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ABSTRACT
Objective  The presence of intestinal metaplasia 
(IM) is a risk factor for gastric cancer. However, it is 
still controversial whether IM itself is precancerous 
or paracancerous. Here, we aimed to explore the 
precancerous nature of IM by analysing epigenetic 
alterations.
Design  Genome-wide DNA methylation analysis was 
conducted by EPIC BeadArray using IM crypts isolated 
by Alcian blue staining. Chromatin immunoprecipitation 
sequencing for H3K27ac and single-cell assay for 
transposase-accessible chromatin by sequencing were 
conducted using IM mucosa. NOS2 was induced using 
Tet-on gene expression system in normal cells.
Results  IM crypts had a methylation profile unique from 
non-IM crypts, showing extensive DNA hypermethylation 
in promoter CpG islands, including those of tumour-
suppressor genes. Also, the IM-specific methylation 
profile, namely epigenetic footprint, was present in a 
fraction of gastric cancers with a higher frequency than 
expected, and suggested to be associated with good 
overall survival. IM organoids had remarkably high NOS2 
expression, and NOS2 induction in normal cells led to 
accelerated induction of aberrant DNA methylation, 
namely epigenetic instability, by increasing DNA 
methyltransferase activity. IM mucosa showed dynamic 
enhancer reprogramming, including the regions involved 
in higher NOS2 expression. NOS2 had open chromatin in 
IM cells but not in gastric cells, and IM cells had frequent 
closed chromatin of tumour-suppressor genes, indicating 
their methylation-silencing. NOS2 expression in IM-
derived organoids was upregulated by interleukin-17A, a 
cytokine secreted by extracellular bacterial infection.
Conclusions  IM cells were considered to have a 
precancerous nature potentially with an increased 
chance of converting into cancer cells, and an 
accelerated DNA methylation induction due to abnormal 
NOS2 expression.

INTRODUCTION
The presence of intestinal metaplasia (IM) is a risk 
factor for gastric cancer (GC), which confers a more 
than twofold increased cancer risk.1 However, it is 
still controversial whether IM itself is precancerous 
or paracancerous. Based on the Correa hypothesis, 

GC develops in stages through chronic gastritis 
and IM, which considers IM as a precancerous 
lesion.2 In addition, tissues with IM were reported 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The presence of intestinal metaplasia (IM) is a 
risk factor for gastric cancer.

	⇒ Recent studies using bulk samples showed the 
presence of genetic and epigenetic alterations 
in tissues with IM.

	⇒ It is still controversial whether IM itself is a 
precancerous or paracancerous lesion.

WHAT THIS STUDY ADDS
	⇒ With crypt isolation, IM cells had a unique 
DNA methylation profile, especially extensive 
hypermethylation in promoter CpG islands, 
including those of tumour-suppressor genes.

	⇒ The IM-specific methylation profile, namely 
epigenetic footprint, was present in gastric 
cancer more frequently than expected, and was 
suggested to be associated with good overall 
survival.

	⇒ IM cells suffer from accelerated induction of 
aberrant DNA methylation, namely epigenetic 
instability, likely due to increased NOS2 
expression and resultant increased DNA 
methyltransferase activity.

	⇒ The NOS2 expression was induced by enhancer 
reprogramming and chromatin opening, and 
was upregulated through interleukin-17A 
signalling.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ IM cells were considered to have a 
precancerous nature with an increased chance 
of converting into cancer cells and accelerated 
induction of aberrant DNA methylation.

	⇒ The better survival of patients with IM cell-
derived cancer after chemotherapy may lead 
to isolation of genes responsible for the better 
response.

	⇒ Prevention of DNA methylation induction is 
expected to reduce the chance of gastric cancer 
development.
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to have genetic and epigenetic alterations, using bulk samples,3 4 
suggesting the precancerous nature of IM. On the other hand, 
based on the gastric mucin phenotype, only 30% of GCs show 
an intestinal phenotype, despite developing from gastric tissue 
with IM,5 suggesting the paracancerous nature of IM. In addi-
tion, IM had rare TP53 mutations3 6 whereas other types of 
mucosa with inflammation-associated carcinogenesis, such as 
UC and Barrett’s oesophagus, had frequent TP53 mutations,7 8 
which attenuates the precancerous nature of IM.

To address this long-standing question, we focused on DNA 
methylation. Chronic gastritis by Helicobacter pylori infection 
induces aberrant DNA methylation of a large number of genes 
in epithelial cells,9–11 and the degree of aberrant methylation is 
correlated with cancer risk.12–15 Although bulk mucosa samples 
with IM showed higher methylation levels than those without,3 4 
it is still unknown whether, at the cellular level, IM cells have a 
higher or unique methylation profile. If an IM-specific methyl-
ation profile, namely epigenetic footprint, exists, we can assess 
the precancerous nature of IM by analysing whether GCs have a 
higher chance of having such an IM-specific methylation profile 
than expected. In addition, higher frequencies of methylation-
silencing of tumour-suppressor genes in IM cells than in gastric 
cells also support the precancerous nature of IM cells. More 
importantly, if induction of aberrant DNA methylation in IM 
cells is accelerated compared with that in gastric cells, this status 
can be termed as epigenetic instability, and will strongly support 
the precancerous nature of IM. It is well known that accelerated 
induction of mutations due to inactivation of mismatch repair 
genes (microsatellite instability (MSI)) confers a precancerous 
nature to cells with MSI.16 17

In this study, we aimed to explore whether IM cells them-
selves are precancerous or paracancerous. First, we will inves-
tigate whether an IM-specific methylation profile is present 
using purely isolated IM crypts, and whether the specific profile 
is carried into GCs more frequently than expected. Second, we 
will analyse accelerated DNA methylation induction in IM cells, 
along with its underlying mechanisms.

MATERIALS AND METHODS
Samples obtained from surgical specimens, crypt isolation 
and organoid establishment
Gastric mucosa was freshly obtained with written informed 
consent from 11 patients with GC who underwent gastrec-
tomy, 1 patient with a GI stromal tumour and 1 sample of small 
intestine was obtained from a neuroendocrine tumour patient 
at the National Cancer Center (online supplemental figure S1 
and online supplemental table S1). The gastric mucosa was 
used for chromatin immunoprecipitation sequencing (ChIP-seq) 
and single-cell assay for transposase-accessible chromatin by 
sequencing (ATAC-seq) (online supplemental methods).

Gastric and intestinal crypts were further prepared from 
the mucosa for DNA methylation analysis. Gastric crypts were 
stained with an Alcian Blue Stain Kit (Abcam, Cambridge, UK) to 
distinguish IM crypts from non-IM crypts, and the crypts posi-
tive for staining of goblet cells were considered as IM crypts. 
Six gastric crypt samples of IM (IM_1–6) and eight samples 
of non-IM (non-IM_1–4 and 8–11) were prepared from 10 
patients with GC, and 1 normal gastric crypt (Normal_12) and 
one small intestinal crypt (SI_13) samples were also prepared 
(online supplemental table S1).

Organoids were established from four gastric mucosa with IM 
(IM_2–4 and 6) and four without (non-IM_2 and 8–10) (online 
supplemental methods).

Mucosa biopsy samples
Eight biopsy samples of gastric mucosa were obtained from 
healthy volunteers without H. pylori infection, and 19 samples 
with current H. pylori infection. These samples were used for 
gene expression analysis.

Data acquisition from public data repository
Genome-wide DNA methylation profiles of small intestinal 
crypts (accession #GSE141254),18 blood cells (accession 
#GSE35069),19 biopsy samples (accession #GSE103186),20 
human cell lines (accession #GSE68379),21 primary GCs and 
the corresponding adjacent mucosa (accession #GSE127857 
and #GSE164988)22 23 were obtained from the Gene Expression 
Omnibus (GEO). Single-cell RNA-sequencing (RNA-seq) data of 
IM mucosa samples (accession #GSE134520)24 was obtained 
from the GEO.

