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A B S T R A C T   

The CpG island methylator phenotype (CIMP) is associated with prognosis and drug sensitivity in multiple cancer 
types. In gastric cancer, the CIMP is closely associated with Epstein-Barr virus (EBV) infection and AT-rich 
interactive domain 1A (ARID1A) mutations, a component of the SWI/SNF chromatin remodeling complex. 
However, the involvement of SWI/SNF defects in CIMP induction has been unclear. In this study, we demonstrate 
a causal role of ARID1A loss-of-function in CIMP induction. Mutations of SWI/SNF components, especially 
ARID1A, was associated with the CIMP, as well as EBV infection, in gastric cancers, and also in uterine endo
metrial and colorectal cancers, which are not affected by EBV infection. Genome-wide DNA methylation analysis 
showed that ARID1A knockout (KO) in cultured 293FT cells and gastric epithelial cells, GES1, induced aberrant 
DNA methylation of a substantial number of CpG sites. DNA methylation was induced at genomic regions with 
high levels of pre-existing histone H3 lysine 27 trimethylation (H3K27me3) and those with acquired H3K27me3 
by ARID1A KO. These results showed that the ARID1A mutation induced aberrant DNA methylation, and this is 
likely to be one of the potential mechanisms of CIMP induction.   

1. Introduction 

Epigenetic alterations, especially aberrant DNA methylation of a 
promoter CpG island, are known to strongly suppress transcription of its 
downstream gene [1–3], and are deeply involved in the development of 
various types of cancers [4–6] by silencing of a variety of 
tumor-suppressor genes. In some cancer cells, a large number of CpG 
islands are simultaneously methylated, and this phenotype is referred to 
as the CpG island methylator phenotype (CIMP) [7–12]. The CIMP was 
originally reported in colorectal cancers [10,12–14], and then in various 
types of cancers, such as gastric cancers [15–17], glioblastomas 
[18–20], hepatocellular carcinomas [21–23], lung cancers [24,25], 

uterine endometrial cancer [26,27], bladder cancer [28,29] and neu
roblastomas [30–32]. The CIMP is known to be associated with clini
copathological characteristics, such as patient prognosis and 
susceptibility to treatment, depending upon cancer types. 

Regarding the induction mechanism of the CIMP, in glioblastomas 
(G-CIMP), a role of IDH1 mutation, which produces 2-hydroxyglutarate 
(2-HG) and suppresses TET activity, has been reported [19,20]. In 
colorectal cancers, age-related DNA methylation of WNT negative reg
ulators and tumor-suppressor genes, such as CDKN2A, causes a stem-like 
state and defects of cellular differentiation, and produces cells capable of 
BRAFV600E-driven transformation [11,12]. In gastric cancers, infection 
with Epstein-Barr virus (EBV) is associated with very strong CIMP 
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cancer; HSD, high standard deviation; qRT-PCR, quantitative reverse transcription-polymerase chain reaction; TSS, transcription start site; ChIP, chromatin 
immunoprecipitation. 
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[33–37]. EBV infection down-regulates TET2 expression by 
up-regulating TET2-targeting microRNAs [38], and reduces active his
tone modifications H3K4me3 and H3K27Ac, which lead to induction of 
aberrant DNA methylation of multiple genes [39]. In addition, EBV was 
recently shown to induce extensive chromatin topology changes, 
resulting in extensive expression reprogramming involving multiple 
enhancers [40]. Gastric cancers with EBV infection frequently have 
inactivation of ARID1A, a component of the SWI/SNF chromatin 
remodeling complex, by mutations and EBV-encoded microRNAs [37, 
41]. However, it is still unclear whether the inactivation of SWI/SNF 
components, especially ARID1A, is involved in CIMP induction. 

In this study, we analyze an association between SWI/SNF muta
tions, represented by ARID1A mutations, and the CIMP, and demon
strate a causal role of ARID1A defects in aberrant DNA methylation 
induction. 

2. Materials and methods 

2.1. Clinical samples 

Fifty gastric cancer samples (n = 50) were obtained from our pre
vious study [42], in which we selected the samples randomly from 
available surgical and biopsy specimens. EBV infection was evaluated by 
in situ hybridization targeting EBER (EBER-ISH) [43]. The study was 
approved by the Institutional Review Boards of the National Cancer 
Center, and all the samples were collected with informed consents. 

2.2. Cell lines and culture condition 

Human embryonic kidney cell line, 293FT, was purchased from 
Thermo Fisher Scientific (Waltham, MA), and cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) (Sigma-Aldrich, St. Louis, MO) con
taining 10% (v/v) fetal bovine serum (FBS) (MP Biomedicals, Santa Ana, 
CA) and penicillin-streptomycin (GIBCO BRL, Palo Alto, CA). Human 
normal gastric epithelial cell line, GES1, was obtained from the Beijing 
Institute for Cancer Research, and cultured in RPMI1640 (Wako, Tokyo, 
Japan) with 10% (v/v) FBS (GE Healthcare, Chicago, IL) and penicillin- 
streptomycin (Sigma-Aldrich). Both cell lines were cultured at 37 ◦C in a 
5% CO2 incubator. 

