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Abstract 

Intestinal metaplasia (IM) is a risk factor for gastric cancer following infection with 

Helicobacter pylori. To explore the susceptibility of pure gastric IM to cancer 

development, we investigated genetic alterations in single IM gastric glands. We isolated 

50 single IM or non-IM glands from the inflamed gastric mucosa of 11 patients with 

intramucosal gastric carcinoma (IGC) and 4 patients without IGC; nineteen single glands 

in the non-inflamed gastric mucosa of 11 individuals from our cohort and previous dataset 

were also included as controls. Whole exome sequencing of single glands revealed 

significantly higher accumulation of somatic mutations in various genes within IM glands 

compared with non-IM glands. Clonal ordering analysis showed that IM glands expanded 

to form clusters with shared mutations. Additionally, targeted-capture deep sequencing 

and copy number (CN) analyses were performed in 96 clustered IM or non-IM gastric 

glands from 26 patients with IGC. CN analyses were also performed on 41 IGC samples 

and the Cancer Genome Atlas-Stomach Adenocarcinoma datasets. These analyses 

revealed that polyclonally expanded IM commonly acquired copy number aberrations 

(CNA), including amplification of chromosomes 8, 20, and 2. A large portion of clustered 

IM glands typically consisted of common CNAs rather than other cancer-related 

mutations. Moreover, the CNA patterns of clustered IM glands were similar to those of 

IGC, indicative of precancerous conditions. Taken together, these findings suggest that, 

in the gastric mucosa inflamed with H. pylori infection, IM glands expand via acquisition 

of CNAs comparable to those of IGC, contributing to field cancerization. 

 

Statement of Significance  
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This study contributes to our understanding of gastric intestinal metaplasia as a risk 

factor for gastric adenocarcinoma via their multifocal expansion and acquisition of copy 

number aberrations and somatic mutations. 

 

Introduction 

Gastric cancer is one of the leading causes of cancer-associated mortality 

worldwide(1). Gastric adenocarcinoma is classified into two histological subtypes: 

intestinal-type and diffuse-type(2). The more prevalent form of intestinal-type gastric 

adenocarcinoma is thought to develop as a stepwise progression of histologic stages 

initiated by chronic gastritis, leading to atrophic gastritis, intestinal metaplasia (IM), and 

dysplasia(3). Helicobacter pylori infection is an important inducer of this progression(4). 

Indeed, 0.21–0.49% of patients with IM are at risk of developing gastric cancer each 

year(5). Even after eradication therapy for H. pylori, IM remains a risk factor for gastric 

cancer development(6). However, some reports have shown that metaplasia is simply a 

lesion that forms as an adaptation to environmental stimuli, such as chronic 

inflammation(7,8). Thus, whether IM represents a precursor lesion, or simply a 

confounding factor, for gastric cancer remains unknown. 

Cancer cells are generated from normal epithelial cells through stepwise 

accumulation of genetic alterations(9–11). Recent studies have demonstrated that genetic 

alterations spontaneously accumulate in normal cells in association with ageing(12). 

During inflammation-associated carcinogenesis, the generation of genetic alterations can 

be accelerated by various factors, including reactive oxygen species and the activity of 

endogenous DNA mutator enzymes, including activation-induced cytidine deaminase 

(13–16). Indeed, we have previously reported that somatic mutations accumulate in 
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various genes within gastric tissues inflamed with H. pylori infection(17). Further, 

another group reported the genomic and epigenomic profiles of gastric mucosa with IM 

and stratified individuals as high-risk for development of gastric cancer according to the 

genomic and epigenomic alterations in their gastric mucosa(18). These data suggest that 

the inflamed gastric mucosa with IM contains more genetic alterations than uninflamed 

mucosa. However, genetic analyses using mass tissues, such as biopsy samples, could not 

accurately clarify the true genetic aberrations in non-cancerous gastric glands. 

Considering that cancer cells are derived from epithelial cells, investigation of genetic 

alterations in pure gastric epithelial cells is important for determining the mechanism of 

gastric carcinogenesis. Gutierrez-Gonzalez et al. used laser capture microdissection and 

Sanger sequencing to demonstrate that multiple cells in metaplastic glands share a 

common mitochondrial DNA mutation, and metaplastic and dysplastic glands can be 

genetically related, suggesting that gastric cancer can arise from metaplasia(19,20). 

However, there has been no comprehensive genetic analysis of gastric glands consisting 

solely of epithelial cells, including IM. Therefore, in the present study, we clarified the 

genetic alterations in their entirety in gastric single IM glands by single gland isolation 

from fresh samples. Furthermore, to clarify how IM contributes to field cancerization, we 

investigated genetic aberrations in clustered lesions consisting purely of IM and 

compared them with those in early-stage gastric cancer. 

 

Materials and Methods 

Study population 

In total, we enrolled 67 patients who were admitted to Kyoto University hospital 

from 2007 through 2021 (Fig. 1a, Supplementary Fig. S1). Among them, 41 patients were 
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treated with endoscopic submucosal dissection for differentiated intramucosal gastric 

carcinoma (IGC), classified using the Vienna classification(21), and had inflamed gastric 

mucosa due to current, or previous, H. pylori infection. Seven patients without IGC, 

including four with H. pylori-related inflamed mucosa and three with non-inflamed 

mucosa were treated for other diseases, such as gastric submucosal tumors. 19 IGC 

patients enrolled in a previous study(22) were included in the current study based on an 

opt-out method of consent. 

For whole-exome sequencing (WES) of gastric single glands, 36 single glands in the 

inflamed mucosa from 11 patients with IGC, 14 single glands in the inflamed mucosa 

from 4 patients without IGC, and 6 single glands in the non-inflamed mucosa from 3 

patients with gastric submucosal specimens were obtained as described below. For WES 

of IGC, cancer components were obtained from formalin-fixed paraffin-embedded 

(FFPE) tissue specimens collected from the same 11 patients used for WES of gastric 

single glands. For targeted-capture deep sequencing and copy number (CN) analysis, 72 

clustered IM glands and 24 clustered non-IM glands in the inflamed mucosa from 26 

patients with IGC were obtained as described below; of these, 2 patients were included 

in the above-mentioned WES analysis. We also re-analyzed previously reported CN 

microarray data for 41 IGC samples from 19 patients. For transcriptome analysis, five 

clustered IM glands and three clustered non-IM glands in the inflamed mucosa from six 

patients with IGC were obtained as described below. The characteristics of the 

participants are summarized in Supplementary Table S1. 

 All protocols were approved by the ethics committee of Kyoto University (G0463, 

G1084, G1315) and complied with all provisions of the Declaration of Helsinki. Clinical 

samples were obtained with written informed consent or based on an opt-out method of 
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consent from all participants.  

 

Isolation of gastric single IM glands and clustered IM glands 

We endoscopically and microscopically confirmed the non-cancerous regions in 

specimens endoscopically resected for IGC and obtained non-cancerous tissue samples 

using a punch biopsy with a 2 mm diameter (BP-20F, Kai Industries, Tokyo, Japan) (Fig. 