Genome-wide DNA methylation analysis
Genome-wide DNA methylation analysis was performed using 
an Infinium MethylationEPIC array (Illumina, California, 
USA).25 Obtained β-values, ranging from 0 (unmethylated) to 
1 (fully methylated), were normalised as previously described.26 
For cancer samples, the methylation levels were normalised by 
the cancer cell fraction obtained by methylation levels of marker 
genes.27 28

Patient and public involvement
Patients and/or the public were not involved in the design, or 
conduct, or reporting, or dissemination plans of this research.

See online supplemental methods for more details.

RESULTS
Extensive methylation changes in IM crypts, involving 
tumour-suppressor genes
Genome-wide DNA methylation analysis was conducted using 
pure gastric crypts with and without IM (IM and non-IM crypt 
samples) (figure 1A).29 The IM and non-IM crypt samples from 
the same patient showed distinct DNA methylation profiles 
while the IM (or non-IM) crypt samples from different patients 
showed similar methylation profiles (figure  1B and online 
supplemental figure S2A), showing the presence of a distinct 
but consistent methylation profile in IM. Cluster analysis was 
conducted using the crypt samples of IM (n=6), non-IM (n=8), 
normal stomach (n=1) and small intestine (n=6). Using the 
20 000 CpG sites in all genomic regions and CpG shore with the 
highest SD, which is reported to be associated with tissue spec-
ificity,30 the IM crypt samples were separated from the non-IM 
crypt samples and were clustered with the small intestinal crypt 
samples (figure 1C left and online supplemental figure S2B left). 
Also, using the 2000 CpG sites in promoter and intergenic CpG 
islands (CGIs), the IM crypt samples were clearly separated from 
the non-IM and small intestinal crypt samples, showing the pres-
ence of hypermethylation of CGIs in IM crypts (figure 1C right 
and online supplemental figure S2B right).

To analyse methylation-silencing of individual genes, we 
compared the average β-values of CpG sites within promoter CGIs 
among the samples. The IM crypt samples showed extensive hyper-
methylation compared with the non-IM samples and with small 
intestinal crypt samples (figure  1d, online supplemental figure 
S2C). Pathway enrichment analysis (DAVID) using the genes with 
differentially methylated promoter CGIs (Δβ≥0.1 and p<0.05) 
between the IM and non-IM crypt samples (online supplemental 
table S2) identified 16 terms (cut-off value=0.01), including 
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the Wnt signalling pathway (online supplemental table S3). We 
explored motives of transacting factors enriched in the differ-
entially methylated promoter CGIs, but no motif was enriched 
(online supplemental table S4).

We also analysed methylation levels of individual genes, especially 
tumour-suppressor genes, which have been extensively studied in 
the major pathways altered in GC with at least three publications 
addressing their involvement.31 The IM crypt samples showed the 
highest methylation levels, while the non-IM gastric crypt samples 

showed methylation levels between the IM and normal crypt 
samples. Regarding the cancer risk marker genes, whose meth-
ylation levels were reported to be highly correlated with cancer 
risk12 13 and genome-wide methylation alterations31 (figure 1E), the 
methylation levels increased in the order of normal crypts, non-IM 
crypts and IM crypts. On the other hand, promoter CGIs of CDX2, 
ASCL2, WNK2, EGFL7 and EDN3 were found to be unmethylated 
in IM and small intestinal crypt samples, but methylated in non-IM 
crypt samples (online supplemental table S5).

Figure 1  Extensive DNA methylation changes in intestinal metaplasia (IM) crypts. (A) Scheme of mucosa collection from a resected specimen and 
isolation of crypts with and without IM. (B) Scatter plot analysis using methylation levels of total CpG sites. The IM and non-IM crypt samples from the 
same patient showed distinct DNA methylation profiles while the IM (or non-IM) crypt samples from different patients showed similar methylation 
profiles. Patient numbers are shown after ‘IM_’ or ‘non-IM_’. (C) Unsupervised hierarchical cluster analysis using the methylation levels of the crypt 
samples of IM (n=6), non-IM (n=8), normal stomach (n=1) and small intestine (n=6). Left panel: using the 20 000 CpG sites in all genomic regions 
with the highest SD (HSD), the IM crypt samples were separated from the non-IM crypt samples, and were clustered with the small intestinal crypt 
samples. Right panel: using the 2000 CpG sites located in promoter CpG islands (CGIs), the IM crypt samples were clearly separated from the non-IM 
and small intestinal crypt samples. (D) Volcano plot analysis using DNA methylation levels of genomic blocks in promoter CGIs. The IM crypt samples 
showed extensive DNA hypermethylation compared with the non-IM crypt samples. (E) DNA methylation levels of tumour-suppressor and cancer risk 
marker genes. Regarding the tumour-suppressor genes, the IM crypt samples showed the highest methylation levels. Regarding the cancer risk marker 
genes, the methylation levels increased in the order of normal gastric crypts, non-IM crypts and IM crypts. Data represent mean±SE.
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Frequent presence of the IM-specific methylation profile in 
gastric cancer
Next, we searched for IM-specific methylation markers, namely 
CpG sites within CGIs methylated in the IM crypt samples 
(average β>0.7) and unmethylated in the non-IM crypt samples 
and the blood cell samples19 (average β<0.1), and identified 
127 CpG sites in 118 CGIs (figure 2A and online supplemental 
table S6). Using the GEO database (accession #GSE103186),20 
these markers had high methylation levels in IM biopsy samples 
but not in normal biopsy samples (online supplemental figure 
S3A). Using these markers, GC samples from our previous 
studies32 33 and the GEO database22 23 (accession #GSE127857 
and #GSE164988) were clearly separated into two groups, 
IM-type (n=25) and non-IM-type (n=4) groups (figure  2B), 

indicating that the IM-specific methylation profile, namely 
epigenetic footprint, was carried into a fraction of GCs.

Cancer cells are expected to have the methylation profile of 
their precursor clone. Therefore, if a patient’s cancer is derived 
from a precursor clone with IM, the cancer is expected to exhibit 
an IM-specific methylation profile. To investigate whether 
cancer cells were derived from IM cells more frequently than 
from non-IM cells, we compared the incidence of IM-type 
GCs in a panel of patients and the proportion of IM cells in 
their total background gastric mucosa (online supplemental 
figure S3B). The proportion of IM cells in the background 
mucosa can be calculated by the average methylation levels of 
IM-specific markers. Resultantly, the incidence of IM-type GCs 
(25/29=86%) (figure  2B) was higher than expected based on 

Figure 2  Extraction of an intestinal metaplasia (IM)-specific methylation profile, and its presence in gastric cancer (GC) with high probabilities. 
(A) Screening scheme of IM-specific methylation markers. (B) Unsupervised cluster analysis of GCs using the IM-specific methylation markers. The 
GC samples were clearly separated into two groups, IM-type (n = 25) and non-IM-type (n = 4) GCs. The proportion of IM-type GCs was 25/29 (86%). 
(C) Distribution of the average methylation levels of IM-specific markers in the adjacent mucosa, which corresponded with the proportion of IM cells. 
The mean methylation level was 37±14% (mean±SE). The incidence of IM-type GCs (86%) was higher than expected based on the mean IM-cell 
proportion (37%), indicating that IM cells have a higher chance of developing into cancer cells than non-IM cells. (D) Unsupervised cluster analysis 
using the IM-specific methylation markers. The GC samples from The Cancer Genome Atlas database were clearly separated into the two groups, IM-
type and non-IM-type GCs. (E) Kaplan-Meier analysis of patients with GC with and without chemotherapy. Among the patients with chemotherapy 
(n=71), the patients with IM-type GC appeared to have better overall survival than those with non-IM-type GC (p=0.010). On the other hand, among 
the patients without (n=81), there was no difference (p=0.537).
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the mean IM-cell proportion (37%) (figure 2C), indicating that 
IM cells have a higher chance of developing into cancer cells 
than non-IM cells. Although there is a possibility of methyla-
tion profile change in cancer cells, these findings supported the 
precancerous nature of IM cells.