2.3. Establishment of ARID1A-knockout cells 

Normal cell lines, 293FT and GES1, were used for establishment of 
ARID1A-knockout cells, since, in cancer cell lines, CpG islands suscep
tible to methylation induction are already methylated and the number of 
remaining unmethylated CpG islands is limited [44]. 

ARID1A KO in 293FT was conducted at the National Cancer Center. 
Since methylation levels of individual genes are highly diverse among 
clones within a cell line, 293FT cells were cloned before knockout of the 
ARID1A gene. 293FT clone-2, which showed comparable growth with its 
parental cell population, was transfected with an Edit-R Cas9 Nuclease 
mRNA (GE Healthcare Dharmacon Inc, Lafayette, CO), Edit-R tracrRNA 
(GE Healthcare Dharmacon Inc), and Edit-R crRNA against ARID1A 
(CM-017263-01-0002) (GE Healthcare Dharmacon Inc) using Dharma
FECT Duo (GE Healthcare Dharmacon Inc). Then, cells were cloned by 
limiting dilution, and the presence of knockout ARID1A alleles was 
analyzed by Sanger sequencing of the crRNA target sequence (Exon8). 
Clones without wild-type (WT) alleles were selected as ARID1A KO 
clones (KO-6, 16, 40, 50 and 78) (Supplementary Table 1), and those 
with only WT alleles were selected as ARID1A WT clones (WT-4, 9, 15, 
20, 23, 27, 44, 46, 52 and 63). Depletion of ARID1A protein was 
confirmed by Western blot analysis. 

ARID1A KO in GES1 was conducted at Chiba University by intro
ducing a vector encoding both Cas9 and gRNA. gRNAs against ARID1A 
Exon9 (gRNA-1, 5′-CTACCCCAATATGAATCAAG-3′) and Exon11 
(gRNA-2, 5′-CAGACACATAGAGGCGATAG-3′) were cloned into 

pSpCas9 (BB)-2A-Puro vector (pX459, plasmid #48139) (Addgene, 
Watertown, MA), which was a gift from Dr. Feng Zhang (Department of 
Biological Engineering, Massachusetts Institute of Technology). Each of 
the constructed vectors or empty vector was transfected into GES1 cells 
using lipofectamine3000 reagent (Thermo Fisher Scientific). The cells 
were treated with 2.0 μg/ml of puromycin for 48 h, and were cloned by 
single-cell sorting with FACSAria III (Becton, Dickinson and Company, 
Franklin Lakes, NJ). Depletion of ARID1A protein was confirmed by 
Western blot analysis. 

2.4. Establishment of ARID1A-rescued cells 

pRP expression vector encoding ARID1A (pRP-ARID1A) and that 
encoding enhanced green fluorescent protein (EGFP) (pRP-EGFP) were 
purchased from Vector Builder (Chicago, IL). pRP-ARID1A or pRP-EGFP 
was transfected into ARID1A KO clones (KO-6, 50 and 78) using lip
ofectamine3000 reagent. Cells stably overexpressing ARID1A or EGFP 
were selected with 0.6 μg/ml of puromycin. 

2.5. Western blot analysis 

Whole cell extract was resolved by SDS-PAGE and transferred to an 
Immobilon-P nylon membrane (Merck Millipore, Billerica, MA). Each 
membrane was treated with BlockAce (Dainippon Pharmaceutical Co., 
Ltd., Suita, Japan), and reacted with rabbit anti-ARID1A antibody 
(Bethyl Laboratories, Montgomery, TX, A301-041A, 1:2000 for 293FT 
cells; and Abcam, Cambridge, UK, ab182560, 1:500 for GES1 cells), anti- 
DNMT1 antibody (ABclonal, Woburn, MA, A16729, 1:1000), anti- 
DNMT3A antibody (ABclonal, A16834, 1:1000), anti-TET1 antibody 
(ABclonal, A1506, 1:1000), anti-TET2 antibody (ABclonal, A17306, 
1:1000), anti-NUP98 (Cell Signaling Technology, Danvers, MA; 2598, 
1:1000) and anti-Actin antibody (Thermo Fisher Scientific, MA5-11869, 
1:500). Following four cycles of 5-min washes in PBS or TBS supple
mented with 0.5% Tween 20 (PBST or TBST), blots were reacted with a 
secondary antibody. Chemiluminescence detection was performed using 
an ECL kit (Biological Industries, Kibbutz Beit Haemek, Israel). 

2.6. DNA methylation microarray analysis and data 

Genome-wide DNA methylation data of the 50 primary gastric can
cers, obtained using an Infinium HumanMethylation450 BeadChip 
array, were utilized from our previous studies [42,45]. For accurate 
analysis, 41 gastric cancers with a cancer cell fraction of 40% or more 
were selected from the 50 gastric cancers using markers for gastric 
cancer cell fraction [46]. Genome-wide DNA methylation analysis of 
ARID1A WT and KO cells was conducted using an Infinium Methyl
ationEPIC Kit (Illumina, San Diego, CA). Neighboring probes (CpG sites) 
were assembled into a genomic block, and a genomic block was anno
tated by their relative locations from a transcription start site (TSS) and 
against a CpG island. All the 862,927 probes were assembled into 551, 
478 genomic blocks, and 538,523 blocks on autosomes were used for the 
methylation analysis. A DNA methylation level of a genomic block was 
calculated as a mean β value of all the probes within the genomic block 
as described [47]. The DNA methylation data were deposited in the 
Gene Expression Omnibus (GEO) database with the accession # 
GSE165239. 