1b, c). We confirmed that the accompanying cancerous tissues were not included in the 

collected samples based on histological analysis of the remaining tissue. Gastric mucosa 

samples from patients without IGC were obtained using the surgically resected specimens 

or biopsy specimens. After incubating the samples in 20 mM EDTA phosphate-buffered 

saline, the gastric epithelium was manually dissociated from non-epithelial components 

as described previously(23). We then stained the samples with Alcian blue dissolved in 

3% acetic acid at 4 ℃ for 20 min and distinguished IM glands from non-IM glands based 

on the presence or absence of goblet cells (Fig. 1b, d). For WES of gastric single glands, 

we isolated “single IM glands” and “single non-IM glands” from inflamed gastric mucosa, 

as well as “single normal glands” from non-inflamed gastric mucosa. To analyze the 

expansion of gastric glands, we also isolated clustered lesions consisting of pure IM 

glands or pure non-IM glands, referred to as “clustered IM glands” or “clustered non-IM 

glands,” respectively.  

 

Whole-genome amplification (WGA) and WES of gastric single glands 

For WES of gastric single glands, genomic DNA (gDNA) was extracted from each 

single gland and split into two aliquots; WGA was performed for each aliquot 

independently using the REPLI-g Single Cell Kit (Qiagen, Hilden, Germany) as described 
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previously(23) (Supplementary Fig. S2). The details of WES are described in 

Supplementary Methods.  

 

Targeted-capture deep sequencing of gastric clustered glands 

gDNA was extracted from gastric-clustered glands using the QIAamp DNA Micro 

Kit (Qiagen) or phenol-chloroform methods. Libraries were constructed using xGen 

custom-designed Gene Capture Pools (Integrated DNA Technologies, Coralville, IA, 

USA) to cover the 98 relevant targeted genes (Supplementary Table S2). We also used the 

xGen CNV Backbone Panel as a spike-in panel to analyze the CN of gastric clustered 

glands(24). The details of gene selection, sample preparation, and sequencing are 

described in the Supplementary Methods. 

 

CN analysis 

Sequenced reads of single glands and clustered glands were re-aligned to the human 

reference genome GRCh37 for CN analysis. We calculated the log2 ratio of each sample 

using CNACS as described previously(23). We obtained the copy number aberration 

(CNA) score for CN gain and loss separately using the web application tool CNApp (25). 

The score was categorized as follows: broad copy number score (BCS), which represents 

the chromosome or arm level aberrations, and focal copy number score (FCS), which 

represents the focal CNAs. We also used Copy Number Explorer(26) to calculate the 

segment gain or loss (SGOL) score representing the total number of samples crossing the 

thresholds of segmented log2 ratio. The default cutoff value of the log2 ratio was <-0.2 

and >0.2. High absolute SGOL scores indicate a high frequency and/or magnitude of 

alterations across samples(27,28). To evaluate similarity in the CNAs of non-IM glands, 
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IM glands, and IGC, we re-analyzed previously reported CN microarray data from 41 

IGC samples using the OncoScan CNV FFPE assay kit (Affymetrix, Santa Clara, CA, 

USA)(22). We obtained the CNA scores and SGOL scores based on the log2 ratio in a 

range longer than 0.34 Mb, as the xGen Backbone Panel is designed across every 0.34 

Mb of the genome. We also calculated the CNA scores and SGOL scores of cases from 

The Cancer Genome Atlas (TCGA)-Stomach Adenocarcinoma (STAD) and plotted the 

SGOL scores using Copy Number Explorer. 

 

External data 

For genetic analysis of early-stage gastric cancer and non-inflamed gastric mucosa, 

we re-analyzed the gastric adenocarcinoma dataset in TCGA-STAD 

(https://portal.gdc.cancer.gov/projects/TCGA-STAD) (Fig. 1a, Supplementary Table S3, 

S4) and a previous study (accession number JGAS000313)(29)(Fig. 1a, Supplementary 

Table S1), respectively. Sample selection is detailed in the Supplementary Methods.  

 

Data availability statement 

Sequence data have been deposited in the Japanese Genotype–phenotype Archive 

(https://trace.ddbj.nig.ac.jp/jga), which is hosted by the DDBJ, under accession number 

JGAS000269. 

 

Results 

Genetic analysis of gastric single IM glands 

To investigate the glands that are genetically susceptible to cancer development, we 

first sought to examine the genetic alterations in single IM glands or non-IM glands in 
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gastric mucosa. We collected gastric mucosa from endoscopic submucosal resection 

samples, identified IM glands or non-IM glands by Alcian blue staining, and isolated 

single IM glands or non-IM glands (Fig. 1b-d). After WGA of single-gland DNA, we 

conducted WES to detect genetic alterations (Supplementary Fig. S2). The variant allele 

frequency (VAF) distribution of mutations in single glands showed a peak of 

approximately 0.5, and genetic alterations with VAF ≥ 0.25 were matched at 97.7% in 

two independent analyses of the same samples (Supplementary Fig. S3a-c). To 

investigate the precise genetic alterations existing clonally in single glands and to 

minimize WGA and sequencing errors, we applied VAF ≥ 0.25 as a cutoff value for 

detecting genetic alterations by WES of single glands, which was the same parameter 

used for colon crypt analysis in a previous study(23). 

 

Gastric single IM glands highly accumulate mutations and CNAs 

We isolated 50 single IM glands or non-IM glands in inflamed gastric mucosa from 

11 patients with IGC and 4 patients without IGC, and performed WES after WGA (Fig. 

1a, Supplementary Fig. S1). As controls, we performed WES on 6 single normal glands 

in non-inflamed gastric mucosa and re-analyzed WES data of 13 single normal glands 

from 8 individuals, which were performed by the same methods as in the present 

study(29). The mean depth of targeted regions in single glands was 88.3× (54.5×–142.1×), 

while that in leukocytes was 89.5× (62.6×–141.3×) (Supplementary Table S5). The mean 

number of mutations in single normal glands was 17.8, whereas those in single non-IM 

glands and single IM glands were 29.8 and 80.8, respectively. Simple linear regression 

analysis showed that single IM glands acquired 1.105 mutations per year (R2 = 0.934), 

which was 2.7- and 3.4-fold greater than those in single non-IM glands (0.407 mutations 
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per year, R2 =0.825) and single normal glands (0.325 mutations per year, R2 = 0.894), 

respectively (Fig. 2a, b, Supplementary Table S6, S7). The same trends were observed 

following analysis of only synonymous mutations (Supplementary Fig. S4a, 

Supplementary Table S6, S7). There was no difference in number of mutations of single 

IM glands or non-IM glands between patients with IGC and without IGC (Supplementary 

Fig. S4b) and no relationship between histological atrophic degrees and genetic 

alterations (Supplementary Fig. S4c). Somatic mutations in single normal glands and 

single non-IM glands were within the range predicted to be acquired spontaneously in 

normal cells of various tissues(12), whereas single IM glands had more mutations than 

those predicted in normal cells. We also investigated CNAs in single IM glands and non-

IM glands by analyzing WES data with the CNACS pipeline(23,30). WGA samples of 

single normal glands were used as controls to reduce the artifacts of WGA and sequencing. 

Seven of the 29 single IM glands showed CNAs, including amplification of chromosomes 

2, 7, 8, 13, and 20. On the other hand, 4 of 21 single non-IM glands showed CNAs, 

including amplification of chromosomes 13 and 20 (Fig. 2c, Supplementary Fig. S5 and 

Supplementary Table S8). 

