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Abstract

Helicobacter pylori (HP) is a major etiologic driver of diffuse-type gastric cancer (DGC). However, improvements in
hygiene have led to an increase in the prevalence of HP-naive DGC; that is, DGC that occurs independent of
HP. Although multiple genomic cohort studies for gastric cancer have been conducted, including studies for DGC, dis-
tinctive genomic differences between HP-exposed and HP-naive DGC remain largely unknown. Here, we employed
exome and RNA sequencing with immunohistochemical analyses to perform binary comparisons between 36 HP-
exposed and 27 HP-naive DGCs from sporadic, early-stage, and intramucosal or submucosal tumor samples. Among
the samples, 33 HP-exposed and 17 HP-naive samples had been preserved as fresh-frozen samples. HP infection sta-
tus was determined using stringent criteria. HP-exposed DGCs exhibited an increased single nucleotide variant bur-
den (HP-exposed DGCs; 1.97 [0.48-7.19] and HP-naive DGCs; 1.09 [0.38-3.68] per megabase; p = 0.0003) and a
higher prevalence of chromosome arm-level aneuploidies (p < 0.0001). CDH1 was mutated at similar frequencies in
both groups, whereas the RHOA-ARHGAP pathway misregulation was exclusive to HP-exposed DGCs (p = 0.0167).
HP-exposed DGCs showed gains in chromosome arms 8p/8q (p < 0.0001), 7p (p = 0.0035), and 7q (p = 0.0354),
and losses in 16q (p = 0.0167). Immunohistochemical analyses revealed a higher expression of intestinal markers
such as CD10 (p < 0.0001) and CDX2 (p = 0.0002) and a lower expression of the gastric marker, MUC5AC
(p = 0.0305) among HP-exposed DGCs. HP-naive DGCs, on the other hand, had a purely gastric marker phenotype.
This work reveals that HP-naive and HP-exposed DGCs develop along different molecular pathways, which provide a
basis for early detection strategies in high incidence settings.
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Introduction types: intestinal-type gastric cancer (IGC) and diffuse-

type gastric cancer (DGC) [1]. IGC exhibits intestinal
According to the conventional Lauren C]assiﬁcation’ differentiation that morphologically mimics intestinal
gastric cancer is divided into two major histological ~ glandular cells and develops through the “intestinal
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metaplasia—dysplasia—carcinoma” sequence [1,2]. DGC,
on the other hand, consists of individually infiltrating
tumor cells with signet-ring and/or poorly differentiated
histology, and is considered to develop directly from
gastric epithelial cells [1]. Helicobacter pylori (HP) is a
well-known major cause of gastric cancer, particularly
IGC, but also DGC, with various epidemiological stud-
ies documenting that a fraction of DGC arises in patients
with concomitant HP infection [3-5]. However, given
that the prevalence of HP infection globally decreases
with improvements in hygiene [6], HP-naive gastric
cancer has now become an increasingly relevant consid-
eration, accounting for 0.4 to 1.3% of gastric cancer. HP-
naive gastric cancer is a heterogeneous entity, and
includes sporadic DGC, hereditary DGC, and gastric
adenocarcinoma of the fundic gland type [5]. Stringent
criteria are used to confirm HP negativity in HP-naive
gastric cancers, relying on multimodal findings from
endoscopy, histopathology, and laboratory tests for
serum anti-HP IgG antibody levels [7,8], serum pepsin-
ogen levels [9], and urea breath test results [5,10].
Recent efforts have identified several clinicopathologi-
cal features to be associated with sporadic HP-naive
DGC: young age of onset, signet-ring histology with
gastric-type mucin expression, localization in the lower
and middle regions of the body of the stomach, and
early-stage cancer; this is presumably due to its indolent
progression and slow proliferative capacity [5,11,12].
Numerous genomic cohort studies have been conducted
for gastric cancer, including DGC [13-24], and these
have led to the identification of relevant driver genes
and the development of molecular subtyping schemes.
Nevertheless, due to the rarity of the disease and other
technical hurdles associated with determining HP nega-
tivity, the molecular etiologies and genomic features of
HP-naive DGC remain largely unknown. In the current
study we applied stringent criteria to select DGC patients
with or without HP infection, and then conducted com-
parative exome, transcriptome, and immunohistochemi-
cal analyses to better understand the tumorigenic process
and identify the genomic profiles common or specific to
DGC patients with and without HP infection. We show
that, compared with HP-exposed DGC, HP-naive DGC
presents with a stable and salient genomic nature and a pure
gastric phenotype. Although further genomic and epige-
netic studies are still required, these findings provide a
molecular basis toward gaining an understanding of the
tumorigenic program and the relevant knowledge for
designing novel detection and preventive methods for spo-
radic DGC in the presence or absence of HP infection.