The presence of the IM-specific methylation was validated 
using methylation data normalised for cancer cell fraction of 
primary GC samples from the Genomic Data Commons Data 
Portal (https://portal.gdc.cancer.gov/) and IM-specific meth-
ylation markers. The samples were clearly separated into two 
groups, IM-type and non-IM-type groups (figure  2D, online 
supplemental tables S7 and S8). Taking advantage of the avail-
ability of their prognostic information, it was shown that the 
patients with IM-type GC tended to have better overall survival 
(OS) than those with non-IM-type GC (p=0.084) (online 
supplemental figure S3C). Notably, among the patients with 
chemotherapy (n=71), the patients with IM-type GC appeared 
to have better OS than those with non-IM-type GCs (p=0.010). 
On the other hand, among the patients without chemotherapy 
(n=81), there was no difference in OS (p=0.537) (figure 2E). 
These data suggested that an IM-specific methylation profile 
might contribute to drug sensitivity.

To address this hypothesis, we analysed 29 GC cell lines 
using the 127 IM-specifically methylated CpG sites. The cell 
lines were separated into 26 IM-type and 3 non-IM-type ones 
(online supplemental figure S4A). We picked up two IM-type 
cell lines with high methylation and two non-IM-type cell lines 
randomly, and analysed their sensitivity to 5-fluorouracil (5-FU), 
a commonly used chemotherapeutic agent against GC.34 As 
expected, the two IM-type cell lines (AGS and 44As3) showed 
higher sensitivity than the two non-IM-type, cell lines (GCIY and 
HSC60) (online supplemental figure S4B). These data suggested 
that an IM-specific methylation profile in GC is associated with 
good prognosis, possibly conferring sensitivity to chemothera-
peutic agents, such as 5-FU.

Abnormal gene expression involved in aberrant DNA 
methylation in IM
To explore the inducer of aberrant DNA methylation in IM, we 
analysed expression of inflammation-related genes known to be 
involved in DNA methylation induction10 35 36 using our mucosal 
biopsy samples. Tumour necrosis factor (TNF) and interleukin 
(IL)1B were highly expressed in gastric mucosa with current H. 
pylori infection. On the other hand, NOS2 was highly expressed 
in only a fraction of the samples, and the NOS2 expression was 
highly associated with those of IM-specific genes (CDX1, CDX2 
and MUC2) (figure 3A), suggesting that IM cells might express 
endogenous NOS2. This was supported by the analysis of single-
cell RNA-seq data of IM mucosa samples with current H. pylori 
infection in the GEO database (accession #GSE134520)24 
(online supplemental figure S5A). NOS2-positive cells were 
detected only in three H. pylori-positive samples (online supple-
mental figure S5B), and overlapped with CDX2-positive cells 
(online supplemental table S9). Also, immunohistochemistry of 
IM mucosa samples showed that NOS2 was highly expressed in 
IM crypts, but not in non-IM crypts (figure 3B).

To confirm the NOS2 expression in IM cells, we established 
organoids from four gastric mucosa with IM and four without. 
Morphologically, the IM-derived organoids exhibited a smooth 
round shape-like gastric organoids as previously reported.37 The 
IM-derived organoids contained a large fraction of organoids 
that secreted intestinal-type mucin in apical spaces, as confirmed 
by Alcian blue staining (figure 3C). The IM-derived organoids 

showed higher NOS2 expression than the non-IM-derived 
organoids did, and NOS2 expression was highly correlated with 
CDX2 expression (figure 3D).

NOS2 induction in normal cells accelerates aberrant DNA 
methylation induction
To examine whether endogenous NOS2 expression accelerates 
aberrant DNA methylation induction, NOS2 was induced using 
a Tet-on expression system in normal cells, 293FT and HGEC6B 
cells. Doxycycline (DOX) treatment at 10 ng/mL in 293FT and 1 
ng/mL in HGEC6B induced physiological levels of NOS2 expres-
sion (figure 4A) comparable to those in biopsy samples of gastric 
mucosa with IM (figure 3A), and the DOX-treated cells showed 
increased DNA methyltransferase (DNMT) activities compared 
with untreated cells and their parental cells (figure 4B).

After 10-week and 20-week cultures, we analysed the impact of 
NOS2 induction on DNA methylation profile.29 DOX-treatment, 
which itself has no inherent effect (online supplemental figure 
S6A), was shown to induce aberrant DNA methylation (Δβ≥0.2) 
in a large number of CpG sites (figure 4C and online supple-
mental figure S6b), even after switching DOX-off (online supple-
mental figure S6C). The methylated CpG sites were mainly 
located in gene body regions without CGIs (figure 4D). Although 
CGIs are known to be resistant to methylation induction,38 the 
number of hypermethylated CpG sites in CGIs became large at 
20 weeks, especially in HGEC6B cells (figure 4E). On the other 
hand, NOC18 treatment, which mimics nitric oxide (NO expo-
sure from leucocytes, induced slight DNA methylation (online 
supplemental figure S6D), indicating that IM cells suffer from 
extensive DNA methylation induction, namely epigenetic insta-
bility, by endogenous NOS2 expression.

Reprogramming of promoters and enhancers involved in 
abnormal NOS2 expression in IM
To investigate the mechanisms involved in abnormal NOS2 
expression, we performed ChIP-seq of H3K27ac using a 
normal gastric mucosa sample (n=1) and IM mucosa samples 
(n=2) (figure 1A).39 In the promoter and downstream regions 
of CDX2, which are critical for the IM phenotypes,40 the IM 
mucosa samples showed large peaks, but the normal gastric 
mucosa sample showed almost no peaks (figure 5A). In the NOS2 
enhancer and promoter regions,41 42 the IM mucosa samples 
showed increased H3K27ac peaks (figure  5B) compared with 
the normal gastric mucosa sample. The enhancer regions with 
the H3K27ac peaks were reported to be bound by RELA (online 
supplemental figure S7A), suggesting that IM cells underwent 
enhancer reprograming in NOS2 upstream regions to respond 
to nuclear factor kappa B (NF-κB) signalling.42

We also identified 44 550 peaks gained in IM (IM-Gained), 
18 218 peaks lost in IM (IM-Lost) and 24 503 common peaks 
(figure 5C), indicating that IM cells underwent dynamic repro-
gramming of promoters and enhancers. To interpret the regions 
enriched in IM-Gained and IM-Lost groups, we conducted func-
tional annotation analysis using Genomic Regions Enrichment 
of Annotations Tools. The regions of the IM-Gained group 
included the genes for the biosynthetic process of NO while the 
regions of the IM-Lost group included the genes for the regu-
lations of messenger RNA catabolic pathways and sodium ion 
transport (figure 5D).