To elucidate the reason gastric IM glands are susceptible to genetic alterations, we 

first analyzed the mutation signatures of gastric single glands, which represent the total 

mutagenesis from their birth to the present time. C to T substitutions at the CpG site, or 

signature 1, were clearly dominant in single IM glands (Fig. 3a, b, and Supplementary 

Fig. S6). This result suggests that IM glands had an increased cell turnover till that time. 

Furthermore, we performed transcriptome analysis of eight gastric clustered IM or non-

IM glands. Interestingly, the expression of gene sets related to DNA repair, G2/M 

checkpoint, and mitotic spindle was reduced in IM glands compared to that in non-IM 
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glands (Supplementary Fig. S7 and Supplementary Table S9, S10). The reduction in the 

functions of DNA repair, G2/M checkpoint and mitotic spindle might be associated with 

the increase in somatic mutations and CNAs. Although these expression profiles were 

biased by the timing of sampling, they might be the possible cause of the increased rate 

of genetic alterations in gastric IM glands. 

To compare somatic mutations in gastric single glands with those in gastric cancer, 

we performed WES of IGC using FFPE tissues from the same 11 cases used for gastric 

single-gland analysis. The mean targeted depth was 97.9× (66.8×–123.4×) 

(Supplementary Table S5), and averages of 89.65 (30‒175) and 1591 mutations (1425‒

1777) were found in IGC with microsatellite stability (MSS) and instability (MSI), 

respectively (Supplementary Table S7, S11). Furthermore, we re-analyzed the WES data 

of submucosal gastric carcinoma at stage IA and gastric adenocarcinoma at stage IB, 

excluding MSI and hypermutated-single-nucleotide variant predominant (HM-SNV) 

cancer, using TCGA database. Averages of 81.4 (47‒109) and 203.4 (38–671) mutations 

were observed in submucosal gastric carcinoma at stage IA and gastric adenocarcinoma 

at stage IB, respectively (Fig. 2b). Taken together, these results suggest that single IM 

glands in patients with gastric cancer had similar numbers of somatic mutations as those 

in intramucosal and submucosal gastric carcinoma, although statistical analysis was not 

performed due to the differences in research protocols used.  

 

Several cancer-related mutations exist in gastric single IM glands 

Among the mutated genes identified in gastric single glands, 34 genes were 

recurrently mutated as non-synonymous mutations in ≥ 3 cases (Fig. 4a and 

Supplementary Fig. S8). Mutations in MUC6, TTN, MUC19, RYR2, THSD7B, MUC16, 
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SYNE1, and ADGRL3 were observed frequently in single IM glands or single non-IM 

glands. Twenty-five of these 34 genes were likely susceptible to mutations due to their 

relatively large size, longer than 50,000 bases. Meanwhile, no mutated genes or pathways 

were specifically enriched in single IM glands or single non-IM glands.  

The detected mutations were classified as established cancer-related genes (Tier1), 

suspected cancer-related genes (Tier2), or unregistered genes based on the Catalogue of 

Somatic Mutations in Cancer (COSMIC) cancer gene census(31). We defined both Tier1 

and Tier2 as cancer-related genes in the present study. Limited to cancer-related genes, 

single IM glands showed 3.4 non-synonymous mutations on average, including those in 

KMT2C, KMT2D, FAT4, and ATM, which were reported to be frequently observed in 

gastric cancer, whereas single non-IM glands and normal glands showed an average of 

1.4 and 0.9 non-synonymous mutations, respectively (Fig. 4b and Supplementary Fig. 

S9). Mutations in KMT2C, KMT2D, FAT3, FAT4, ATM, LRP1B, ATRX, ARID2, GNAS, 

TNC, and IRF4 were identified in the IM glands of two or more cases. Among them, 

several mutations were predicted as functionally damaged (Supplementary Table S6), but 

no mutations were detected in the driver genes crucial for gastric cancer development, 

such as TP53, ARID1A, APC, CDH1, and RHOA. It was predicted that single glands with 

incomplete IM had more mutations than those with complete IM (Supplementary Fig. 

S10a,b), whereas no relationship was found between the number of cancer-related 

mutations and IM subtypes (Supplementary Fig. S10c,d). 

In contrast, an average of 6.0 and 79.7 non-synonymous mutations in cancer-related 

genes were identified in IGC with MSS and MSI, respectively. TP53, ARID1A, and APC 

mutations were observed in 4, 3, and 2 of the 11 IGC cases, respectively (Supplementary 

Table S11). Furthermore, an average of 5.2 (0‒8) and 10.1 (3–30) cancer-related 
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mutations were observed in submucosal gastric carcinoma at stage IA and gastric 

adenocarcinoma at stage IB of the TCGA dataset, respectively. These findings suggest 

that single IM glands have similar number of mutations, but fewer number of cancer-

related mutations compared to IGC. 

 

Gastric IM glands expand to form aggregates 

In inflamed gastric mucosa, aggregates of IM are often observed by endoscopic and 

histologic examination. To investigate how gastric glands expand in inflamed gastric 

mucosa, we first performed clonal ordering analyses using the genomic data of multiple 

single glands from each 2 mm punch biopsy (Fig. 5 and Supplementary Fig. S11). Among 

the pairs of single IM glands in the 10 IM aggregates, five pairs located less than 0.5 mm 

from each other showed common genetic alterations that accounted for over half of those 

detected in each single gland. Four of the five pairs of single IM glands located more than 

0.5 mm from each other showed relatively fewer common genetic alterations 

(Supplementary Fig. S12). Pairs of single non-IM glands in punched-out lesions also 

showed common genetic alterations in four of six cases; however, their proportion was < 

50%. These findings suggest that gastric glands expand during chronic inflammation and 

that IM glands from multiple origins expand clonally, resulting in the formation of IM 

aggregates.  

Next, to clarify the genetic alterations involved in the expansion of gastric glands, 

we investigated genetic alterations in clustered lesions consisting purely of IM glands or 

non-IM glands by deep sequencing. We obtained 72 clustered IM glands and 24 clustered 

non-IM glands from the inflamed gastric mucosa of 26 patients with IGC (Fig. 1a, 

Supplementary Fig. S1). Approximately 150–300 glands were included per clustered 
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gland. The exons of the total 98 genes in 95 clustered glands, with the exception of one 

clustered IM gland, were captured and deep-sequenced. The details of targeted genes are 

described in the Supplementary Methods and Supplementary Table S2. Further, we 

applied a VAF cutoff value ≥ 0.02 to detect mutations prevailing in more than 4% of the 

clustered glands. The mean targeted depth was 585.4× (282.4–989.3×) (Supplementary 

Table S12), and 176 mutations in 25 genes were detected in 95 clustered glands (Fig. 6a). 

We then randomly selected 48 mutations that were successfully validated via PCR-based 

deep sequencing analysis.  

The number of somatic mutations in targeted genes was similar between clustered 

IM glands and clustered non-IM glands (1.92 vs 1.67 on average, respectively, p = 0.60). 