Materials and methods

Ethics and informed consent

Gastric carcinoma patients underwent tumor excision by
endoscopic submucosal dissection or surgery at the
Cancer Institute Hospital of Japanese Foundation for
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Cancer Research (JFCR) between 2010 and 2019.
Recruited patients provided written informed consent.
Ethical approval was obtained from the internal review
boards of the JFCR (approval number 2018-1074).

Terminology of clinicopathological characteristics

Clinicopathological characteristics such as tumor loca-
tion, macroscopic type, tumor invasion depth, histologi-
cal classification, and lymphovascular invasion were
classified using the “Japanese Classification of Gastric
Carcinoma: 3rd English Edition” [25]. The variables
for each case are provided in supplementary material,
Table S1.

Inclusion criteria

Subjects who presented with sporadic early diffuse gastric
carcinoma with or without HP infection were selected for
inclusion based on strict lesion criteria, as follows: (1) single
lesion; (2) size 28 mm in endoscopically-estimated long
diameter; (3) invasion depth penetrating the intramucosal
or submucosal layers; (4) diffuse histology (signet-ring cell
carcinoma or poorly differentiated adenocarcinoma)
[1,25]; and (5) sporadic case.

Criteria for Helicobacter pylori infection
classification

HP infection status was assessed and classified using the
following criteria: (1) history of HP eradication therapy
(i.e. previous treatment with antibiotics elsewhere);
(2) endoscopic findings for mucosal atrophy (pale
mucosa, submucosal vessel prominence, and loss of reg-
ular arrangement of collecting venules in the lower gas-
tric body) or gastritis (diffuse or spotty redness, fold
enlargement, sticky mucus, xanthoma, and intestinal
metaplasia) [26-28]; (3) histopathologic findings for
evidence of mucosal atrophy (loss of glandular cells),
the presence of HP bacterial cells, or gastritis (inflammatory-
cell infiltration in mucosa and intestinal metaplasia)
[5,26,27]; and (4) laboratory tests (serum anti-HP
antibody [7,8], serum pepsinogen [9], and urea breath
test [10]; see also Supplementary materials and
methods and supplementary material, Table S1).
HP-naive cases were defined as those with no history
of HP eradication, no sign of atrophic gastritis or HP
infection in endoscopic and histopathologic examina-
tions, and one or more negative results in laboratory
tests. HP-exposed cases were those who had at least
one positive result for any of the items listed above
(Figure 1B).

Processing tumor samples

Tumor specimens were preserved as formalin-fixed
paraffin-embedded (FFPE) or fresh-frozen (snap-frozen)
(FF) samples. FFPE tissue samples were processed
for histopathological, immunohistochemical, and fluo-
rescence in situ hybridization (FISH) examinations.
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Figure 1. Genomic analysis of Helicobacter pylori (HP)-exposed and HP-naive diffuse gastric carcinoma (DGC). (A) Endoscopic and histopath-
ologic appearance of HP-exposed and HP-naive DGCs. Upper and lower panels indicate endoscopic and microscopic images from the same
patients (left; HP-exposed, and right; HP-naive DGCs). Arrowheads in the endoscopic image point to the edge of the tumor lesion. The hor-
izontal bar in the microscopic image indicates 100 um. Note that pale mucosa, submucosal vessel prominence, and intestinal metaplasia are
observed in the photograph of HP-exposed stomach. In the HP-exposed DGC microscopic image, inflammatory-cell infiltration and loss of
glandular cells can be seen. (B) HP infection status, eradication history, and positivity and negativity in clinical tests to classify HP infection
status. DGC patients were classified into HP-exposed and HP-naive cases via stringent criteria (see Materials and Methods). (C) REMARK dia-
gram of the current study. The sample number of early DGC is shown at each step: pathological review, sample preparation, sequencing, and
informatics/data quality control. Starting with 68 early DGCs, 63 (36 HP-exposed and 27 HP-naive) and 50 (33 HP-exposed and 17 HP-naive)
samples finally passed stringent quality assessment and were taken for exome sequencing and RNA-seq analyses, respectively. Whereas
exome data were generated from fresh-frozen (FF) or formalin-fixed paraffin-embedded (FFPE) samples, RNA-seq data were prepared only
from FF samples. H, Helicobacter.