In addition, DNA methylation data of uterine corpus endometrial 
carcinomas (UCECs), colon adenocarcinomas (COADs) and bladder 
epithelial cancers (BLCAs) were obtained from the TCGA (The Cancer 
Genome Atlas) database. For accurate analysis, cancer samples with a 
cancer cell fraction of 40% or more were selected. The cancer cell 
fraction was assessed by a histogram of β values of probes unmethylated 
in a corresponding normal tissue [48]. 
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2.7. Mutation data 

Somatic mutation data of 16 genes encoding SWI/SNF components 
(ARID1A, ARID1B, ARID2, PBRM1, PHF10, SMARCA2, SMARCA4, 
SMARCAL1, SMARCB1, SMARCC1, SMARCC2, SMARCD1, SMARCD3, 
SMARCE1, ACTL6A and ACTL6B) were obtained from our previous 
study using an Ion Personal Genome Machine (PGM) or an Ion Proton 
Sequencer (Life Technologies, Carlsbad, CA) [49]. Somatic mutation 
data of UCECs, COADs and BLCAs were obtained from the TCGA 
database. 

2.8. Quantitative reverse transcription-polymerase chain reaction (qRT- 
PCR) 

mRNA expression was analyzed by qRT-PCR as described [50] using 
primers listed in Supplementary Table 2. The raw copy numbers of 
DNMTs and TETs were normalized to that of GAPDH. 

2.9. Chromatin immunoprecipitation sequencing (ChIP-seq) 

Cells were treated with 1% formalin to cross-link DNA and histone, 
and the reaction was stopped by treatment with 0.16 M glycine. Cross- 
linked cells were re-suspended with lysis buffer (50 mM Tris-HCl (pH 
8.0), 10 mM EDTA, 1% (w/v) SDS) and sonicated to obtain fragmented 
chromatin. Thirty μg of the chromatin was immunoprecipitated using 2 
μg of antibody against trimethylation of histone H3 lysine 27 
(H3K27me3) (Cell Signaling Technology; C36B11). Twenty μl of the 
chromatin was used as input DNA. Using immunoprecipitated and input 
DNA, sequencing libraries were prepared using a GeneNext NGS Library 
Prep Kit (TOYOBO, Osaka, Japan), and were sequenced using an Illu
mina HiSeqX_Ten sequencer in 150 bp pair-end mode. A sequencing 
depth of 44.1–56.7 million reads per sample was obtained. 

ChIP-seq data were aligned to the human reference genome (hg19 
version) using bowtie2 (v2.4.1) [51] with the parameters -D15 –R 2 –N 
0 – L 22 –I s, 1, 1.15 -x hg19. Peaks were called using MACS2 (v2.1.0) 
with the broadpeak mode and with the parameters -g hs -p 1e-6 -f 
BAMPE -B [52]. Fragment pileup of individual samples was normalized 
to reads per million mapped reads (rpm), and an average read was ob
tained for individual genomic blocks. ChIP-seq data of three WT (WT-4, 
20 and 23) and KO (KO-6, 50 and 78) clones were averaged, respec
tively, and was displayed using the Integrative Genomics Viewer (IGV) 
[53]. 

2.10. Cluster analysis 

Unsupervised cluster analysis was conducted using R 4.0.3. with 
Heatplus package in Bioconductor. 

2.11. Statistical analysis 

Significant difference of the mutation frequency between CIMP- 
positive and -negative groups was evaluated by Fisher’s test. An FDR 
q-value was obtained using R 4.0.3 with q value package. Significance of 
difference in the average β value between CIMP-positive and -negative 
groups was analyzed using the unpaired Student’s t-test. P < 0.05 by 
two-sided test was considered significant. Significance of difference in 
Δβ value between the group with low H3K27me3 and that with high 
H3K27me3 was analyzed using the Mann-Whitney U test. P < 0.05 was 
considered significant. 

3. Results 

3.1. Gastric cancers were classified into two groups based on DNA 
methylation profiles 

To evaluate any association between the CIMP status and the SWI/ 

SNF mutations, DNA methylation and mutation profiles were analyzed 
in 41 primary gastric cancers with a cancer cell fraction of 40% or more. 
Unsupervised cluster analysis was conducted using 5000 genomic blocks 
in CpG islands with high standard deviation (HSD). The 41 gastric 
cancers were classified into two major branches, corresponding to CIMP- 
positive and -negative cancers (Fig. 1). This classification was in 
accordance with that in previous reports using classical CIMP markers, 
such as MINTs, MLH1, CDK2A, FLNc, LOX, PAX6 and THBD [15,54]. The 
number of hypermethylated (Δβ > 0.1) genomic regions was greater in 
the CIMP-positive cancers regarding CpG islands and non-CGIs (Shore, 
Shelf and Open sea) (Supplementary Fig. 1). 

