeneous expression within specific subgroups: (J) patients with low ARID1A
expression; (K) patients with high ARID1A expression; (L) patients with any ARID1A variants; (M) patients with wildtype ARID1A; (N) patients with coding variants;
(0) patients with noncoding variants; (P) patients with multi-site variants and (Q) patients with one-site variants. ‘n’ equals the number of patients in each group. P
values were calculated by the Log-rank Mantel-Cox test. HR, Hazard Ratio; 95% Cl, 95% confidence interval.
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Supplementary Figure 3. Schematic of multiplex immunohistochemistry staining. A. Workflow of the multiplex stain-
ing and analysis with TMA. B. List of antibodies and fluorophores for sequential Opal multiplex staining. C. Emis-
sion spectrum of all seven fluorophores matched with antibodies and the tissue autofluorescence signal used for

spectral unmixing.
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¥
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Supplementary Figure 4. Representative images of multiplex immunohistochemistry staining. Seven-color multiplex staining of EOGC TMA samples (n=40). A.
Composite images of 40 patients’ EOGC TMA with pseudo-colors (p-CK (yellow), CD3 (red), CD4 (megenta), CD8 (cyan), Foxp3 (white), PD-L1 (green), DAPI (blue)).
B. Representative images of different cell subpopulations defined in tumor tissues of TMA.
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Supplementary Figure 5. The effect of ARID1A protein characteristics on the infiltration of T cell subpopulations in EOGC tumors. (A-D) The presence of indicated
cell components in tumors stratified by (A) low and high ARID1A protein levels in PT tissues; (B) low and high heterogenous ARID1A expression in T; (C) low and high
heterogenous ARID1A expression in PT and (D) low and high ARID1A heterogenous expression in T and PT. Statistical significance was determined by unpaired t-test.
All data presented as mean + s.e.m. (E-G) Correlation analysis between (E) CD4* Teff and Treg cells present in tumors; (F) CD4* Teff and Tc cells and (G) Tc and Treg
cells. Pearson’s correlation coefficient significance level (r-value) and p-value were presented on top of each panel.
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Supplementary Figure 6. The spatial distribution of T cell subpopulation cells at the proximal region of tumor cells. (A) Schematic of analyses (B-D) for the recruit-
ment of T cell subpopulations within 20 um of tumor cells compared to the recruitment of T cell subpopulations in the whole tumor core tissues on TMA slides
stratified by: (B) low and high heterogenous ARID1A expression in T; (C) low and high heterogenous ARID1A expression in PT and (D) low and high ARID1A heter-
ogenous expression in T and PT. (E-G) The percentage of (E) Tc cells, (F) CD4* Teff cells and (G) Treg cells within 20 um of tumor cells in all Tc, CD4* Teff and Treg
cells respectively present in the tumor core was compared between indicated groups based on ARID1A heterogenous expression in T and PT tissues. Statistical
significance determined by unpaired t-test. All data presented as mean + s.e.m. (H-J) Correlation analysis between (H) Treg and CD4"* Teff cell counts, (I) CD4* Teff
and Tc cell counts, and (J) Treg and Tc cell counts within 20 um of tumor cells. (K) Correlation analysis between the counts of Treg and CD4* Teff cells within 30 um
of cytotoxic T cells. Pearson’s correlation coefficient significance level (r-value) and p-value are given on top of each panel.
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