The exome analysis was also carried out using FFPE
samples when FF samples were unavailable. Only FF
samples were rendered to RNA-seq (supplementary
material, Table S2). FF and FFPE tissues were cut into
10-pm-thick sections, and cancer cells were selectively
enriched using an LMD7000 laser-capture microdis-
section system (Leica Microsystems, Shinjuku, Tokyo,
Japan), following the manufacturer’s protocol.

Exome sequencing depth

Exome sequencing data were generated with a median
depth of coverage of 283 (154 [minimum]-406 [maxi-
mum]) per tumor from FF samples (n = 50; 33 HP-
exposed and 17 HP-naive samples), 272 (130-331) per
tumor from FFPE samples (n = 13), and 173 (124-
228) per paired-normal sample (n = 63).

The following sections are described in Supplemen-
tary materials and methods: Laboratory tests to deter-
mine HP infection status; DNA/RNA preparation for

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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genomic analysis; Exome sequencing analysis; RNA
sequencing analysis; Alignment, local realignment,
somatic variant call, and the other informatics analyses
for exome sequencing; Bioinformatics analyses for
RNA-seq data; Fusion gene detection, FISH analysis
for chromosome arm aneuploidy; Immunohistochemis-
try; and Statistical analyses.

Results

Genomic cohort of Helicobacter pylori (HP)-exposed
and HP-naive diffuse gastric carcinoma

Based on the stringent criteria described in the Materials
and methods, patients with sporadic intramucosal or sub-
mucosal DGC were classified into HP-exposed and HP-
naive cases (Figure 1A—C and supplementary material,
Table S1). With an original starting cohort of 68 DGC
samples (40 HP-exposed and 28 HP-naive), three
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samples were excluded because the tumor contained tis-
sue of intestinal histology (moderately differentiated
tubular histology [25]). We further excluded another
two cases following exome analyses, as these cases had
occult germline mutations in the CDHI locus. After
quality checking that the samples were appropriate for
exome- and RNA-sequencing, a comparative analysis
of exome data was finally conducted with 36 HP-exposed
and 27 HP-naive samples, whereas 33 HP-exposed
and 17 HP-naive snap-frozen samples were used for
RNA-seq data analysis (Figure 1C).

The clinicopathological characteristics of the patients
and samples are presented in Table 1 and supplementary
material, Table S1. In the cohort, there were 15 cases
with a history of HP eradication (Figure 1B and supple-
mentary material, Table S1). Among the clinicopatho-
logical attributes, we found significant differences
between HP-exposed and HP-naive cases for Brinkman
index, tumor size, tumor location, macroscopic type, re-
section method, tumor invasion depth, and histological
classification; these findings are consistent with previous
observations (Table 1) [5,11,29] and validate both the
stringency of our criteria for HP infection status and
the accuracy of clinicopathologic information in the cur-
rent cohort.

Table 1. Patient demographics and clinicopathological characteristics.

Characteristics HP-exposed (n = 36)

Sex

Female 20

Male 16
Age

Median (range) 54 (38-85)
Alcohol consumption

Yes 20

No 16
Brinkman index*

Median (range) 0 (0-960)
Tumor size (mm)

Median (range) 20.5 (8-44)
Tumor location

Upper/Middle third 1

Lower third 25
Macroscopic type

Type O-llb 2

Type 0-llc/0-llc + lla 34
Resection method

ESD 19

Surgery 17
Tumor invasion depth

M 24

SM1/2/3 12
Histological classification

sig 17

sig + por 19
Lymphovascular invasion

ly0, vO 32

Iy0, v1

ly1, vO 1

303

Genomic landscape of HP-naive DGCs

Exome analyses revealed a significantly higher number
of single nucleotide variants (SNVs) in HP-exposed
DGCs than in HP-naive DGCs (HP-exposed DGCs;
1.97 [0.48 minimum-7.19 maximum] and HP-naive
DGCs; 1.09 [0.38-3.68] per megabase, p = 0.0003).
The numbers of indels and abnormal segments with
copy number aberrations were comparable between the
two groups. There was a significantly higher number of
chromosomal arms with copy number aberrations
among the HP-exposed DGC samples (Figure 2A,B).
Two HP-exposed DGCs were classified as chromosomal
instability (CIN) subtype tumors, while the remaining
HP-exposed tumors and all of HP-naive tumors were
classified as genomically stable (GS) subtype tumors.
Only one sample among the HP-exposed cases was tetra-
ploid, with all of the other DGCs diploid (Figure 2A).
C>A nucleotide substitution was more frequently
observed among HP-exposed samples, whereas T>A
and T>C substitutions were more evident among the
HP-naive tumors (Figure 2A,B). These observations
indicate that genomic aberration profiles are distinct with
respect to HP infection status, even with similar signet-
ring cell histology or with a GS molecular subtype.