The most frequently mutated genes were MUC6, CSMD1, CCDC168, and RYR2, none of 

which have been reported as cancer-related genes classified as Tier1 or Tier2 (Fig. 6a, 

Supplementary Table S13). Among them, CSMD1 was frequently mutated in clustered 

IM glands (p < 0.05) according to Fisher’s exact test; however, the dN/dS ratio of CSMD1 

was approximately 1 (Supplementary Table S14), indicating the presence of passenger 

mutations. On the other hand, MUC6 was frequently mutated in clustered non-IM glands 

(p < 0.05), and the dN/dS ratio of MUC6 was high (Supplementary Table S14), suggesting 

an involvement in the positive selection. For cancer-related genes, clustered IM glands 

showed more mutations compared to clustered non-IM glands; however, the difference 

was not significant (0.27 vs 0.13 per sample, respectively, p = 0.39) and most of these 

mutations were predicted as functionally non-damaged (Supplementary Table S13). No 

mutations were detected in crucial driver genes, including TP53, ARID1A, APC, CDH1, 

and RHOA. The VAF in 136 of 176 mutations (77.3%) was < 0.1 (Fig. 6b). Five of the 71 

clustered IM glands had mutations at VAF > 0.3, whereas none of the 24 clustered non-
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IM glands had mutations at VAF > 0.3. There was no shared mutation between clustered 

IM or non-IM glands and IGC, although these clustered glands were located far from IGC 

(Supplementary Table S15). These results suggest that gastric glands expanded, to some 

extent, in inflamed gastric mucosa, and that IM glands were more highly expanded than 

non-IM glands, forming aggregates.  

 

IM expands with accumulation of CNAs before acquiring driver mutations 

Targeted-capture deep sequencing analysis of clustered glands revealed that somatic 

mutations did not significantly contribute to the expansion of inflamed gastric glands. We, 

therefore, performed autosomal CN analyses for 96 clustered glands of inflamed gastric 

mucosa. Interestingly, CNAs were identified in 33 of the 72 clustered IM glands, whereas 

only 2 glands among the 24 clustered non-IM glands had CNAs (Supplementary Fig. S13 

and Supplementary Table S16). There was no significant relationship between IM 

subtypes and CNAs (Supplementary Fig. S14). The CNA score revealed that clustered 

IM glands had significantly broader CN gain compared to clustered non-IM glands (BCS 

1.62 vs 0.17, p = 0.0121; Fig. 7a), whereas no difference was observed between clustered 

IM and non-IM glands in terms of CN loss (BCS 0.11 vs 0, p = 0.61. FCS 0.51 vs 0, p = 

0.757) or focal CN gain (FCS 0.56 vs 0, p = 0.535; Fig. 7a). To compare the CNAs of IM 

or non-IM glands with those of gastric cancer, we calculated the autosomal CNA score 

for 41 IGC from our previous study(22), as well as 10 submucosal gastric carcinoma 

samples at stage IA and 34 gastric adenocarcinoma samples at stage IB from TCGA 

database. Broad CNAs showed similar trends between IM and IGC and were significantly 

increased in submucosal gastric carcinoma as well as in stages that were more progressive. 

In contrast, focal CNAs were increased in IGC compared to those in IM glands (Fig. 7a).  
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Next, to evaluate the chromosomal changes that may contribute to expansion of the 

gastric glands, we calculated and plotted SGOL scores of clustered IM glands and 

clustered non-IM glands (Fig. 7b). CNAs frequently observed in clustered IM glands 

showed broad gains in chromosomes 2, 8, 13, and 20; whereas broad gains in 

chromosomes 13q and 20 were also detected in some clustered non-IM glands. 

Chromosome 8 contains MYC, chromosome 2 contains MYCN and ERBB4, and 

chromosome 20 contains GNAS, SALL4, and SRC, suggesting that their overexpression 

is involved in gastric gland proliferation. Among these genes, MYC and SRC proteins 

were highly expressed in IM glands compared to non-IM glands (Supplementary Fig. 

S15). To evaluate the similarity of the CNA distribution between IM and gastric cancer, 

we calculated and plotted the SGOL scores for gastric cancer (Fig. 7b). The distribution 

of CN gain in IM glands was similar to that in IGC and more progressive stages. CN loss 

was frequently observed in stage IA and IB gastric carcinoma, whereas it was rarely 

observed in gastric IM glands and non-IM glands. Furthermore, fluorescence in situ 

hybridization (FISH) analyses confirmed that amplification of chromosome 8 and MYC 

were shared in IGC and their adjacent IM glands (Supplementary Fig. S16). These results 

suggest that broad CN gains, including gain of chromosomes 8 and 20, were acquired by 

IM before malignant transformation, and that focal CNAs and broad CN loss emerged 

from the early stage of gastric cancer. 

To investigate whether CNAs are related to clonal expansion of IM glands, we 

evaluated the proportion of each CNA in clustered IM glands. Considering the result of 

single-gland CN analyses, we assumed that the CN became 1 or 3 under the condition 

that whole cells acquired CN gain or CN loss, respectively. Interestingly, 42/86 (49%) 

CNAs in clustered IM glands had spread to more than 50% of the glands (Fig. 7c, 
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Supplementary Table S16). Particularly, 19/36 (53%) CNAs with gain of chromosome 8 

or 20 spread to more than 50% of the glands in IM. However, estimation of mutation 

VAFs in cancer-related genes in clustered IM glands revealed no mutated cancer-related 

genes with functional damage and VAF > 0.25 (Fig. 6b). These findings suggest that 

CNAs, rather than somatic mutations, could be involved in expansion of gastric IM glands.  

 

Discussion 

Gastric mucosa with IM is thought to represent a high-risk factor for gastric cancer. 

However, whether gastric IM serves as a precursor lesion or simply a confounding factor 

for gastric cancer is unclear. In this study, we clarified the landscape of genetic aberrations 

in pure IM glands and demonstrated that IM is susceptible to gastric cancer development. 

Currently, two methods are used to investigate the genomic data of pure gastric epithelial 

cells, the organoid culture method and analysis of single glands or single-cells(23,32,33). 

The former provides data on single stem cell-derived populations amplified by culture; in 

this method, selection bias due to only successfully cultured cells being analyzed is 

inevitable. The latter provides data on pure gastric epithelial cells; however, it involves 

WGA, which may increase contamination by artefacts. Previous studies have successfully 

minimized the artefacts of WGA using a specific platform(23,30), which was also applied 

in the present study. We also established original methods for isolating gastric single IM 

glands consisting of a single origin. Using these approaches, we obtained a complete view 

of genetic aberrations in gastric single IM glands and clustered IM glands and determined 

how IM may contribute to field cancerization in the stomach.  

In the current study, we demonstrated that single IM glands have similar numbers of 

somatic mutations as those in intramucosal and submucosal gastric carcinoma, which are 
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2.7- and 3.4-fold more than those in single non-IM and normal glands, respectively. 

However, IM glands lacked the crucial mutations for cancer development that contribute 

to gland expansion. Previously, we observed low-abundance TP53 mutations in inflamed 

gastric mucosa(17); Huang et al. also identified specific driver mutations, including those 

in TP53 and FBXW7, in gastric mucosa with IM(18). The present results suggest that 

driver mutations do not contribute to the expansion of most IM, although rare gastric 

glands or a small proportion of cells in gastric mucosa may possess these driver mutations. 

These results differ from those stating that TP53 mutations are frequently observed in 

vast regions of other organs with inflammation-associated carcinogenesis, such as 

ulcerative colitis and Barrett’s esophagus(34–37). 

CNAs were frequently observed in clustered IM glands, suggesting that CNAs 

contribute to the expansion of IM glands. Unexpectedly, the CNA pattern in IM glands 

was similar to that in IGC. Focal CNAs and CN loss were not frequently observed in IM 

glands and increased with adenocarcinoma progression from early to advanced stages. 