When super-enhancers were analysed, the IM mucosa gained 
multiple super-enhancers, including one for CDX2 (online 
supplemental figure S7B) and those for genes related to wound 
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Figure 3  Abnormal NOS2 expression in intestinal metaplasia (IM). (A) Expression levels of inflammation-related genes (NOS2, tumour necrosis 
factor (TNF) and interleukin (IL)-1B) and IM-specific genes (CDX2, CDX1 and MUC2) in mucosal biopsy samples according to Helicobacter pylori 
infection status (never-infected or currently infected). NOS2 was highly expressed in a fraction of the samples with current H. pylori infection, and 
the NOS2 expression was highly associated with those of IM-related genes. Data represent mean±SE. (B) Immunostaining of NOS2. NOS2 was highly 
expressed in IM, but not in non-IM crypts. Blue dotted lines encircle IM crypts. Scale bar: 100 μm. (C) Organoid establishment and Alcian blue staining. 
The IM-derived organoids contained a large fraction of organoids that secreted intestinal-type mucin in apical spaces, as confirmed by Alcian blue 
staining. (D) Expression levels of NOS2 and CDX2 in organoids. The IM-derived organoids showed higher NOS2 expression than the non-IM-derived 
organoids did, and NOS2 expression was highly correlated with CDX2 expression. Data represent mean±SE.
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Figure 4  DNA methylation induction by NOS2 expression in normal cells. (A) Expression levels of NOS2 according to the concentrations of 
doxycycline (DOX) in inducible cells (293FT and HGEC6B). Data represent mean±SE. (B) Increased DNA metyltransferase (DNMT) activity by NOS2 
induction in inducible cells (293FT and HGEC6B). DOX-treated cells showed increased DNMT activity compared with untreated cells and their parental 
cells. (C) DNA methylation analysis of DOX-treated (0 week and 20 weeks) and pretreated (0 week) inducible cells (293FT and HGEC6B). NOS2 
induction was shown to induce aberrant DNA methylation (Δβ ≥0.2) in a large number of CpG sites. The CpG sites with a β≥0.2 are in triangles with 
red broken lines, and their numbers are noted. (D) Characteristics of hypermethylated genomic regions in 293FT and HGEC6B cells. The methylated 
CpG sites were mainly located in gene body regions without CpG islands. (E) The number of hypermethylated CpG sites according to the relative 
location to a CpG island in 293FT and HGEC6B cells. The number of hypermethylated CpG sites in CpG islands became large at 20 weeks, especially in 
HGEC6B cells.
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healing and immune system development (online supplemental 
figure S7C).

Changes of nucleosome positioning involved in abnormal 
NOS2 expression and methylation-silencing in IM
Next, we performed single-cell ATAC-seq using a normal gastric 
mucosa sample and an IM mucosa sample (figure 1A).43 A total 
of 9819 cells with adequate sequencing depths (>2000 reading 
fragments) and high transcription start site (TSS) enrichment 
score (>6) were obtained. The cells were grouped into 12 clus-
ters by the similarities of chromatin opening (figure 6A) and the 
clusters were constructed by Uniform Manifold Approximation 
and Projection (UMAP) plot and the individual clusters were 
annotated by the pre-existing cell type-specific marker genes44 
(figure 6B and online supplemental table S10). In the promoter 
region of CDX2, IM-pit and IM-endocrine cells had open 
chromatin (figure 6C). IM-pit cells were grouped with gastric 
pit cells, gastric mucous neck cells and gastric chief cells while 

IM-endocrine cells, gastric endocrine cells and gastric parietal 
cells were isolated individually (figure 6A).

The enhancer region of NOS2, marked with H3K27ac 
binding peaks (figure 5B), had open chromatin in many cell types 
(figure  6D). In contrast, the NOS2 promoter region had open 
chromatin specifically in IM-pit cells, but closed chromatin in all 
immune cells (figure  6D). This showed that NOS2 was mainly 
expressed in IM-pit cells in the human stomach. Furthermore, 
promoter regions of tumour-suppressor genes, such as RPRM, had 
frequent closed chromatin in IM-pit cells compared with those in 
all types of gastric cells (Figure 6E and online supplemental figure 
S8), which supported the presence of aberrant DNA methylation 
of tumour-suppressor genes in IM crypts (figure 1E).

IL-17A upregulates NOS2 expression in IM
As NOS2 expression is induced in macrophage or colonic epithe-
lial cells by inflammatory cytokines,41 42 45 such as TNF, IL-1β 
and IL-17A, we investigated which cytokine upregulated NOS2 

Figure 5  Reprogramming of promoters and enhancers in intestinal metaplasia (IM) mucosa. (A, B) Genome browser views of chromatin 
immunoprecipitation sequencing (ChIP-seq) for H3K27ac using a normal gastric mucosa sample (n=1) and IM mucosa samples (n=2). In the CDX2 
promoter and downstream regions (A), the IM mucosa samples showed large peaks, but the normal gastric mucosa sample showed almost no 
peaks. Grey boxes represent genomic regions with detected peaks. In the NOS2 enhancer and promoter regions (B), the IM mucosa samples showed 
increased H3K27ac peaks compared with the normal gastric mucosa sample. (C) K-means clustering (K=3) analysis of H3K27ac in the normal and two 
IM mucosa samples. Genomic regions that gained (IM-Gained) and lost (IM-Lost) H3K27ac, along with unchanged regions (common) were identified. 
(D) Gene ontology analysis by Genomic Regions Enrichment of Annotations Tools for the IM-Gained and IM-Lost genomic regions. A gene most 
proximal to a region with H3K27ac change was considered to be affected by the change. The eight enriched Gene Ontology (GO) annotations are 
shown. Statistics: one-sided binomial test.
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Figure 6  Changes of chromatin statuses in intestinal metaplasia (IM) cells shown by single-cell assay for transposase-accessible chromatin by 
sequencing. (A) The UMAP plot of 9819 high-quality cells from a normal gastric mucosa sample (1: Normal_12) and an IM mucosa sample (2: IM_7). 
The cells are coloured based on the sample origins (left) and on the similarities of chromatin openings (right). (B) Heatmap to identify cell types based 
on chromatin openings assessed by gene scores. All the clusters were annotated by lineage-specific marker genes. 1, fibroblasts (Fibro); 2, chief cell 
group 1 (Gastric chief_1); 3, chief cell group 2 (Gastric chief_2); 4, gastric endocrine cells (Gastric endocrine); 5, mucous neck cells (Gastric mucous 
neck); 6, parietal cells (Gastric parietal); 7, gastric pit cells (Gastric pit); 8, IM-associated endocrine cells (IM-endocrine); 9, IM-associated pit cells 
(IM-pit); 10, monocytes (Immune-mo); 11, B cells (Immuno-B) and 12, T cells (Immuno-T). (C–E) Chromatin opening statuses in the upstream regions 
of the CDX2 (C), NOS2 (D) and RPRM (E) genes. IM-pit and IM-endocrine cells had open chromatin in the promoter region of CDX2 (E). The NOS2 
promoter region had open chromatin specifically in IM-pit cells (D), but closed chromatin in all immune cells. The promoter regions of RPRM had 
closed chromatin in IM-pit cells compared with those in all types of gastric cells (E).
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expression using intestine-derived and stomach-derived organ-
oids. Among the mouse organoids, IL-17A upregulated NOS2 
expression very potently in those from the small intestine and the 
colon, and moderately in those from the stomach (figure 7A left). 
In human organoids, IL-17A upregulated NOS2 expression in 
those from the small intestine, but not in those from the stomach 
(figure  7a right). Importantly, IM-derived organoids showed 
NOS2 induction by the treatment, while non-IM-derived organ-
oids showed no NOS2 induction (figure  7B). IL-17A is known 
to be secreted from T helper 17 cells by extracellular bacterial 

infection, and the mucosal biopsy samples with current H. pylori 
infection indeed showed high IL17A expression (figure 7C). Thus, 
H. pylori infection was considered to upregulate NOS2 expression 
through IL-17A signalling in IM, and to accelerate aberrant DNA 
methylation induction.