HP-naive (n = 27) P value
10 p = 0.2034*
17
51.5 (27-86) p=0.1260"
20 p=0.1871*
7
300 (0-2,220) p = 0.0057"
13 (3-25) p < 0.0001"
1 p = 0.0087*
26
15 p < 0.0001*
12
25 p = 0.0007*
2
25 p= 00163
2
25 p=0.0001*
2
27 p = 0.7090*
0
0

ESD, endoscopic submucosal dissection; HP, Helicobacter pylori; ly0, no lymphatic invasion; ly1, minimal lymphatic invasion; M, mucosa; por, poorly differentiated ade-
nocarcinoma; sig, signet-ring cell carcinoma; SM, submucosa; Type 0-lla, superficial elevated; Type O-Ilb, superficial flat; Type O-llc, superficial depressed; vO, no venous

invasion; v1, minimal venous invasion.
*Computed using Fisher's exact test.
fComputed using Mann-Whitney U-test.

*Brinkman index is calculated as (number of cigarettes smoked per day) multiplied by (number of years smoked).

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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Figure 2. Genomic aberration patterns between HP-exposed and HP-naive DGCs. (A) Overview of genomic aberrations between HP-exposed
and HP-naive DGCs. Panels from top to bottom: HP-infection status; preservation type (FF or FFPE); TCGA molecular subtype; tumor ploidy;
bar plots for number of SNVs and indels; bar plots for number of segments with copy-number aberration (gain or loss); bar plots for number of
chromosomal arms with copy-number aberration (gain or loss); and rates (in percent) of nucleotide substitutions. (B) Binary comparisons of
genomic aberrations between HP-exposed and HP-naive DGCs. Top panels, numbers of SNVs and indels; middle panels, numbers of segments
with copy-number aberration, chromosomal arms with copy-number aberration, and ploidy; and bottom panels, ratio of C>A, T>A, and T>C
substitutions. P values were computed using the Mann-Whitney U-test. Bars indicate median. H, Helicobacter; FF, fresh frozen; FFPE,
formalin-fixed paraffin-embedded; TCGA, the Cancer Genome Atlas; HPi, Helicobacter pylori-exposed DGCs; HPu, Helicobacter pylori-
naive DGCs.

Driver gene alterations in HP-exposed and HP- and missense SNVs per sample were 1.61 and 0.85 in
naive DGCs HP-exposed and HP-naive DGCs, respectively. Of note,

Figure 3 shows protein-truncating SNVs/indels (frame- ~ ARIDIA was significantly more frequently comutated
shift indels, nonsense SNVs/indels, and splice-site with CDHI in HP-exposed tumors than in HP-naive
SNVs/indels), missense SNVs, and CNVs detected  tumors (p = 0.0124 by Fisher’s exact test) (Figure 3A).
among driver genes in HP-exposed and HP-naive DGC:s. Regarding copy number aberrations, there were no dif-
Truncating SNVs/indels and missense SNVs were  ferences between the two groups at the segment level,
detected in CDHI, ARIDIA, RHOA, MUC6, ERBB3, with all aberrations detected as focal amplification
KMT2D, TGFBRI, and TP53 genes in more than three  events (Figure 3B).

tumor samples in the current cohort; these prevalence Next, we investigated the presence of fusion genes by
rates were comparable with those among samples with  split probe FISH for 36 HP-exposed and 27 HP-naive
signet-ring histology in the TCGA cohort, except for  tumors, and by RNA-seq fusion transcript analysis for
TP53 mutation [14]. The frequency of CDHI mutation 33 HP-exposed and 17 HP-naive tumors. The assess-
did not differ between HP-exposed (22/36; 61.1%) and  ment revealed two driver fusion transcripts in two HP-
HP-naive (17/27; 63.0%) DGCs (p >0.9999 using exposed tumors: CLDNIS-ARHGAP26 and CLDNI18-
Fisher’s exact test) and although ARIDIA and RHOA  ARHGAPIS8 transcripts (Figures 3C and 4C). HP-
exhibited seemingly biased distributions in HP-exposed = exposed DGCs were more frequently associated with
DGCs, these differences were not significant by Fisher’s ~ the combination of RHOA missense SNVs and
exact tests (for ARIDIA; p = 0.0968; missense SNVs  CLDNIS-ARHGAP fusion (p =0.0167 by Fisher’s
plus truncating variants were regarded as functional,  exact test; Figure 4B), which may imply a link between
and for RHOA; p = 0.0651; only missense SNVs were =~ RHOA-ARHGAP pathway misregulation and HP-induced
considered as functional) (Figure 3A). For driver genes DGC tumorigenesis. The Firth bias-reduced logistic
other than CDHI (p = 0.0434 by Mann—Whitney U-  regression analysis also revealed a significant correla-
test), the average numbers of truncating SNVs/indels  tion in RHOA-ARHGAP pathway misregulation and