Among the CNAs commonly detected in IM glands and gastric cancer in the early stage, 

gain of chromosomes 8 and 20 was frequently observed. These chromosomes contain the 

oncogenes MYC, KAT6, and FGFR1 and SRC, SALL4, and GNAS, respectively, indicating 

their advantages to form a precancerous field, as proposed with KRAS mutations in the 

intestine(38,39). Gain of chromosome 2 was also frequently observed in IM glands, 

whereas this CNA was not common in gastric cancer. All clustered IM glands with gain 

of chromosome 2 also showed gain of chromosome 20 in this study, suggesting that 

chromosome 2 gain is a passenger alteration, or might have tumor suppressor functions. 

We showed that MYC and SRC were highly expressed in IM as representative molecules 

whose genes are located at these amplified chromosomes. However, further 



20 

 

comprehensive analyses, such as those of transcriptome or proteome may help us find 

essential pathways associated with positive selection and cancer development. These 

findings suggest that IM glands expand with the acquisition of CNAs and form a 

precancerous field multi-focally, possibly followed by malignant transformation through 

acquisition of additional genetic aberrations, such as cancer driver mutations and CN loss 

(Fig. 8).  

Whether gastric IM is the origin of gastric cancer has been argued. Several studies 

showed a possible genetic link of gastric IM and cancer tissues(40,41), and Gutierrez-

Gonzalez et al. demonstrated clonal relationship between IM glands and cancerous glands 

by laser capture microdissection of gastric glands adjacent to the gastric cancer using 

fixed samples and Sanger sequencing (19). In this study, we did not directly show their 

clonal relationship by comprehensive genetic analyses, because we could not obtain IM 

glands just adjacent to gastric cancer from fresh samples without the contamination of 

cancerous glands. Nevertheless, the present results that CNA patterns and the number of 

mutations in gastric IM and early-stage gastric cancer are similar could support the 

hypothesis that most intestinal-type gastric cancers originate from IM glands. To further 

clarify the origin of gastric cancer, additional studies for cancer formation dynamics, such 

as organoid research may be required. 

The present results indicate that IM glands have a higher risk for gastric cancer 

development than severe atrophic mucosa without IM. Various studies have demonstrated 

that the eradication of H. pylori reduces the incidence of gastric cancer (42,43). After 

eradication, the atrophic mucosa gradually recover, but most gastric IM remain(44), and 

gastric cancer still emerges with a high probability. Gastric cancer risk remains in IM 

glands in the gastric mucosa even after the eradication of H. pylori. Thus, to prevent 
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gastric cancer development, H. pylori eradication should be performed before the 

development of IM. For individuals with gastric IM, the affected region should be 

evaluated carefully using short-interval endoscopy as a surveillance for cancer 

development. Furthermore, our results suggest that IM glands with CNAs might be at the 

highest risk of gastric cancer development. For the detection of them in the clinical 

practice, the development of an assay that can analyze CNAs more easily and cost-

effectively is important. 

This study had certain limitations. First, we did not show clonal relationship between 

gastric IM and cancer directly as described above. Second, we focused on genetic 

aberrations existing clonally in each gastric single gland and did not address low-

abundance mutations in some cells of gastric single glands with very low VAF(17,45). 

Third, we investigated genetic data with inflamed stomach tissue from only 4 patients 

who had not developed gastric cancer. Although we obtained interesting data from the 

non-cancerous gastric mucosa of patients with gastric cancer to clarify the high-risk 

glands, these issues should be addressed in future studies. 

In summary, we demonstrated that gastric IM is susceptible to somatic mutations 

and CNAs, and that it expands multi-focally with the acquisition of CNAs commonly 

found in gastric cancer, resulting in field cancerization. The existence of IM in gastric 

atrophic mucosa inflamed by H. pylori infection is important for the surveillance of 

gastric cancer development. It is also important to determine the mechanism by which IM 

develops during chronic gastric inflammation in order to develop therapeutic and 

preventive approaches for gastric cancer specifically targeting IM.  
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Figure 1. Sample collection and isolation of gastric single- and clustered glands 

(a) Sample lists. “C” indicates patients with gastric cancer, whereas “WO” indicates 

patients without gastric cancer. All these patients had inflamed gastric mucosa with 

atrophic gastritis and intestinal metaplasia. “N” and “KGC” indicates cases with non-

inflamed gastric mucosa. WES+CN analyses were performed for single glands following 

WGA. Targeted-capture deep sequencing and CN analyses were performed for clustered 

glands. WES of FFPE samples was performed for IGC. Previous dataset and TCGA-

STAD dataset were re-analyzed*, **, ***. AG, atrophic gastritis; CN, copy number; GC, 

gastric cancer; IGC, intramucosal gastric cancer; WES, whole-exome sequencing. (b) 

Schematic for the gland isolation procedure. (c) Non-cancerous gastric tissue samples 

were collected from specimens endoscopically resected for IGC using a punch biopsy 

with a 2 mm diameter. (d) Macroscopic images to identify IM. Gastric epithelium was 

manually dissociated from non-epithelial components. After staining with Alcian blue, 

gastric single or clustered glands with the sole presence or absence of IM, were isolated. 

Contrast was enhanced by dehydration with ethanol. WGA, whole genome amplification.  

 

Figure 2. Somatic mutations and copy number aberrations in gastric single glands  
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(a) Number of somatic mutations detected by WES of single IM glands (orange), non-IM 

glands (green), and normal glands (blue). Closed- and open circles represent samples 

from the patients with and without IGC, respectively. Linear regression lines are shown 

with slope and R2. (b) Number of somatic mutations in gastric single glands (n = 71) and 

IGC with the MSS phenotype (n = 8) detected by WES in the present study, and those in 

gastric cancer at stage IA (n = 5) and stage IB (n = 20). (c) Representatives of copy number 

aberrations in single IM glands. The upper panel of each case represents the copy number 

and the lower one represents allelic ratio. 

 

Figure 3. Mutational signature analysis in gastric single glands  

(a) Sequence context of somatic mutations in IGC, single IM glands, non-IM glands, 

and normal glands in the stomach. (b) Mutation patterns determined in single normal 

glands, non-IM glands, IM glands, and IGC in the stomach. IGC, intramucosal gastric 

cancer. 

 

Figure 4. Mutations frequently detected in gastric single glands  

(a) Frequently mutated genes detected in more than three cases via WES of gastric single 

glands. Gene symbols for which mutations were detected in more than four cases are 

listed. Details are shown in Supplementary Fig. S8. (b) Mutated cancer-related genes 

detected in gastric single glands by WES. Genes were classified as Tier 1 (established 

cancer-related genes) or Tier 2 (suspected cancer-related genes) based on the COSMIC 

cancer gene census. Statistical analysis was performed using Mann–Whitney U-test. *p 

< 0.05. High-resolution image shown in Supplementary Fig. S9. 
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Figure 5. Clonal ordering analysis using somatic mutations detected in gastric single 

glands and accompanying IGC 

Three representative cases (C01, C03, C09) are shown. Each case represents narrow-band 

images obtained by endoscopy, macroscopic and Alcian blue-stained stereomicroscopic 

images of the resected specimen, scheme of sampling locations, Venn-diagram, and 

visualization of clonal ordering analysis of somatic mutations detected by WES of gastric 

single glands. Mutations in Tier 1 or Tier 2 genes are shown in clonal ordering analysis. 