Mutations of SWI/SNF component genes were associated with the 
CIMP status [CIMP-positive (10/17) vs CIMP-negative (4/24); p =
0.0079]. ARID1A was most frequently mutated among the SWI/SNF 
components, and its mutation as a single gene was also associated with 
CIMP status [CIMP-positive (5/17) vs -negative (0/24); p = 0.0083]. 
Four of the five gastric cancers with ARID1A mutations were associated 
with EBV infection. As in many previous reports, ARID1A mutation and 
EBV infection highly overlapped, and it was difficult to conclude that 
ARID1A mutation itself was associated with the CIMP in gastric cancer. 

3.2. ARID1A mutation was associated with CIMP in some cancers 

To analyze the association between the mutations of SWI/SNF 
components, especially ARID1A, and the CIMP in cancers not affected by 
EBV infection, the association was analyzed in cancer types with 
ARID1A mutation of 15% or more; namely, uterine corpus endometrial 
carcinoma (UCEC), colon adenocarcinoma (COAD) and bladder 
epithelial cancer (BLCA). One hundred cases were randomly obtained 
from the TCGA database for each cancer type, and using samples with a 
cancer cell fraction of 40% or more, unsupervised cluster analysis using 
5000 genomic blocks in CpG islands with HSD was performed. In UCEC, 
ARID1A mutation was strongly associated with the CIMP status [CIMP- 
positive (36/49) vs -negative (5/25); p = 1.65 × 10− 5] (Fig. 2A). In 
COAD, the association was also observed, although weak [CIMP-positive 
(10/26) vs -negative (8/51); p = 0.044] (Fig. 2B). In BLCA, the associ
ation was not observed [CIMP-positive (6/12) vs -negative (16/71); p =
0.073] (Supplementary Fig. 2). Among the CIMP-positive cancers, 20% 
of gastric cancers, 58% of UCEC and 50% of COAD had variant allele 
frequencies of 50% (40–60%) in cancer cells estimated by cancer cell 
fraction, suggesting that ARID1A mutations had a haploinsufficient 
function in CIMP induction, as previously reported [55,56] (Supple
mentary Fig. 3). These results suggested the possibility that ARID1A 
mutation itself could cause CIMP depending upon cancer types. 

3.3. ARID1A knockout induced aberrant DNA methylation 

To analyze the causal role of ARID1A loss-of-function in the induc
tion of aberrant DNA methylation, multiple clones with complete 
ARID1A KO, along with control (ARID1A WT) clones, were isolated first 
from 293FT-2 cells with high transfection efficiency (Fig. 3A and B). A 
volcano plot was drawn for three KO clones (KO-6, 50 and 78) and three 
WT clones (WT-27, 46 and 52) using 538,523 genomic blocks on auto
somes. Hypermethylation was induced as early as ‘0′ weeks, approxi
mately 4 weeks after introduction of gRNA and Cas9 nuclease (‘0′ week), 
and increased at 4 and 20 weeks of culture (Fig. 3C). To visualize 
hypermethylated genomic blocks, we first selected 269,533 genomic 
blocks with small inter-clonal variation [Δβ value ≤ 0.05 among three 
WT clones (WT-4, 20, and 23)]. Of the 269,533 genomic blocks, 597 
genomic blocks were hypermethylated in WT clones at ‘0′ week, 
showing the degree of inter-clonal variation. In contrast, 2,116, 3481 
and 5816 genomic blocks were hypermethylated in KO clones at 0, 4 and 
20 weeks of culture, respectively (Fig. 3D). Furthermore, we introduced 
exogenous ARID1A into three KO clones. Resultantly, the number of 
hypermethylated genomic blocks slightly decreased by ARID1A rescue 
(Supplementary Fig. 5). These results showed that aberrant DNA 
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methylation was induced by ARID1A loss-of-function. 
To confirm aberrant DNA methylation induction by ARID1A loss-of- 

function in gastric epithelial cells, normal gastric epithelial cells, GES1, 
were additionally analyzed (Supplementary Figs. 6A and 6B). Among 
349,106 genomic blocks with a Δβ value of 0.05 or less among two WT 
clones, 3936 genomic blocks were hypermethylated in WT clones at ‘0′

week, showing the degree of inter-clonal variation. In contrast, 7148 and 
7167 genomic blocks were hypermethylated in KO clones at 0 and 4 
weeks of culture (Supplementary Fig. 6C). The number was 1.8-fold 
larger than the inter-clonal variation, and showed that hyper
methylation had already been induced by ARID1A KO at ‘0′ week. The 

lack of increase between 0 and 4 weeks of culture was considered due to 
saturation of methylation induction. 