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2022; 258: 300-31 |
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Figure 3. Distribution of driver mutations in HP-exposed and HP-naive DGCs. (A) Oncoprint of driver mutations (SNVs/indels). (B) Oncoprint of
significant copy number alterations detected by GISTIC in the cytoband level. The analysis detected only the regions with amplification (copy
number [CN] > 4) and not those with homozygous deletion (CN = 0). Copy number gain (CN = 3) or loss (CN = 1) was not regarded as func-
tionally significant in this analysis. (C) Oncoprint of CLDN18-ARHGAPfusion. Sample labeling for HP infection status, preservation type (FF or
FFPE), TCGA molecular subtype, and eradication history is shown above the Oncoprints. FF, fresh-frozen; FFPE, formalin-fixed paraffin-

embedded; TCGA; the Cancer Genome Atlas.

HP infection status in the univariate analysis
(p = 0.0130); however, this correlation did not hold in
the multivariate model (Table 2). It is noteworthy that
this pathway misregulation was neither associated
with tumor invasion depth nor histological classifica-
tion (supplementary material, Table S4). Aside from
these gastric cancer drivers, there were no other differ-
entially mutated SNVs/indels (truncating SNVs/
indels and missense SNVs), CNVs, or fusion genes
between HP-exposed and HP-naive DGCs in binary
comparisons.

Chromosome arm-level aneuploidies in HP-exposed
and HP-naive DGCs

A GISTIC analysis (Genomic Identification of Signifi-
cant Targets in Cancer) revealed chromosome arm aneu-
ploidies (CAAs) among the samples (Figure 4) [30]: one
copy gain for chromosomes 7p, 7q, 8p, and 8q, and one
copy loss of chromosome 16q were detected as signifi-
cantly enriched CAAs in HP-exposed DGCs (Figure 4A,
B). The copy number gain of chromosome § was validated
by FISH analysis using randomly selected tumor tissues
(5 HP-exposed samples with chromosome 8 gain and
5 HP-naive samples without chromosome 8 aberrations)
and a centromere probe to chromosome 8§ (Figure 4D).
Gain of 8p/8q was significantly associated with histological
classification, whereas 16q loss was significantly correlated

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

with tumor invasion depth (supplementary material,
Table S5). 8p/8q gain and 7p/7q gain were significantly
associated with HP infection status, even in the multivariate
analyses with clinicopathological parameters, using Firth
bias-reduced logistic regression models (Table 2). Collec-
tively, these associations are independent of tumor invasion
depth or histological classification.

Transcriptomic and immunohistochemical
characteristics of HP-exposed and HP-naive DGCs

To identify distinctive features between HP-exposed and
HP-naive DGCs, we conducted transcriptomic analyses
using RNA-seq. A consensus clustering analysis was
conducted with 4,087 genes; these genes were selected
because of their highly variable expression across the
cohort. The analysis revealed two major clusters:
1A/1B and 2A/2B (Figure 5A). The 1A/IB cluster
contained predominantly HP-exposed tumors, whereas
cluster 2A/2B comprised all but one of the HP-naive sam-
ples (Figure 5SA). Among nine gene clusters, gene clusters I
and J included genes encoding chemokine ligands and
receptors (CCL19/20/21/24, CXCL1/13/5/8, and CXCR2)
and matrix metalloproteases (MMP1/10/3/7/9) (cluster 1),
and B-cell markers (CD19, CD79A, IGHG2-4, IGLC1/3/7,
IGLL1/5, and TNFRSF13B) (cluster J), implicating the rel-
evance of inflammatory/immune processes to the tumor
clusters (Figure 5A).
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Figure 4. Genomic aberrations associated with HP infection status. (A) Copy number alterations at the chromosome arm level between HP-
exposed and HP-naive DGCs. A GISTIC output presented as a heatmap shows gained (red) or lost (blue) copy number segments at the chro-
mosome arm level. Chromosome position is shown to the left. Pvalues <0.05 in binary comparisons by Fisher's exact tests are shown on the
right. (B) Oncoprint of CAAs of 8q, 8p, 16q, 7p, and 7q, SNVs/indels for RHOA genes, and CLDN 18-ARHGAPfusion genes. The Pvalues in binary
comparisons by Fisher's exact tests are shown on the right. Also shown are the P values for the combination of RHOA missense SNVs and
CLDN18-ARHGAP fusions. Sample labeling for HP infection status, preservation type (FF or FFPE), TCGA molecular subtype, Brinkman index,
tumor size, tumor location, macroscopic type, tumor invasion depth, and histological classification are shown above the Oncoprints.
(C) Images of FISH analysis of CLDN18-ARHGAP26 fusion gene. We show images of split probe assay for CLON 18 (left panel) and FISH assay
for ARHGAP26 (middle panel), and the merged image of both signals (right panel) in one tumor with the CLDN18-ARHGAP26 fusion gene.
Dashed lines indicate nuclear outlines. Note that the signal for the 5° part of CLDN18 (green) is colocalized with that for ARHGAP26 (blue).
(D) Representative images of FISH signals for chromosomes #8 and #10 in HP-exposed and HP-naive cancer cells. FISH analyses were
conducted with probes specific for the centromeres of chromosome #8 (CEP8) and #10 (CEP10). Normal cells are foveolar epithelial cells.
Nuclei were counterstained with DAPI. Dashed lines indicate nuclear outlines. Note that three and two dots of CEP8 and CEP10 were detected
in the nucleus of a cancer cell with one extra copy of chromosome #8 from an HP-exposed patient. FF, fresh-frozen; FFPE, formalin-fixed
paraffin-embedded.