Tissue samples including the border between the IM and non-IM region in the non-

cancerous area were obtained from the orange circle. Tumors are shown by the red dotted 

line in the endoscopic images.  

 

Figure 6. Somatic mutations detected in gastric clustered IM glands or non-IM 

glands  

(a) Mutated genes detected in gastric clustered glands by targeted-capture deep 

sequencing. The mutational frequencies of each gene detected in gastric clustered glands 

and in gastric cancer from the TCGA-STAD database are indicated using color bars. 

Genes were classified into Tier 1 (established cancer-related gene), Tier 2 (suspected 

cancer-related gene), and unregistered based on the COSMIC cancer gene census. FS, 

frameshift; NF, non-frameshift; NS, non-synonymous; S, synonymous; SNV, single-

nucleotide variant. Fisher’s exact test *p < 0.05. (b) VAF distribution of mutated genes in 

gastric clustered glands. Each dot represents the mutation detected in clustered glands. 

Black dots indicate Tier 1 or Tier 2 genes.  

 

Figure 7. CN analysis of gastric clustered glands and gastric cancers  
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(a,b) CNAs of gastric clustered glands in the present study, IGC (n = 41) from our 

previous study, and gastric cancer at stage IA (n = 10) and IB (n = 34) from TCGA-STAD. 

All gastric cancers at stage IA were submucosal carcinomas. (a) Distribution of broad and 

focal CN scores. CN scores for gain and loss were calculated separately. (b) Distribution 

of SGOL scores across the genome. Blue and red bars indicate gain and loss, respectively. 

(c) Proportion of CNAs in clustered IM glands. Each dot represents the CNA detected in 

clustered IM glands. The proportion of CNAs was calculated assuming that CN becomes 

1 or 3 under the condition that whole cells acquire CN gain or CN loss, respectively. BCS, 

broad copy number score; CNA, copy number aberration; FCS, focal copy number score; 

SGOL, segment gain or loss. 

 

Figure 8. Schematic for accumulation of genetic alterations and expansion of 

gastric glands during gastric carcinogenesis  

Schematic images of clonality, number of mutations, broad CN gain and loss, and focal 

CN gain and loss of the glands are shown in gastric normal glands, non-IM and IM 

glands of gastric mucosa inflamed by H. pylori infection, IGC, Stage IA gastric cancer 

(submucosal gastric carcinoma), and Stage IB gastric cancer. In the schematic image of 

clonality, the colored circle represents a gland, and blue open circles depict clonally 

expanded glands. Somatic mutations are accumulated in IM glands to the same degree 

as in IGC and submucosal gastric carcinoma (Stage IA). Broad CN gains are also 

accumulated in the IM glands to an extent similar to that in IGC, and broad CN loss and 

focal CNAs are increased with adenocarcinoma progression from early to advanced 

stages. Gastric IM glands expand multi-focally with the acquisition of CNAs, resulting 

in field cancerization, and are possibly followed by malignant transformation through 
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the acquisition of additional genetic aberrations, such as cancer driver mutations and 

further CNAs. CN, copy number; CNA, copy number aberration; IGC, intramucosal 

gastric cancer. 

 



33 

 

 



34 

 

 



35 

 

 



36 

 

 



37 

 

 



38 

 

 



39 

 

 

  



40 

 

 

Supplementary material and methods 

 

Whole-genome amplification (WGA) and whole-exome sequencing (WES) of gastric 

single glands 

After WGA of extracted DNA, one amplified DNA sample was used for WES 

analysis, whereas the other was used for the validation study. gDNA from peripheral 

blood was extracted using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) 

and used as a germline control. The quantity and purity of gDNA were assessed using a 

Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). In total, 2 μg of amplified 

DNA was fragmented on a E220 focused ultrasonicator Covaris (Covaris, Woburn, MA, 

USA), followed by end repair, A-tailing, and adapter ligation using Agilent SureSelect 

XT (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s 

instructions. The fragmentation status was evaluated with the Agilent 2200 TapeStation 

system using the Genomic DNA ScreenTape assay (Agilent Technologies). WES libraries 

were prepared using Agilent SureSelect Human All Exon v.6 (Agilent Technologies), and 

sequencing of enriched exon fragments was performed on a NovaSeq 6000 system 

(Illumina, San Diego, CA, USA) in the 150-bp paired-end mode. After WGA of single-

gland DNA, we conducted WES and detected genetic alterations by comparison with 

normal variants in matched peripheral leukocytes. 

 

WES of formalin-fixed paraffin-embedded (FFPE) tumor samples 

For genetic analysis of IGC, cancer components were macroscopically trimmed 

from 7-μm-thick FFPE tissues. Tumor purity in the samples was confirmed by two 

independent investigators to be greater than 0.4 through visual evaluation of hematoxylin 
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and eosin-stained slides. Genomic DNA (gDNA) was extracted from macro-dissected 

FFPE samples using the GeneRead DNA FFPE Kit (Qiagen, Hilden, Germany). In total, 

200 ng of gDNA per FFPE tumor sample was fragmented on a E220 focused Covaris 

ultrasonicator (Covaris, Woburn, MA, USA) followed by end repair, A-tailing, and 

adapter ligation using the KAPA Library Preparation Kit (Kapa Biosystems Inc, 

Wilmington, MA, USA) according to the manufacturer’s instructions. WES libraries were 

prepared using Agilent SureSelect Human All Exon v.6 (Agilent Technologies, Santa 

Clara, CA, USA) and sequencing of enriched exon fragments was performed on a 

NovaSeq 6000 system (Illumina, San Diego, CA, USA) in the 150-bp paired-end mode.  

 

Targeted-capture deep sequencing of gastric clustered glands 

In total, 200 ng gDNA was fragmented using an enzymatic fragmentation kit Lotus 

(IDT) and adapter-ligated according to the manufacturer’s instructions. The libraries were 

constructed with xGen custom-designed Gene Capture Pools (IDT) to cover the 98 

relevant targeted genes based on the whole-exome sequencing (WES) results from gastric 

single glands in the present study, TCGA (https://cancergenome.nih.gov/, 

RRID:SCR_003193), ICGC (https://dcc.icgc.org/, RRID:SCR_021722), COSMIC 

(http://cancer.sanger.ac.uk/cosmic, RRID:SCR_002260), and previous reports on gastric 

adenocarcinoma(1–3) and IM(4). After the sequencing libraries were quantified and their 

quality was checked using the 2200 TapeStation Instrument (High Sensitivity Assay), 

sequencing was performed on a NovaSeq 6000 system in the 150-bp paired-end mode.  