DISCUSSION
Our study provided insights at the cellular level on the long-
standing question whether IM itself is a precancerous or 

Figure 7  NOS2 induction by interleukin (IL)-17A in intestinal metaplasia (IM). (A) Expression levels of Nos2 (or NOS2) after treatment with tumour 
necrosis factor (TNF), IL-1β or IL-17A in the intestine-derived and stomach-derived organoids. Left panel: among the mouse organoids derived from 
the small intestine, colon, fundic glands and pyloric glands, IL-17A upregulated NOS2 expression very potently in those from small intestine. Right 
panel: in human-derived organoids, IL-17A upregulated NOS2 expression in the small intestine-derived one, but not in the stomach-derived one. Data 
represent mean±SE. NT, not treated. (B) Expression levels of NOS2 after IL-17A treatment in IM-derived or non-IM-derived organoids. IM-derived 
organoids showed NOS2 induction by the treatment, while non-IM-derived organoids did not. Data represent mean±SE. (C) Expression levels of IL17A 
in mucosa samples according to Helicobacter pylori infection status (never-infected or currently infected). The mucosal biopsy samples with current H. 
pylori infection showed high IL17A expression. Data represent mean±SE. (D) A model of increased methylation induction in IM by H. pylori infection. 
Epithelial cells with IM had markedly increased NOS2 expression due to chromatin opening of its promoter region and enhancer reprograming, and 
the increased NOS2 expression accelerated DNA methylation induction. NF-κB, nuclear factor kappa B.
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paracancerous lesion. First, IM crypts had a unique DNA meth-
ylation profile, namely epigenetic footprint, and the profile 
was present in GC more frequently than expected from the 
proportion of IM cells in the background mucosa. Second, IM 
cells suffer from accelerated induction of aberrant DNA meth-
ylation, namely epigenetic instability, likely due to increased 
NOS2 expression and resultant increased DNMT activity. 
Taken together, IM cells were likely to have a higher chance of 
converting into cancer cells than non-IM cells with increased 
chance of gaining epigenetic alterations, supporting the precan-
cerous nature of IM cells.

The unique DNA methylation profile of IM had similarity to 
that of small intestinal crypts, which was consistent with their 
similarity in histopathology. In addition, CDX2, a master regu-
lator of the intestine,46 and ASCL2, a gene reported to control 
intestinal stem cell fate,47 were unmethylated in IM and small 
intestinal crypts, but partially methylated in non-IM crypts 
(online supplemental table S5), suggesting that the genes might 
have been demethylated to be expressed or crypts without their 
methylation might have been selected. Also, IM crypts showed 
extensive hypermethylation in promoter CGIs, including those 
of tumour-suppressor genes, such as CDKN2A and SFRP1. Also, 
genes downstream in the TP53 pathway, such as MIR34B, RPRM 
and IGFBP7, were methylated (figure 1E), possibly leading to 
attenuated function of TP53 in IM cells, although IM mucosa 
had rare TP53 mutations.3 6 The lack of specific motif in TSS 
methylated in IM (online supplemental table S4) suggested that 
such regions were mainly determined by their original epigenetic 
status. To note, the higher levels of methylation-silencing in IM 
crypts also supported their precancerous nature.

The GC samples were classified into IM type and non-IM 
type using IM-specific methylation markers. There was no 
difference in the distribution of intestinal-type and diffuse-
type cancers (p=0.57) (online supplemental table S7). On the 
other hand, regarding molecular subtype, the non-IM-type GCs 
mainly consisted of the chromosomal instability (CIN) type, and 
the IM-type GCs contained the majority of Epstein-Barr virus 
(EBV), MSI and genomically stable (GS) types (online supple-
mental table S8). Patients with IM-type GC had better survival 
after chemotherapy (figure 2E). This was supported by in vitro 
experiments using two IM cell-derived and two GC cell lines 
(online supplemental figure S4B), and the high composition of 
EBV, MSI and GS types might have been involved. Although 
genes involved in the sensitivity need to be isolated, such genes 
may provide targets for better responses to chemotherapy.48

The accelerated induction of aberrant DNA methylation in IM 
cells was indicated. We previously reported that downregulation 
of TET by microRNA through NF-κB signalling and increased 
DNMT activity by NO, through the nitrosation of cysteine resi-
dues of DNMT protein,49 can induce aberrant DNA methyla-
tion in epithelial cells exposed to inflammation.50 In this study, 
epithelial cells with IM had markedly increased NOS2 expres-
sion. Although decreased expression of TETs was not clear, the 
increased NOS2 expression was able to accelerate DNA methyl-
ation induction in at least two cell types (figure 7D). Collectively, 
induction of aberrant DNA methylation in IM cells was likely 
to be accelerated compared with gastric cells, supporting the 
precancerous nature of IM.

Abnormal expression of NOS2 was induced by epigenetic 
alterations of histone modification and nucleosome positioning 
in IM. In addition, the IM mucosa samples underwent dynamic 
enhancer reprogramming in the NOS2 upstream region. Also, 
IM cells had open chromatin in the NOS2 enhancer region 
and in the NOS2 promoter region. Notably, all types of gastric 

and immune cells had closed chromatin in the NOS2 promoter 
region. This result showed that NOS2 was mainly expressed 
in epithelial cells with IM rather than gastric or immune cells, 
which was in accordance with the previous reports that human 
macrophages showed very low expression compared with mouse 
macrophages.51 52 Besides, NOS2 expression was upregulated by 
IL-17A, a cytokine secreted by extracellular bacterial infection, 
only in IM-derived organoids, indicating that H. pylori infection 
can induce more NOS2 expression through IL-17A signalling in 
IM cells. IL17A expression is known to be induced in the colon 
by specific microbiome exposure or inflammation,45 and methyl-
ation induction may be accelerated also in the colon.53

Single-cell ATAC-seq is a powerful tool to explore cellular 
heterogeneity.54 55 IM-pit cells were annotated by their specific 
genes, such as CDX2 (figure 6B). Also, IM-pit cells were grouped 
with gastric pit cells, gastric mucous neck cells and gastric chief 
cells, which was consistent with the dysdifferentiation of IM 
cells from gastric cells,56 while endocrine cells and parietal cells 
were isolated individually, suggesting distances in their differ-
entiation. Although we explored the origin of IM cells using 
trajectory analysis (online supplemental figure S9), we were 
unable to infer it potentially due to the lack of cells in interme-
diate status. Besides, IM-pit cells were shown to contain those 
with NOS2 expression, and had frequent closed chromatin of 
tumour-suppressor genes, including RPRM, MIR34B, SFRP1, 
BNIP3 and IGFBP7, which supported the presence of aberrant 
DNA methylation in the IM-pit cells (online supplemental figure 
S8). Conversely, CDKN2A gained open chromatin despite the 
increase of its methylation level, and this was considered to 
be due to increased transcription in the IM-pit cells without 
CDKN2A methylation.

There are some limitations to our study and a need for future 
studies. First, the small number of the samples, due to the time-
consuming procedures of crypt isolation by Alcian blue staining, 
limited the statistical power in the evaluation of IM-specific 
methylation profiles. The high correlation between IM-crypt 
samples from different individuals showed that similar epigenetic 
events take place in IM-crypts of different individuals. Second, 
the experimental periods of NOS2 induction in normal cells, 
which were common in mouse experiments, were too short to 
mimic the human life span. Third, the analysis of histone modi-
fication used bulk IM mucosa, so that other methods of pure IM 
crypt purification, which do not affect the efficacy of immuno-
precipitation, or single cell analysis57 58 will be needed for more 
detailed analysis. Fourth, we were unable to eliminate the effect 
of chemotherapy or radiotherapy on methylation profiles of GC 
samples since no information on neoadjuvant therapy or radia-
tion therapy before sample collection was available.