Binary comparisons of the gene expression values g value <0.02, and area under the curve [AUC] <0.2 or
were assessed using significance analysis of microarrays ~ >0.8; Figure 5B). Of note, markers of intestinal differen-
- receiver operating curve (SAM-ROC) analysis. We  tiation, CDX2 and MUC2, and CDX2 downstream
found 148 and 285 differentially expressed genes for  genes, SI and HOXA9 [31], were highly expressed in
HP-exposed and HP-naive DGCs, respectively (SAM ~ HP-exposed samples (MUC2 transcription is also

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2022; 258: 300-31 |
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Table 2. Univariate and multivariate Firth bias-reduced logistic regression analysis of Helicobacter pylori infection status with multiple
clinicopathological variables and chromosome arm aneuploidies or RHOA-ARHGAP misregulation.

Variables Univariate OR (CI)

Brinkman index 1.002 (1.001-1.004)
Tumor size 0.824 (0.724-0.908)
Tumor location 0.126 (0.013-0.588)
Macroscopic type 0.058 (0.010-0.224)
Tumor invasion depth 0.192 (0.035-0.731)
Histological classification 0.088 (0.016-0.325)
8p/8q gain 0.009 (0.000-0.077)
7q gain 0.046 (0.000-0.389)
7p gain 0.164 (0.017-0.789)
169 loss 0.164 (0.017-0.789)
RHOA-ARHGAP misregulation 0.072 (0.001-0.635)
MUC2 0.142 (0.017-0.413)
CDX2 0.306 (0.115-0.620)
CD10 0.067 (0.007-0.279)

P value Multivariate OR (CI) P value
0.0048 1.000 (0.999-1.003) 0.6751*
<0.0001 0.905 (0.793-0.994) 0.0364"
0.0062 0.317 (0.019-3.608) 0.3565"
<0.0001 0.676 (0.091-4.938) 0.6890*
0.0139 5.143 (0.121-651.634) 0.3962*
0.0001 0.088 (0.001-2.829) 0.1755*
<0.0001 0.031 (0.000-0.345) 0.0020"
0.0016 0.039 (0.000-0.497) 0.0082"
0.0219 0.107 (0.007-0.892) 0.0381"
0.0219 0.133 (0.005-1.720) 0.1276"
0.0130 0.156 (0.001-2.368) 0.2070"
<0.0001 0.627 (0.117-1.800) 0.4182"
0.0004 1.082 (0.391-3.067) 0.8742"
<0.0001 0.216 (0.019-0.893) 0.0292"

Firth logistic regression analysis was conducted if the attribute showed significant correlation with Helicobacter pylori infection status using Mann-Whitney U-test or

Fisher's exact test.
Cl, confidence interval; OR, odds ratio.