Characteristics of genomic regions hypermethylated by ARID1A loss- 
of-function were then analyzed. Compared with the distribution of all 
the genomic blocks analyzed, those frequently hypermethylated by 
ARID1A KO were located in gene body regions without CpG islands 
(Fig. 3E, Supplementary Fig. 4, Supplementary Fig. 6D). Although CpG 
islands were resistant to methylation induction, the number of hyper
methylated genomic blocks in a CpG island increased depending upon 
the culture period (Fig. 3E). By limiting to CpG islands in gene promoter 
regions, which are known to silence their downstream genes 

Fig. 1. Association between SWI/SNF component mutations and CIMP status in gastric cancer. Unsupervised cluster analysis was performed using 5000 genomic 
blocks in CpG islands with HSD. 41 gastric cancers with a cancer cell fraction of 40% or more were classified into two major branches, CIMP-positive and -negative 
cancers. This classification was in accordance with that in previous reports using classical CIMP markers, such as MINTs, MLH1, CDK2A, FLNc, LOX, PAX6 and THBD. 
Mutations of SWI/SNF component genes were associated with the CIMP status (p = 0.0079), and ARID1A mutation as a single gene was also associated with the CIMP 
status (p = 0.0083). Four of the five gastric cancers with ARID1A mutations were associated with EBV infection. 
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consistently [1,3], 32 genes located in TSS200 CpG island were hyper
methylated by ARID1A KO. These genes contained a number of tran
scription factors (Supplementary Table 3) [57]. 

3.4. Expression levels of DNA methylation-related genes were not changed 
by ARID1A KO 

To examine the molecular mechanisms of DNA methylation induc
tion by ARID1A KO, expression changes of DNA methylation writers, 

DNMTs (DNMT1, DNMT3A, and DNMT3B), and erasers, TETs (TET1, 
TET2, and TET3), were analyzed at mRNA and protein levels. However, 
expression changes of the DNA methylation writers or erasers were 
within 1.2-fold by ARID1A KO (Supplementary Fig. 8), suggesting that 
their expression changes were not involved in DNA methylation induc
tion by ARID1A KO. 

Fig. 2. Association between SWI/SNF component mutations and CIMP status in some cancers. The data of 100 randomly selected UCECs and COADs were obtained 
from the TCGA database, and cancers with a cancer cell fraction of 40% or more were selected. Unsupervised cluster analysis was performed using 5000 genomic 
blocks in CpG islands with HSD. (A) In UCEC, ARID1A mutation was strongly associated with the CIMP status (p = 1.65 × 10− 5). Two samples from the left-side edge, 
which showed a large number of methylated genomic blocks, were clustered in a subgroup different from the CIMP-negative subgroup. (B) In COAD, ARID1A 
mutation was weakly but significantly associated with the CIMP status (p = 0.044). The classification based on genome-wide methylation analysis was in accordance 
with that in previous reports using classical CIMP markers, such as CACNA1G, IGF2, NEUROG1, RUNX3 and SOCS1. 
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Fig. 3. ARID1A knockout induced aberrant hypermethylation in 293FT cells. (A) The location of ARID1A KO gRNA. The target sequence was located in exon 8. The 
locations of mutations detected in the 41 gastric cancers are shown by arrowheads (one cancer had two mutations). AA; amino acid. (B) ARID1A protein levels in KO 
clones. Complete depletion of ARID1A protein was confirmed in ARID1A KO clones (KO-6, 50 and 78). (C) Volcano plot analysis of methylation differences. The 
number of hypermethylated (Δβ > 0.2) genomic regions with a high -log10 (FDR q value) increased dependent upon the culture period. (D) DNA methylation 
induction at genomic blocks not affected by variation among clones. Among the 269,533 genomic blocks with a Δβ value of 0.05 or less among three WT clones, 597 
genomic blocks were hypermethylated in WT clones at the time point of KO clone isolation (‘0′ week; approximately 4 weeks after introduction of gRNA and Cas9 
nuclease). In contrast, 2,116, 3481 and 5861 genomic blocks were hypermethylated in KO clones after 0, 4 and 20 weeks of culture, respectively (shown by the 
triangle with the dotted red line). (E) The number of genomic blocks hypermethylated by ARID1A KO against a CpG island. The number of hypermethylated genomic 
blocks increased in and outside of a CpG island, depending upon culture period. 
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3.5. Aberrant DNA methylation was induced at regions with H3K27me3 
by ARID1A KO 

To examine the characteristics of target genomic regions, the dis
tribution of H3K27me3, a premark for DNA methylation induction 
[58–61] was analyzed by ChIP-seq (Fig. 4A). Based upon the distribution 
of H3K27me3 levels in a parental clone (pre-existing H3K27me3) 
(Supplementary Figs. 9A), 538,523 genomic blocks on autosomes were 
categorized into three groups; genomic blocks without pre-existing 
H3K27me3 (level = 0 rpm), those with low pre-existing H3K27me3 
(≤0.1 rpm), and those with high (>0.1 rpm). Genomic blocks with high 
levels of pre-existing H3K27me3 were more likely to be hyper
methylated in ARID1A KO clones after 20 weeks of culture [p < 0.0001] 
(Fig. 4B; a representative region in Fig. 4C). 

Also, to analyze the function of acquired H3K27me3 by ARID1A KO, 
12,527 genomic blocks without H3K27me3 (level = 0 rpm) in the 
parental clone and WT clones were selected. According to the increased 
H3K27me3 levels in the ARID1A KO clones (acquired H3K27me3) 
(Supplementary Fig. 9B), these regions were categorized into three 

groups; genomic blocks with no increase (increased level = 0 rpm), 
those with small increase (≤0.02 rpm), and those with large increase 
(>0.02 rpm). Genomic blocks with a large increase were more likely to 
be hypermethylated in ARID1A KO clones after 20 weeks of culture [p <
0.0001] (Fig. 4D; a representative region in Fig. 4E). These results 
showed that DNA methylation was induced at genomic blocks with high 
levels of pre-existing H3K27me3 and with high levels of H3K27me3 
acquired by ARID1A KO. 