In conclusion, IM cells were considered to have a precancerous 
nature with an increased chance of converting into cancer cells, 
and an accelerated DNA methylation induction due to abnormal 
NOS2 expression.
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Fig. S6 
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Supplementary Methods 1 

 2 

Crypt isolation and DNA extraction 3 

Gastric and intestinal crypts were freshly isolated from gastric and intestinal mucosa, 4 

respectively, by incubating them at 37°C in calcium- and magnesium-free Hanks' balanced 5 

salt solution with 30 mM EDTA for 30 min with gentle shaking, and crypts were scraped 6 

off with the dorsal side of a scalpel and fixed in 70% ethanol. Isolated crypts were stained 7 

with an Alcian Blue Stain Kit (Abcam, Cambridge, UK) to distinguish IM crypts from 8 

non-IM crypts, and the crypts positive for staining of goblet cells were considered as IM 9 

crypts. 100 to 500 crypts were collected under microscopy for DNA extraction by the 10 

phenol and chloroform extraction method. 11 

 12 

Mucosal biopsy 13 

All the gastric mucosa samples were endoscopically biopsied from the greater 14 

curvature in the middle corpus region and were stored in RNAlater (Thermo Fisher 15 

Scientific, MA, USA) at −80°C until further use. 16 

 17 

Genome-wide DNA methylation analysis 18 

From the 862,927 probes of CpG sites, 843,393 probes located on autosomes were 19 

used for analysis. The 843,393 probes on autosomes were assembled into 535,685 20 

genomic blocks, a collection of probes according to their locations against transcription 21 

start sites (TSSs) and CpG islands (CGIs) [1]. The target CpG sites of the genomic blocks 22 

corresponding to tumor-suppressor genes (CHFR, CDKN2A, RPRM, miR-34b, SFRP1, 23 

BNIP3, IGFBP7, DKK3, MLH1 and CDH1) [2, 3, 4, 5] and risk marker genes 24 

(miR-124a-3, EMX1 and NKX6-1) [6, 7] are listed in Table S11. 25 

 26 
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Pathway enrichment analysis  1 

Pathway enrichment analysis was conducted by DAVID 2 

(https://david.ncifcrf.gov/summary.jsp) using the KEGG_PATHWAY gene sets [8]. 3 

 4 

Motif analysis  5 

Motif analysis using differentially methylated promoter CGIs was conducted by 6 

HOMER (http://homer.ucsd.edu/homer/index.html) [9] with default parameters. 7 

 8 

Kaplan-Meier plotting analysis 9 

Publicly available TCGA (The Cancer Genome Atlas) data sets at the GDC data portal 10 

(https://portal.gdc.cancer.gov/) were used to plot overall survival curves of gastric cancer 11 

patients using R 4.0.5 with the survival package. According to the log-rank test, P-values 12 

< 0.05 were considered statistically significant. 13 

 14 

Cell culture 15 

293FT cells was purchased from Thermo Fisher Scientific (MA, USA), GCIY cells 16 

from RIKEN BioResource Center Cell Bank (Ibaraki, Japan), and AGS and Caco-2 cells 17 

from the American Type Culture Collection (ATCC, VA, USA). 44As3 and HSC60 cells 18 

were kindly provided by Dr. K. Yanagihara at the National Cancer Center and HGEC6B 19 

cells by Dr. T. Kiyono at the National Cancer Center. The cells were cultured in Roswell 20 

Park Memorial Institute (RPMI)-1640 (AGS, 44As3, and HSC60), Dulbecco’s modified 21 

Eagle medium (DMEM) with high glucose (293FT, GCIY, and Caco-2) or 22 

Keratinocyte-SFM (HGEC6B) at 37 °C in a humidified atmosphere with 5% CO2. All 23 

media were supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin 24 

(Thermo Fisher Scientific). The cells were tested for Mycoplasma infection using the 25 

MycoAlert mycoplasma detection kit (Lonza, Basel, Switzerland). 26 

 27 
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Drug sensitivity assay 1 

For the sensitivity assay to cytotoxic drugs, the cells (GCIY, 44As3, HSC60, and 2 

AGS) were seeded at a density of 2 × 103 cells per well in a 96-well microplate on day 0 in 3 

triplicate. The cells were treated with 5-FU on day 1 for 72 h, and cell viability was 4 

evaluated using a WST-8 assay (Nacalai tesque, Kyoto, Japan) on day 4. Briefly, each well 5 

was added with 10 µl of WST-8 and incubated for 2 h at 37 °C. The absorbance of each 6 

sample was determined using a microplate reader (Wallac 1420 Victor2, PerkinElmer, MA, 7 

USA) with a reference wavelength of 450 nm. The average of the triplicate values was 8 

normalized against that of untreated cells. The half-maximal inhibitory concentration 9 

(IC50) and a 95%-confidence interval were calculated by the non-linear regression analysis 10 

of log (inhibitor) versus the normalized response with a variable slope using a GraphPad 11 

Prism program (GraphPad Software, CA, USA). 12 

 13 

Quantitative real-time RT-PCR 14 

Total RNA of gastric biopsy samples was extracted using RNeasy Mini Kit (Qiagen, 15 

CA, USA). Reverse transcription was performed using Superscript IV Reverse 16 

Transcriptase (Thermo Fisher Scientific). Quantitative RT-PCR was performed with CFX 17 

connect Real-Time Detection System (Bio-Rad, CA, USA) using SYBR Green I (Lonza, 18 

Basel, Switzerland) and AmpliTaq Gold Polymerase (Thermo Fisher Scientific). A copy 19 

number of a gene transcript was obtained by comparison of its amplification curve to 20 

those of standard DNA samples with known copy numbers, and was normalized to that of 21 

GAPDH. The primer sequences for target genes are shown in Table S12. 22 

 23 

Data analysis of single-cell RNA-seq 24 

The sequencing data using the gastric mucosa were obtained from the GEO (accession 25 

#GSE134520) [10]. The data of H. pylori-negative mucosa samples (n = 3) and positive 26 

mucosa samples with IM (n = 3) were analyzed using Seurat (v4.0.2) [11] R package. The 27 

cells with high quality reads (nFeature_RNA > 200 & nFeature_RNA < 2500 & 28 
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percent.mt < 5) were used for further analysis. Data normalization was performed by 1 

NormalizeData with setting normalization method as LogNormalize. Genes with large 2 

variations were selected by FindVariableFeatures with default parameters. Data scaling 3 

was performed by ScaleData with default parameters. Dimension reduction was performed 4 

by RunPCA with default parameters to draw a tSNE plot. Clustering was performed using 5 

FindNeighbors and FindClusters with default parameters before t-SNE dimensional 6 

reduction. 7 

 8 

Immunohistochemistry 9 

Gastric mucosa from a resected specimen was freshly obtained and 10 

paraffin-embedded after formalin fixation. Sections of 5-μm thickness were prepared, and 11 

deparaffinization, rehydration, and endogenous peroxidase inactivation of the sections 12 

were performed following standard procedures. Thereafter heat-induced epitope retrieval 13 

was performed in citrate buffered solution pH 6.0 (Kanto Chemical, Tokyo, Japan) in an 14 

autoclave for 15 minutes. The sections were incubated with rabbit anti-iNOS (PA1-036, 15 

Invitrogen, MA, USA) antibody for 16 h at room temperature, followed by the treatment 16 

with EnVision/FLEX HRP (Dako, CA, USA). The sections were visualized in 20 mg/dl 17 