*Multivariate Firth's bias-reduced logistic regression analysis of clinicopathological variables with 8p/8q gain.
For multivariate Firth bias-reduced logistic regression, each molecular event (chromosome arm aberration, RHOA-ARHGAP misregulation, or immunohistochemical pro-
tein positivity) was independently analyzed with the other clinicopathological variables (Brinkman index, tumor size, tumor location, macroscopic type, tumor invasion

depth, histological classification) from the remaining molecular events.

reported regulated by CDX2 [31]). Conversely, the
expression of MUCS5AC, a gastric phenotype marker, was
more evident among HP-naive samples (Figure 5B, left).
These expression patterns are consistent with the finding
that HP-exposed and HP-naive DGCs exhibit, respectively,
a higher proportion of intestinal differentiation (additional
poorly differentiated histology) and gastric differentiation
(pure signet-ring histology) (Table 1) [12]. In addition,
we found a higher proportion of immunoglobulin gene
component expression among HP-exposed tumors
(Figure 5B, left): this is in accordance with the abundance
of B-lymphocytic infiltration in typical HP-exposed gastric
mucosa (Figure 1A) [32].

Using gene set analysis with ssGSEA along with sub-
sequent statistical evaluations with SAM-ROC, we
found gene sets to be differentially regulated between
the two groups (712 and 222 gene sets for HP-exposed
and HP-naive DGCs, respectively; SAM ¢ value <0.02,
and AUC <0.2 or >0.8; Figure 5B, right). These gene sets
included ‘Liu CDX2 Targets Up’ and multiple gene sets
with ‘B-cell” annotations (Figure 5B, right); these findings
support the results from the analyses using genes
(Figure 5B, left). Using informatics analysis of tumor-
infiltrating microenvironmental cells by MCPcounter
[33], we observed enrichment of B-lineage cells and neu-
trophils in HP-exposed tumors and higher expression of
fibroblastic and endothelial markers among HP-naive sam-
ples (Figure 5C); these findings further support the distinct
histological features of HP-exposed and HP-naive
DGCs [32].

HP-exposed DGCs exhibited a significantly higher pro-
portion of intestinal marker protein expression (MUC2,
CD10, and CDX2 for protein presence) (Figure 5D), as
determined through immunohistochemical analyses, which
is consistent with the results from the transcriptome analy-
sis. In line with previous observations [11], HP-exposed
DGC:s also showed a higher proliferative capacity (higher

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

Ki-67 indices using a Mann—Whitney U-test; Figure SD).
The markers, MUCSAC and CLDN18, showed a similar
frequency in positivity within the two groups
(Figure 5D). Similarly, CDH1-positivity was not signifi-
cantly different between HP-exposed and HP-naive DGCs
(Figure 5D). To validate these findings, we performed an
analysis using an independent cohort of an additional
10 HP-exposed and 10 HP-naive tumor samples. Among
the various markers, many of the findings were reproduc-
ible, with significant differences again detected for the
expression of CDX2, and for that of Ki67 (supplementary
material, Figure S1). In the original cohort, the expression
of intestinal markers and Ki-67 (%)—but not gastric
markers—were correlated with submucosal invasion or
poorly differentiated histology (supplementary material,
Table S6). This subgroup analysis revealed intestinal
marker positivity to be significantly associated with HP-
infection status in intramucosal and signet-ring cell tumors
(supplementary material, Table S7), as was the Ki-
67-positive proliferative fraction (supplementary material,
Table S7).

Collectively, our observations indicate that HP-
exposed DGCs expressed a higher proportion of intesti-
nal markers at the protein level, yet maintained baseline
gastric cell features, and that intestinal differentiation
and proliferative features were directly associated with
HP infection.

Discussion

The tumorigenic process in HP-naive DGCs has been
linked with multiple etiological factors, including alco-
hol abuse, tobacco smoking, the consumption of salt-
preserved food, autoimmunity, and germline pathogenic
variants in the CDH1 gene. Yet the tumorigenic program
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and any associated genomic aberrations have remained
largely unknown [5]. In the current study, clinicopatho-
logically we found a higher proportion of poorly differ-
entiated tumor cells and submucosal tumors with

A

HP Status TN = Exposed = Na

K Namikawa, N Tanaka et al

lymphovascular invasion within the HP-exposed tumor
group. Genomically, HP-exposed DGCs exhibited a
higher proportion of SNVs and aberrant chromosome
arms, including gains for 8p/8q and 7p/7q, and

ive
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Figure 5 Legend on next page.
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Table 3. Summary of the genomic, transcriptomic, and
immunohistochemical features.