4. Discussion 

ARID1A mutation was associated with the CIMP, as well as EBV 
infection, in gastric cancers, and also in UCEC and COAD, which are not 
affected by EBV infection. However, the association was weak in COAD 
and was not observed in BLCA. Functionally, depletion of ARID1A in 
293FT embryonic kidney cells and GES1 gastric epithelial cells induced 
aberrant DNA methylation. The causal role of ARID1A inactivation in 
methylation induction is supported by a previous report that showed the 
presence of ARID1A mutation in non-cancerous gastric mucosae with 

Fig. 4. The susceptibility of genomic regions with 
pre-existing and acquired H3K27me3 to aberrant 
DNA methylation induction by ARID1A KO. (A) 
Analytical strategy. Pre-existing H3K27me3 was ob
tained in parental cells (293FT-2) by ChIP-seq. Ac
quired H3K27me3 was assessed as the difference of 
average H3K27me3 levels in KO clones (KO-6, 50 and 
78) compared to that in WT clones (WT-4, 20 and 23) 
when the clones were isolated (‘0’ week of culture). 
DNA methylation induction was further analyzed in 
the WT (WT-4, 20 and 23) and KO clones (KO-6, 50 
and 78) at 20 weeks of culture. (B) The effect of pre- 
existing H3K27me3 on DNA methylation induction at 
20 weeks. 538,523 genomic blocks on autosomes 
were categorized into three groups; genomic blocks 
without pre-existing H3K27me3 (level = 0 rpm, n =
189,010), those with low pre-existing H3K27me3 
(≤0.1 rpm, n = 267,943), and those with high (>0.1 
rpm, n = 48,880). Genomic blocks with high levels of 
pre-existing H3K27me3 were found to be more 
strongly hypermethylated in ARID1A KO clones (p <
0.0001). Box-and-whisker plots showed the median 
and the first, second, third and fourth quartile. (C) A 
representative genomic region with pre-existing 
H3K27me3 and DNA methylation induction. The 
gene body of TMEM71 had high levels of H3K27me3 
in parental cells, and DNA methylation was induced 
in the regions at 20 weeks, as shown by the increases 
in β values (positive Δβ values). The gene body of 
PHF20L1 had low levels of H3K27me3 in both 
parental and ARID1A KO clones, and DNA methyl
ation was not induced in the regions. (D) The effect of 
acquired H3K27me3 at ‘0′ week on DNA methylation 
induction at 20 weeks. 12,527 genomic blocks 
without H3K27me3 in both parental and all WT 
clones were categorized into three groups; genomic 
blocks without acquired H3K27me3 (level = 0 rpm, n 
= 3565), those with a small increase (≤0.02 rpm, n =
6701), and those with a large increase (>0.02 rpm, n 
= 2261). Genomic blocks with high levels of acquired 
H3K27me3 were more strongly hypermethylated in 
ARID1A KO clones (p < 0.0001). Box-and-whisker 
plots show the median and the first, second, third 
and fourth quartile. (E) A representative genomic 
region with acquired H3K27me3 and DNA methyl
ation induction. Intron 1 of PROX1-AS1 acquired 
H3K27me3 by ARID1A KO, and was hypermethylated 
afterward.   
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Helicobacter pylori infection [62]. The study here is the first report to 
show the causal involvement of ARID1A loss-of-function in aberrant 
DNA methylation induction, at least in some types of cells. 

At the same time, the association between ARID1A loss-of-function 
and the CIMP appeared to be dependent upon tissue types. In COAD, 
the association was weak, and the importance of pre-existing DNA 
methylation in normal colonic tissue to accommodate cells with a BRAF 
mutation has been reported [11], and this may have weakened the effect 
of ARID1A mutations. There is also a possibility that the mutator 
phenotype due to MLH1 methylation in the CIMP-positive COAD could 
lead to an ARID1A mutation. In BLCA, frequent mutations of other 
epigenetic modifiers, KDM6A and KMT2D, have been reported [63], and 
they may have changed a phenotype due to ARID1A mutations. The 
redundant function of ARID1A and ARID1B dependent upon tissues [64] 
may have influenced the different degrees of the associations between 
the ARID1A mutation and the CIMP in different cancer types. 

DNA methylation levels increased at genomic regions with high 
levels of H3K27me3, which is known as a premark of aberrant DNA 
methylation [58–61]. In addition, H3K27me3 levels themselves were 
increased at some of the genomic regions by ARID1A depletion, and 
aberrant DNA methylation was also induced in such genomic regions 
with acquired H3K27me3. The SWI/SNF complex is known to antago
nize EZH2, which is an enzyme responsible for H3K27me3 [65,66]. The 
SWI/SNF loss-of-function may have led to increased EZH2 activity in the 
genomic regions with acquired H3K27me3, and H3K27me3, once 
induced, was considered to change the genomic susceptibility to aber
rant DNA methylation induction as it does in aging and chronic 
inflammation [67–69]. 