3,3'-diaminobenzidine (DAB). 18 

 19 

Organoid establishment and culture 20 

Human-derived organoids were established from gastric and small intestinal mucosa 21 

from resected specimen as previously described [12]. Briefly, obtained gastric mucosa 22 

were minced with a scalpel. They were incubated vigorously in dissociation buffer 23 

[advanced DMEM/F-12 medium (Thermo Fisher Scientific) with 1x GlutaMAX (Thermo 24 

Fisher Scientific), 10mM HEPES (Thermo Fisher Scientific), 2mg/ml BSA 25 

(Sigma-Aldrich, MA, USA) and 1mg/ml collagenase (Thermo Fisher Scientific)] at 37°C 26 

for 45 min. After filtration and repeated washing, isolated glands were seeded in Matrigel 27 

(Corning, NY, USA) and cultured in basal medium [advanced DMEM/F-12 medium with 28 
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10 mM HEPES, 1x GlutaMAX, 1× B27 (Thermo Fisher Scientific), 1mM 1 

N-acetyl-L-cysteine (FUJIFILM Wako, Tokyo, Japan), 1x penicillin/streptomycin and 1x 2 

amphotericin B (Thermo Fisher Scientific)] supplemented with L-WRN conditioned 3 

medium (CM) [13], gastrin (Sigma-Aldrich), EGF (Thermo Fisher Scientific), 4 

CHIR99021 (Sigma-Aldrich), A83-01 (Tocris Bioscience, MN, USA) and Y27632 5 

(FUJIFILM Wako). FGF (PeproTech, NJ, USA) was supplemented only for stomach 6 

organoids.  7 

Mouse-derived organoids were established from gastric and small intestinal mucosa 8 

from resected specimen as previously described [14]. Briefly, obtained gastric mucosa 9 

were cut into small pieces, was incubated in chelation buffer (PBS (-) with 43.4 mM 10 

sucrose and 54.9 mM D-sorbitol and 5 mM EDTA) at 4°C for 2 hour and glands was 11 

isolated by vigorous shaking. After filtration and repeated washing, isolated glands were 12 

seeded in Matrigel and cultured in basal medium (advanced DMEM/F-12 medium with 10 13 

mM HEPES, 1x GlutaMAX, 1× N2, 1× B27, 1mM N-acetyl-L-cysteine, 1x 14 

penicillin/streptomycin and 1x amphotericin B) supplemented with L-WRN CM, EGF, 15 

CHIR99021, A83-01, and Y27632. Gastrin and FGF were supplemented only for gastric 16 

organoids.  17 

Only primary organoids were used in this study. The medium was refreshed every 18 

three days and the organoids were passaged once a week. To evaluate the effect of 19 

cytokine treatment on organoids, the organoids were treated with 30 ng/ml TNF (R&D 20 

Systems, MN, USA) for 2h, 10 ng/ml IL-1B (R&D Systems) for 2h or 100 ng/ml IL-17A 21 

(PeproTech) for 24h. Total RNA of the organoids was extracted using RNeasy Mini Kit. 22 

 23 

Establishment of a NOS2-inducible cell line 24 

The vectors (pLV[TetOn]-EGFP:T2A:Puro-TRE3G>hNOS2[NM_000625.4]; 25 

VB191011-2309fwc, pLV[Exp]-CMV>Tet3G/Hygro; VB180123-1018bxq) for Tet-On 3G 26 

inducible gene expression system were purchased from VectorBuilder (IL, USA). Each 27 

vector was co-transfected with pPACK Packaging Plasmid Mix (System Biosciences) into 28 
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293TN cells using Lipofectamine 3000 with Plus Reagent (Thermo Fisher Scientific). 1 

Medium containing lentivirus was collected 48 h after transfection and stored at –80°C 2 

until further use. 293FT cells and HGEC6B cells (normal human gastric epithelial cell 3 

line) were infected with each lentivirus and were selected by puromycin and hygromycin. 4 

 5 

DNMT activity analysis 6 

Nuclear proteins were extracted from NOS2-inducible cells (293FT) 24h after DOX 7 

treatment by an EpiQuik Nuclear Extraction Kit I (Epigentek, NY, USA). Using 10 μg 8 

nuclear protein, DNMT activity was measured by an EpiQuik DNMT Activity/Inhibition 9 

Assay Ultra Kit (Epigentek). 10 

 11 

Chromatin immunoprecipitation sequencing (ChIP-seq) 12 

Gastric mucosa from resected specimen was incubated at 37°C in calcium- and 13 

magnesium-free Hanks' balanced salt solution with 30 mmol/L EDTA for 30 min with 14 

gentle shaking. The crypts were scraped off with the dorsal side of a scalpel. Crosslinking 15 

and immunoprecipitation by anti-H3K27ac antibody (ab4729, Abcam) were performed as 16 

previously described [15]. Using 10 ng immunoprecipitated and input DNA, a sequencing 17 

library was prepared using a GeneNext NGS Library Prep Kit (TOYOBO, Osaka, Japan). 18 

DNA fragments between 150 bp and 400 bp were purified using Agencourt AMPure XP 19 

(Beckman Coulter, CA, USA) after 8 cycles of PCR amplification, and were sequenced by 20 

Illumina HiSeq-X in 150 bp paired-end mode at a final sequencing depth around 30-54 21 

million reads. The sequencing data of GM12878 for H3K27ac were obtained from 22 

ENCODE (https://www.encodeproject.org/).  23 

Sequencing data were aligned to the hg38 using bowtie2 (v2.4.1) [16] using default 24 

parameters. Duplicates were removed using samtools (v1.16.1). Fragment pileup at every 25 

base pair was normalized to reads per million mapped reads and was displayed with the 26 

location of peaks in the Integrative Genomics Viewer [17]. Super-enhancers were called as 27 

previously reported [18, 19]. First, peaks called by MACS2 [20] at ±2,500 bp around TSS 28 
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were excluded, and peaks at a distance smaller than 12,500 bp were stitched into a single 1 

peak. Pileup signals in each stitched peak were summed and normalized to reads per 2 

million per bp (rpm/bp), and the resultant value was used as read density. To distinguish 3 

enhancers and super-enhancers, all stitched peaks were ranked along the x-axis by the 4 

background-subtracted ChIP-seq read density in increasing order, and the threshold was 5 

the intersection of the slope of 1 tangent to the curve produced by the ranking. Peaks 6 

below and above the threshold were defined as typical enhancers or super-enhancers, 7 

respectively. Annotation of each peak was performed with UROPA [21]. 8 

Heatmaps of ChIP/input enrichment around the peaks were created from deepTools 9 

(v3.5.1) [22] using bamCompare, computeMatrix, and plotHeatmap. GREAT (v4.0.2) was 10 

used to annotate the potential functions of the peaks with default parameters [23]. A gene 11 

most proximal to a region with H3K27ac change was considered to be affected by the 12 

change. BigWig files for visualization in the Integrative Genomics Viewer (IGV) were 13 

generated by deepTools using bamCoverage with options (--binSize 10 --normalizeUsing 14 

RPGC --effectiveGenomeSize 2913022398 --ignoreForNormalization chrX 15 

--extendReads). 16 

 17 

Single-cell Assay for Transposase-Accessible Chromatin Sequencing (single-cell 18 

ATAC-seq) 19 

Nucleus was isolated from gastric mucosa stored in STEM-CELLBANKER 20 

(ZENOAQ, Fukushima, Japan) freezing medium at –80°C according to the protocol 21 

descried by 10x Genomics (CA, USA) 22 

(https://www.10xgenomics.com/support/single-cell-atac), and a library was prepared using 23 