 

Mutation calling 

Mutation calling was performed using the Genomon2 pipeline (v.2.6), as described 

previously(5). Sequencing reads were aligned to the human reference genome (GRCh38) 

https://cancergenome.nih.gov/),
https://cancergenome.nih.gov/),
https://dcc.icgc.org/
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for mutation calling. Somatic mutations were detected by eliminating polymorphisms and 

sequencing errors. To achieve this, Genomon2 first discards any low-quality, unreliable 

reads and variants according to the following criteria for non-cancerous samples: (i) 

mapping quality < 20, (ii) base call quality < 15. After further excluding variants that are 

not supported by (i) a sufficient number of reads (total reads ≥ 8 and variant reads ≥ 4); 

(ii) VAFs ≥ 0.25 for samples of single glands subjected to whole genome amplification 

(WGA), ≥ 0.02 for samples of clustered glands, ≥ 0.10 for FFPE tumor samples and 

TCGA-STAD dataset, and < 0.02 for the germline control, the remaining variants were 

interrogated to establish whether they were observed at significantly higher VAFs than 

expected for errors (p < 0.01 for single-gland samples subjected to WGA, p < 0.05 for 

clustered-gland samples, FFPE tumor samples and TCGA-STAD dataset). Putative 

germline variants were also excluded by comparing their VAFs with those of matched 

controls using Fisher’s exact test (p < 0.01), which also eliminated any remaining 

sequencing errors. Clustered glands were analyzed using other samples from the same 

patients as controls to eliminate polymorphisms. Insertions were frequently introduced 

during WGA and were therefore excluded from single-gland analysis. The monoclonal 

origin of single-gland cells, which are derived from a single stem cell at a given time, was 

evident from the normal distribution of VAFs around 0.5. All detected mutations of single 

glands were checked manually using the Integrative Genomic Viewer (IGV)(6). The 

called mutations were annotated using ANNOVAR(7). Mutation signatures were 

analyzed using the Mutational Patterns R package(8) based on the Mutational Signatures 

version 2 on COSMIC. To evaluate the significantly mutated genes as driver mutations, 

we used the dNdScv R package(9) with the results of targeted-capture deep sequencing.  
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External data 

For genetic analysis of early-stage gastric cancer, we re-analyzed the gastric 

adenocarcinoma dataset in TCGA-STAD. For mutation analysis, gastric cancer cases with 

microsatellite instability (MSI) or hypermutated-single-nucleotide variant predominant 

(HM-SNV) molecular features or those in which the DNA fractions with tumor cells were 

less than 0.4 were excluded. Thus, five cases of stage IA and 20 cases of stage IB were 

included (Supplementary Table S3). For CN analysis, we obtained the data of segmented 

log2 ratios for 10 cases of gastric cancer at stage IA, which were all submucosal gastric 

carcinoma, and 34 cases of gastric cancer at stage IB (Supplementary Table S4). For 

genetic analysis of non-inflamed gastric mucosa, we re-analyzed the dataset of the 

previous study (accession number JGAS000313) in which genomic data of gastric single 

glands were obtained in the same manner as the present study(10). Among the samples in 

the dataset, 13 samples of 8 individuals in which genetic alterations were matched at 90% 

or more in two independent analyses were selected in order to ensure the similar quality 

of samples with our cohort (Supplementary Table S1). 

 

Transcriptome analysis 

Total RNA was extracted from five gastric-clustered IM glands and three gastric-

clustered non-IM glands from six patients with intramucosal gastric cancer using Sepasol-

RNA I Super G (Nacalai Tesque, Kyoto, Japan). Libraries were constructed from a total 

of 100 ng total RNA using the TruSeq RNA Access Library Prep Kit (Illumina, San Diego, 

CA, USA). After the sequencing libraries were quantified and their quality was checked 

using the 2200 TapeStation Instrument (D1000 Assay), sequencing was performed on a 

NovaSeq 6000 system. The sequenced reads were aligned to the human reference genome 
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(GRCh38) as previously described(11). Read count data were normalized using the TCC 

R package (12). Hierarchical sample clustering based on the spearman correlation was 

performed using R. The MA plot, volcano plot, and heatmap were drawn using R. Gene 

Set Enrichment Analysis was performed based on the hallmark gene sets in Molecular 

Signatures Database v7.4 (13). 

 

Validation of the mutations detected by targeted-capture deep sequencing using 

PCR-based deep sequencing 

To verify the accuracy of targeted-capture deep sequencing, we randomly chose 48 

of 176 mutations detected by targeted-capture deep sequencing and designed the primer 

sets for each using Primer3plus. The regions of interest were PCR-amplified, and 20 ng 

of each amplicon was pooled. The library was constructed with TruSeq Nano DNA 

Library Kit (Illumina) and sequencing was performed using a NovaSeq 6000 system 

(Illumina). All 48 mutations were confirmed by PCR-based deep sequencing with IGV 

(VAF > 0.02).  

 

 Sanger sequencing of formalin-fixed paraffin-embedded (FFPE) tumor samples 

To investigate whether mutations detected in gastric clustered glands are present in 

IGC of the same patients, gDNA was extracted from macro-dissected FFPE tumor 

samples using the GeneRead DNA FFPE Kit (Qiagen). The regions of interest were PCR-

amplified, followed by Sanger sequencing using 3730xl DNA analyzer (Thermo Fisher 

Scientific, Waltham, MA USA). Targeted mutations included 41 genes in Tier 1 or 2, 

MUC6 gene, and genes with high VAF detected in gastric clustered glands. Among them, 

we successfully examined 33 mutations in IGC by Sanger sequencing or WES due to the 
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qualification and quantification of DNA from FFPE samples (Supplementary Table S13). 

 

Histological evaluation of atrophic gastritis 

For histological evaluation, 5 µm thick sections of FFPE tissues were deparaffinized, 

rehydrated and stained with hematoxylin and eosin. For each patient, 5 fields were 

randomly selected and independently evaluated by 3 researchers (KK, TI, MT) on the 

basis of the Updated Sydney System visual analogue scale (0 for normal, 1 for mild, 2 for 

moderate, 3 for marked)(14). The average scores were defined as the atrophic score for 

each patient. 

 

Mucin histochemistry  

Expression of mucin was analyzed via Periodic acid Schiff-Alcian blue (PAS-AB) 

staining. FFPE tissue sections (5 m) were deparaffinized, rehydrated and stained with 

Alcian blue for 3 min, followed by treatment with periodic acid for 3 min and with 

Schiff’s reagent for 3 min. 

We defined tissues where over 80% IM glands were complete type and incomplete type 

as “complete IM dominant” and “incomplete IM dominant”, respectively. Other tissues 

with IM were defined as “mixed”. 

 

Immunohistochemistry 

For immunohistochemistry studies, 5 µm thick sections of FFPE tissues were 

deparaffinized, rehydrated and submitted to antigen retrieval using Target Retrieval 

solution (Dako, S1699) in a pressure cooker. Blocking was performed using Protein Block 

Serum-Free (Dako, X0909) during 90 min at room temperature. The primary antibody 
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incubation was performed in Antibody Diluent with Background Reducing Components 

(Dako, S3022) overnight at 4 °C. Primary antibodies used were rabbit anti-c-Myc (1:200, 

ab32072; Abcam, RRID:AB_731658) and rabbit anti-SRC (1:1000, #2109; Cell 

Signaling Technology, RRID:AB_2106059). For detection, the sections were incubated 

with ImmPRESS HRP Horse Anti-Rabbit IgG Polymer Detection Kit, Peroxidase (Vector 

Laboratories, MP-7401), and visualized with the ImmPACT DAB Substrate Kit (Vector 

Laboratories). Slides were counterstained with hematoxylin.  