Although CpG islands are the target genomic regions of the CIMP, 
gene body regions without CpG islands were more frequently hyper
methylated by ARID1A depletion in cultured cells than CpG islands. 
Nevertheless, at least 128 CpG islands were hypermethylated by the 
ARID1A depletion. The majority of past studies on CIMP focused upon 
CpG islands, and information on methylation induction in genomic re
gions outside CpG islands was mostly missing. There remains a possi
bility that, although methylation of CpG islands is functionally 
important, methylation of other genomic regions is also induced in 
CIMP-positive cancers. Indeed, CIMP-positive gastric cancers had a 
higher methylation level than CIMP-negative gastric cancers in genomic 
blocks outside CpG islands (Supplementary Fig. 1). Since CpG islands are 
resistant to aberrant methylation induction [3,70], longer culture pe
riods or additional molecular defects, such as TET inactivation [44], 
might induce more methylation of CpG islands. 

Four-week culture of ARID1A KO clones of GES1 did not lead to a 
further increase of hypermethylated genomic blocks compared with 
methylation status at approximately 4 weeks after introduction of gRNA 
and Cas9 nuclease, and this was considered due to saturation of 
methylation induction. This was supported by the methylation profile of 
GES1 parental cells, which clustered with gastric cancer cell lines, not 
with normal gastric epithelial tissues (Supplementary Fig. 7). This 
showed that, in GES1, despite their recognition as ‘normal’ cells, most 
genomic regions susceptible to methylation induction were already 
methylated. ARID1A rescue in the ARID1A KO clones resulted in only a 
small suppression of the number of hypermethylated genomic blocks. 
This was considered to be because aberrant DNA methylation has 
already been induced in most susceptible regions during establishment 
of the KO clone, and rescue of ARID1A expression after the establish
ment resulted in suppression of DNA methylation induction only in the 
remaining small number of regions. 

In conclusion, ARID1A was causally involved in aberrant DNA 
methylation induction in some types of cancers. 
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Supplementary Figure 1.  Volcano plot analysis of methylation differences between 19 

CIMP-positive and -negative primary gastric cancers.   20 

p values for the difference between the average β values of the CIMP-positive and -negative 21 

groups was calculated by the unpaired Student's t-test, and plotted in the y-axis against the 22 

difference in the x-axis.  The number of hypermethylated (Δβ > 0.1) genomic regions with 23 

higher -log10 (p value) and large differences was greater in the CIMP-positive cancers 24 

regarding CpG islands and non-CGIs (Shore, Shelf and Open sea).  25 
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Supplementary Figure 2.  Association between SWI/SNF component mutations and 18 

CIMP status in bladder epithelial cancer (BLCA), which is not affected by EBV 19 

infection.   20 

The data of random 100 BLCAs were obtained from the TCGA database, and cases with a 21 

cancer cell fraction of 40% or more were selected.  Unsupervised cluster analysis was 22 

performed using 5,000 genomic blocks in CpG islands with HSD.  In BLCA, ARID1A 23 

mutation was not associated with the CIMP status (p = 0.073).   24 



ARID1A defect and CIMP   Yamada et al. 

4 

Supplementary Figure 3.  The cancer cell fraction and variant allele frequency of 1 

ARID1A in individual CIMP-positive samples.   2 

Among CIMP-positive cancers, 20% of gastric cancers (A), 58% of UCEC (B), and 50% of 3 

COAD (C) had variant allele frequencies of 50% (40-60%) in cancer cells estimated by 4 

cancer cell fraction.   5 

6 
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 1 

Supplementary Figure 4.  Aberrant DNA methylation induction depending upon gene 2 

structures in 293FT cells.   3 

The number of genomic blocks hypermethylated by ARID1A KO against gene structure.  4 

Among 269,533 genomic blocks on autosomes with a Δβ value of 0.05 or less among three 5 

WT clones, the number of hypermethylated genomic blocks increased in all the locations 6 

against a gene structure, depending upon culture period.   7 

8 
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6 

Supplementary Fig. 5  ARID1A rescue slightly inhibited induction of aberrant DNA 1 

methylation by ARID1A knockout.   2 

(A) mRNA expression levels of ARID1A in ARID1A-rescued cells.  mRNA expression level 3 

of ARID1A was sufficient only in KO-50.  (B) ARID1A protein levels in ARID1A-rescued 4 

cells.  ARID1A protein was sufficiently expressed only in KO-50.  (C) Comparison of DNA 5 

methylation levels between EGFP-overexpressed cells and ARID1A-rescued cells (KO-50).  6 

The number of hypermethylated (Δβ > 0.2) genomic blocks (shown by the triangle with the 7 

dotted red line) slightly decreased in ARID1A-rescued cells (4,154 genomic blocks) 8 

compared to EGFP-overexpressed cells (5,076 genomic blocks).   9 
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8 

Supplementary Figure 6.  ARID1A knockout induced aberrant DNA methylation in 1 

GES1 cells.   2 

(A) The location of ARID1A KO gRNA.  The target sequences were located in exon 9 3 