Chromium Next GEM Single Cell ATAC Kit (v1.1) (10x Genomics). The prepared library 24 

was sequenced by Illumina HiSeq-X. Using the sequencing data, quality control and 25 

pre-processing were performed by the Cell Ranger ATAC v2.0.0. The processed files 26 

(fragments.tsv files) were analyzed using ArchR (v1.0.2) [24] R package. 27 
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Briefly, the sequencing data were aligned to the hg38. Arrow files were created using 1 

the cells retaining cell barcodes with at least 2,000 fragments and a TSS enrichment score 2 

> 6. Doublets were identified and filtered using addDoubletscores and filterDoublets 3 

(filter ratio = 2.5). LSI iterative dimension reduction was performed with default 4 

parameters. Batch correction among the samples was performed using Harmony [25]. 5 

Clustering was performed using addClusters with default parameters before UMAP 6 

dimensional reduction. Smoothing the dropout noise in the gene scores, included in the 7 

arrow files, was performed using addImputeWeights. Clusters were constructed by UMAP 8 

plot and the individual clusters were annotated by the pre-existing cell type-specific 9 

marker genes [10] (Table S10). High gene scores of the marker genes in the annotated 10 

clusters were confirmed by plotMarkerHeatmap. Trajectory analysis from gastric cells to 11 

IM-pit cells was performed using addTrajectory following addPeakmatrix with default 12 

parameters. 13 

 14 

Statistical analysis 15 

Unsupervised hierarchical cluster analyses were performed using R 4.0.5 with the 16 

gplots package. Volcano plot analyses were performed using R 4.0.5 with the ggplot2 17 

package. Similarities of methylation levels of the probes were compared by Pearson’s 18 

correlation coefficient. Continuous variables were compared using Welch's t test. P-values 19 

< 0.05 were considered statistically significant. 20 

  21 
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Supplementary Figure legends 1 

 2 

Fig. S1 3 

HE staining of gastric mucosa of resected specimen. Seven IM mucosa samples and eight 4 

non-IM mucosa samples were evaluated. The scale bar: 100 μm. 5 

 6 

Fig. S2 7 

Extensive DNA methylation changes in IM crypts. (a) Scatter plot analysis using 8 

methylation levels of total CpG sites. The IM and non-IM crypt samples from the same 9 

patient showed distinct DNA methylation profiles while the IM (or non-IM) crypt samples 10 

from different patients showed similar methylation profiles. Patient numbers are shown 11 

after “IM_” or “Non-IM_”. (b) Unsupervised hierarchical cluster analysis using the 12 

methylation levels of the crypt samples of IM (n = 6), non-IM (n = 8), normal stomach (n 13 

= 1), and small intestine (n = 6). Left panel: Using the 20,000 CpG sites located in the 14 

CpG shore with the highest standard deviation (HSD), the IM crypt samples were 15 

separated from the non-IM crypt samples, and were clustered with the small intestinal 16 

crypt samples. Right panel: Using the 2,000 CpG sites located in intergenic CpG islands 17 

(CGIs), the IM crypt samples were clearly separated from the non-IM and small intestinal 18 

crypt samples. (c) Volcano plot analysis using DNA methylation levels of genomic blocks 19 

in promoter CGIs. The IM crypt samples showed extensive DNA hypermethylation 20 

compared with the small intestinal crypt samples. 21 

 22 

Fig. S3 23 

The clinical consequence for GC patients with IM-specific methylation profile. (a) The 24 

analysis of mucosal biopsy samples in the GEO database (accession # GSE103186). IM 25 

samples had high methylation levels of IM-specific markers. (b) Comparative analysis 26 

between the incidence of IM-type GC in the patients and the proportion of IM cells in 27 
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their total background gastric mucosa. If a patient's cancer is derived from a precursor 1 

clone with IM, it is expected to exhibit an IM-specific methylation profile. (c) 2 

Kaplan-Meier analysis of the patients with IM-type and non-IM-type GCs. The patients 3 

with IM-type GC tended to have better overall survival (OS) than those with non-IM-type 4 

GC (P = 0.084).  5 

 6 

Fig. S4 7 

Drug sensitivity possibly involved in IM-specific methylation profile. (a) 8 

Unsupervised cluster analysis using the IM-specific methylation markers. The gastric 9 

cancer cell lines were separated into 26 IM-type and three non-IM-type ones. (b) 10 

Sensitivity of gastric cancer cell lines to 5-FU. The two IM-type cell lines (AGS and 11 

44As3) tended to show higher sensitivity than the two non-IM-type cell lines (GCIY and 12 

HSC60). 13 

 14 

Fig. S5 15 

Abnormal NOS2 expression in IM cells shown by single-cell RNA-seq data [10]. (a) The 16 

t-SNE plot of cells from H. pylori-negative mucosa samples (n = 3) and positive mucosa 17 

samples with IM (n = 3). The cells were colored based on the samples. The clusters were 18 

clearly separated according to the H. pylori infection status. Potentially IM-specific 19 

clusters were shown by dotted circle. (b) The t-SNE plots with NOS2 (right) and CDX2 20 

(left) expression. NOS2-positive cells were detected only in three H. pylori-positive 21 

samples. 22 

 23 

Fig. S6 24 

DNA methylation induction by NOS2 expression in normal cells. (a) DNA methylation 25 

analysis of DOX-treated (4-week) and untreated parental cells (293FT and HGEC6B). 26 

There was no inherent effect of DOX. (b) DNA methylation analysis of DOX-treated 27 
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(10-week and 20-week) and untreated (10-week and 20-week) inducible cells (293FT and 1 

HGEC6B). NOS2 induction was shown to induce aberrant DNA methylation (Δβ ≥ 0.2) in 2 

a large number of CpG sites. CpG sites with a β-value ≥ 0.2 are in triangles with red 3 

broken lines, and their numbers are noted. (c) DNA methylation analysis after switching 4 

DOX-off in inducible cells (293FT and HGEC6B). (d) DNA methylation analysis of 5 

NOC18-treated (10-week and 20-week) and untreated parental cells (0-week). NOC18 6 

treatment induced slight DNA methylation. CpG sites with a β-value ≥ 0.2 are in triangles 7 

with a red broken line, and their numbers are noted.  8 

 9 

Fig. S7 10 

Enhancer and super-enhancer reprograming involved in abnormal CDX2 and NOS2 11 

expression in IM. (a) Overlapping between the binding peaks of RELA and H3K27ac in 12 

the NOS2 enhancer region. Genome browser views of ChIP-seq for RELA using a 13 

leukocyte cell line (GM12878), added to those for H3K27ac using mucosa samples. The 14 

binding peaks of RELA overlapped with those of H3K27ac. (b) Total super-enhancers 15 

identified by the ROSE program ranked by H3K27ac signal intensities. The IM mucosa 16 

gained multiple super-enhancers, including one for CDX2. (c) Gene ontology analysis by 17 

GREAT for the super-enhancer regions. The IM mucosa gained multiple super-enhancers 18 

related to wound healing and immune system development. The eight enriched Gene 19 

Ontology (GO) annotations are shown. Statistics: one-sided binomial test. 20 

 21 

Fig. S8 22 

Chromatin opening statuses in upstream regions of tumor-suppressor genes. The promoter 23 

regions of tumor-suppressor genes had frequent closed chromatin in IM-pit cells compared 24 

with those in all types of gastric cells.  25 

 26 
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Fig. S9 1 

Trajectory analysis from gastric cells (Gastric chief_1, Gastric chief_2, Gastric pit and 2 

Gastric mucous neck) to IM_pit cells. Only an abrupt shift can be observed from gastric 3 

cells to IM-pit cells based upon the nucleosome positionings.  4 
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