 

Fluorescent in situ hybridization (FISH) 

FISH analysis was performed with 3 µm-thick sections of FFPE tissues, using the 

ZytoLight FISH-Tissue Implementation Kit and ZytoLight SPEC MYC/CEN 8 Dual 

Color Probe (ZytoVision GmbH, Bremerhaven, Germany) according to the 

manufacturer’s instruction. Fluorescence was observed with a fluorescent microscope 

(Olympus, Tokyo, Japan) at 1000× magnification. 

 

Statistical analysis 

We applied the Mann–Whitney U-test for statistical analysis unless otherwise stated. 

The correlation between age and the number of mutations was evaluated using Pearson’s 

correlation coefficient model as a linear regression model, assuming zero as the 

intercept. To compare the number of somatic substitutions among normal single glands, 

single non-IM glands, and single IM glands, we used the Kruskal–Wallis nonparametric 

test and Steel–Dwass test. We used Fisher’s exact test for categorical pairwise comparison. 
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Supplementary Figure Legends 

Supplementary Figure S1: Sample collection and isolation of single and clustered 

gastric glands 

Flow chart of sample collection. MSS tumors for which the tumor purity was more than 

0.4 were included for the mutation analysis of TCGA-STAD database. CN, copy number; 

CNV, copy number variation; IGC, intramucosal gastric cancer; MSI, microsatellite 

instability; MSS, microsatellite stable; RNAseq, RNA sequencing; TDS, Target capture 

deep sequencing; WES, whole-exome sequencing; WGA, whole genome amplification.  
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Supplementary Figure S2: Quality check of mutation calling with whole genome 

amplification 

gDNA extracted from each gastric single gland was split into two aliquots, processed by 

WGA and WES independently, and compared. WES, whole-exome sequencing; WGA, 

whole genome amplification.  

 

Supplementary Figure S3: Distribution of variant allele frequencies 

(a) Variant allele frequency (VAF) distribution of mutation detected by two independent 

analyses per single gland. The results of C01IM1 and C01IM2 are shown. (b) VAF 

distribution of mutation matched by two independent analyses per single gland. The peak 

of the distribution was observed around the VAF of 0.50. (c) Correlation of VAF of 

mutations matched by two independent analyses. Red dotted line represents a VAF of 

0.25. WGA, whole genome amplification.  

 

Supplementary Figure S4: The number of mutations in gastric single gland 

(a) Number of synonymous mutations in single IM glands (orange), non-IM glands 

(green), and normal glands (blue), respectively. Linear regression lines are shown with 

slope and R2. (b) Number of mutations in single glands obtained from inflamed gastric 

mucosa with or without IGC. IGC, intramucosal gastric cancer. (c) Relationship between 

mutation number of single glands and grades of gastric atrophy. 

 

Supplementary Figure S5: CNAs in gastric single glands  

CNAs in normal single glands, single IM glands, and single non-IM glands. The upper 
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panel represents CN and the lower panel represents allelic ratio. CN, copy number; CNAs, 

copy number aberrations. 

 

Supplementary Figure S6: Mutational signatures of gastric single gland and IGC  

Relative contribution of the COSMIC mutational signature of the WES of IGC, single IM 

gland, single non-IM gland, and single normal gland. IGC, intramucosal gastric 

carcinoma; WES, whole-exome sequencing 

 

Supplementary Figure S7: Transcriptome analysis of eight clustered glands  

(a) Principal component analysis of clustered glands. (b) M-A plot of expressed genes. 

548 genes with FDR<0.2 are colored. G1 and G2 are clustered non-IM and IM, 

respectively. (c) Heatmap of unsupervised hierarchical clustering based on 1000 

expressed genes with the lowest q-value. (d) Volcano plot of transcriptome. Log2FC<−2 

or >2, P < 10e-6. (e) Gene Set Enrichment Analysis based on the hallmark gene sets in 

the Molecular Signature Database. Enrichment plots of DNA repair, G2/M checkpoint 

and mitotic spindle were provided. NES, Normalized enrichment score. 

 

Supplementary Figure S8: List of frequently mutated genes detected in more than 2 

cases by WES of gastric single glands 

High resolution image of Figure 4a. 

 

Supplementary Figure S9: List of mutated cancer-related genes detected in gastric 

single glands by WES 

High resolution image of Figure 4b. 
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Supplementary Figure S10: The relationship between number of mutations and IM 

subtypes 

(a) Subtyping of IM by PAS-AB staining. Representative images of complete IM 

dominant (left), mixed (middle), and incomplete IM dominant (right) are shown. (b) Total 

number of mutations in “complete IM dominant” and “incomplete IM dominant”. (c) 

Number of mutations on cancer-related genes in “complete IM dominant” and 

“incomplete IM dominant”. (d) Number of nonsynonymous mutations on cancer related 

genes in “complete IM dominant” and “incomplete IM dominant”. PAS, periodic acid 

Schiff; AB, Alcian blue 

 

Supplementary Figure S11: Clonal ordering analysis using somatic mutations 

detected in gastric single glands and IGC 

Details of sample collection and the relationship of mutations between samples are shown. 

Each case represents the narrow-band image obtained by endoscopy, macroscopic and 

Alcian blue-stained stereomicroscopic images of resected specimens, the scheme of 

sampling locations, the Venn diagram, and the clonal ordering of somatic mutations and 

CNAs detected by WES of gastric single glands. Tissue samples including the border 

between IM and non-IM regions in the non-cancerous area were obtained from the black 

circle. The tumors are shown as the red dotted line in the endoscopic images. CNAs, copy 

number aberrations; WES, whole-exome sequencing.  

 

Supplementary Figure S12: Relationship between shared mutations and distance 

between two glands using multiple single gland analysis 
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Relationship between the rate of shared mutations and distance between two glands in 

each case are shown. The rate of shared mutations was calculated by dividing the number 

of common mutations by the total number of mutations.  

 

Supplementary Figure S13: Copy number aberrations in gastric clustered glands 

CNAs in clustered non-IM glands and clustered IM glands. The upper panel represents 

CN and the lower panel represents allelic ratio. CN, copy number; CNAs, copy number 

aberrations. 

 

Supplementary Figure S14: Copy number scores in clustered IM glands with 

subtypes 

Copy number scores in clustered glands with “complete IM dominant” “mixed” and 

“incomplete IM dominant”. BCS, broad copy number score; FCS, focal copy number 

score. 

 

Supplementary Figure S15: Immunohistochemical analysis in gastric IM and non-

IM glands  

Immunohistochemistry for MYC and SRC proteins in representative cases are shown. 

MYC was expressed in the cytoplasm of IM glands, not in non-IM glands. SRC 

expression was found in both IM and non-IM glands, but was relatively high in IM glands, 

especially in the apical membrane. The black square represents the area of the lower panel. 

Scale bar represents 100 µm. 

 

Supplementary Figure S16: Fluorescence in situ hybridization  
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(a) Fluorescence in situ hybridization analysis of IM and IGCs using MYC (red) and 

centromere of chromosome 8 (green) dual color probe at 1000× magnification and 

immunohistochemical analysis of MYC are shown. The red dotted line represents the 

border between IM (left) and IGC (right). Three dots of MYC or chromosome 8 represent 

their amplification. The representative cases (C10 and C11) are shown. Scale bar 

represents 100 µm. (b) Copy number aberration analysis based on the WES data of IGCs 

with the CNACS pipeline. IGC, intramucosal gastric cancer; WES, whole-exome 

sequencing. 
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