(gRNA-1) and Exon 11 (gRNA-2).  (B) ARID1A protein levels in KO clones.  Complete 4 

depletion of ARID1A protein was confirmed in two ARID1A KO clones (KO-1 and KO-2).  5 

(C) Comparison of average DNA methylation levels between WT and KO clones.  Among 6 

the 349,106 genomic blocks with a Δβ value of 0.05 or less among two WT clones, 3,936 7 

genomic blocks were hypermethylated in WT clones at the time point of KO clone isolation 8 

('0' week; approximately 4 weeks after introduction of gRNA and Cas9 nuclease).  7,148 and 9 

7,167 genomic blocks were hypermethylated (Δβ > 0.2) at 0 and 4 weeks of culture, 10 

respectively (shown by the triangle with the dotted red line).  (D) The number of 11 

hypermethylated genomic blocks by ARID1A KO in GES1 cells against a CpG island and 12 

gene structure.  Hypermethylation was induced by ARID1A KO in most locations against a 13 

CpG island and a gene structure at '0' week.  14 
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Supplementary Fig. 7.  Methylation profile of GES1 parental cells.   17 

Unsupervised cluster analysis was performed using 30,000 randomly selected genomic 18 

blocks on autosomes among 29 gastric cancer cell lines, 8 normal gastric epithelial tissues, 19 

and GES1 parental cells.  The GES1 parental cells clustered with gastric cancer cell lines, not 20 

with normal gastric epithelial tissues, showing that aberrant DNA methylation has been 21 

already induced in GES1 cells, although the degree was small.   22 

 23 

 24 

25 
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Supplementary Fig. 7  Expression levels of DNA methylation writers and erasers.   18 

(A) mRNA expression levels of DNA methylation-related genes.  mRNA expression levels of 19 

DNA methylation writers (DNMT1, DNMT3A and DNMT3B) and erasers (TET1, TET2 and 20 

TET3) were analyzed by qRT-PCR.  No expression levels of any genes were changed by 21 

ARID1A KO.  (B) Protein expression levels of DNA methylation-related genes.  Protein 22 

expression levels of DNA methylation writers (DNMT1 and DNMT3A) and erasers (TET1 23 

and TET2) were analyzed by western blotting.  No expression levels of any genes were 24 

changed by ARID1A KO.   25 

26 
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Supplementary Figure 8.  The distribution of pre-existing and acquired H3K27me3 17 

level.   18 

(A) The distribution of pre-existing H3K27me3 level in parental cells.  The number of 19 

genomic blocks without H3K27me3 (levels = 0 rpm) was 189,010, those with H3K27me3 20 

levels less than 0.1 rpm was 267,943, and those with H3K27me3 levels more than 0.1 rpm 21 

was 48,880.  (B) The distribution of acquired H3K27me3 level by ARID1A KO for 12,527 22 

genomic blocks without H3K27me3 in both parental and all WT clones.  3,565 genomic 23 

blocks were without acquired H3K27me3, 6,701 were with acquired H3K27me3 less than 24 

0.02 rpm, and 2,261 were with acquired H3K27me3 more than 0.02 rpm.   25 
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Supplementary Table 3 ; List of methylated TSS200 CpG islands by ARID1A  KO.
Gene Gene ontology annotation*
FEV DNA-binding transcription factor activity and transcription corepressor activity
SSTR5 G protein-coupled receptor activity and somatostatin receptor activity
LOC146336 -
KCNH2 Protein homodimerization activity and obsolete signal transducer activity
WFDC2 Serine-type endopeptidase inhibitor activity and cysteine-type endopeptidase inhibitor activity
GNG13 Obsolete signal transducer activity and G-protein beta-subunit binding
LOXL3 Copper ion binding and oxidoreductase activity, acting on the CH-NH2 group of donors, oxygen as acceptor
EMX2OS -
ICAM4 Integrin binding
NTN3 Signaling receptor binding
CLSTN1 Calcium ion binding and amyloid-beta binding
CYBA Protein heterodimerization activity and SH3 domain binding
TFAP2A DNA-binding transcription factor activity and sequence-specific DNA binding
LIMS2 Single organismal cell-cell adhesion
TP73 DNA-binding transcription factor activity and identical protein binding
GP1BB Transmembrane signaling receptor activity ; 
LYL1 Protein dimerization activity
CRYBA2 Protein homodimerization activity and structural constituent of eye lens
C10orf82 -
RASL10A GTP binding and GTPase activity
LOC146336 -
DLL3 Alcium ion binding and Notch binding
FAAP20 -
CHRNB1 Extracellular ligand-gated ion channel activity and channel activity
DERL3 -
DOK7 Protein kinase binding and insulin receptor binding
ISG15 Protein tag
ENTPD2 Hydrolase activity and nucleoside-diphosphatase activity
C10orf53 -
ZNF233 Nucleic acid binding
LOC100287216 -
LHX6 DNA-binding transcription factor activity and sequence-specific DNA binding
* Gene ontology annotation was searched by GeneCards®: The Human Gene Database (https://www.genecards.org/)** .
**Safran et al. , Database (Oxford), 5; baq020, 2010.
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