Features HP-exposed DGC versus
HP-naive DGC
SNV burden Elevated in HP-exposed DGCs*

Present versus absent

Frequently aberrated in HP-exposed
DGCs*

Present versus absent

Elevated in HP-exposed DGCs*

RHOA-ARHGAP misregulation

CAA (7p, 74, 8p, 8q gain, or
16q loss)

B-lineage infiltration

Proliferative (Ki-67
expression)

Marker expression Mixed gastric and intestinal versus

Pure gastric

CAA, chromosome arm aneuploidy; DGC, diffuse gastric carcinoma; HP,
Helicobacter pylori; SNV, single nucleotide variant.
*Observed in HP-exposed DGCs relative to HP-naive DGCs.

mutations in the RHOA-ARHGAP signaling pathway.
We detected significant differences in intestinal-type
and gastric-type marker gene expression between HP-
exposed and HP-naive DGCs (Table 3) by assessing
the transcriptomes and using immunohistochemistry.
Several previous genomic studies of DGCs provided
data pertaining to HP infection status, including TCGA
[13,14,18,34]; albeit, the definition of HP infection sta-
tus tended to be based on the presence or absence of
the pathogen, as identified through the detection of bac-
terial bodies [13] or genomes [14,18,34], which are of
low sensitivity. In addition, these tests cannot be used
to distinguish past infection [5]. Indeed, given that HP-
associated gastric cancer can arise even after the disap-
pearance of HP infection [32], the absence of bacteria
does not indicate a “never exposed” status [5], and thus
the data from such cases are not suitable for studying
the distinctive features of HP-exposed and HP-naive
gastric cancer genomes. Recently, two studies by Kiso
et al and Nikaido et al were published, both of which
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cancer [35,36]. In both studies, subjects were selected
under comparably stringent criteria for HP infection sta-
tus to those used in the current study. However, the
detected frequency of driver mutations was very low in
the former study [35], and HP-exposed DGCs were not
exome-sequenced in the latter study [36]; these differ-
ences in study findings and design hinder us from mak-
ing a direct comparison with our data.

We noted a higher number of mutated driver genes
among HP-exposed DGCs, with the exception of
CDH1; this higher number may simply reflect a larger
somatic SNV burden. Nevertheless, the biased distribu-
tion of RHOA-ARHGAP pathway misregulation among
our HP-exposed DGCs may indicate a growth advantage
provided by these aberrations. CAA was also recognized
as a salient characteristic of HP-exposed DGCs. CAA is
considered to be caused by chromosome segregation
errors [37], which can be derived from mitotic impair-
ment by CagA, a Helicobacter-produced virulence
factor [38], or by deregulated activation of the RHOA-
ARHGAP signaling pathway [39].

Using exome analysis, we detected no significantly
recurrent driver event in HP-naive DGCs aside from
CDHI mutation; this extremely stable genomic fea-
ture of the tumor may result in the indolent phenotype
of HP-naive DGCs, as documented elsewhere [36].
Alternatively, HP-naive DGCs may be driven by epi-
genetic or noncoding drivers, which were unable to
be identified in the current study. We therefore con-
sider that further genomic and epigenomic studies
using whole-genome sequencing, along with other
advanced technologies, such as spatial epigenomics/
transcriptomics, in combination with organoid/
xenograft models, are warranted to aid in identifying
the driver event(s) in the tumorigenic process of HP-
naive DGCs. Such driver event(s) will be useful
biomarker(s) for the early detection and prevention

focused on genomic alterations in HP-naive gastric  of sporadic DGCs.

Figure 5. Distinct gene expression patterns between HP-exposed and HP-naive DGCs. (A) Gene expression heatmap and proportions of HP-
exposed and HP-naive samples for transcriptomic subtypes. Left panel. Gene expression heatmap of two major sample clusters revealed by
consensus clustering. Green and red colors indicate over- and underexpression of the genes with highly variable expression across the sam-
ples in the cohort, respectively. Sample clusters are shown with a dendrogram, and as color codes for status of HP infection, TCGA subtype,
and transcriptomic subtype. Transcriptomic subtypes are designated 1A, 1B, 2A, and 2B according to the dendrogram. The labels for gene
clusters are also shown on the right with characteristic gene components in gene clusters | and J. Proportions of HP-exposed and HP-naive
DGCs for transcriptomic subtypes. Sample number is shown on the stacked bar plots. The P value was computed by Fisher's exact test.
(B) Genes (left panel) and gene sets (right panel) between HP-exposed and HP-naive DGCs are shown as heatmaps. Green and red colors indi-
cate over- and underexpression, respectively, of the genes or gene sets. Gene symbols indicated on the left to the gene heatmap are CDX2, its
downstream genes (SI, MUC2, and HOXA9), and MUC5AC. Immunoglobulin-component related genes are shown to the right of the gene
heatmap. The position of ‘Liu CDX2 Targets Up’ is shown to the left of the gene-set heatmap. Ticks marked along the right side of the
gene-set map indicate the positions for gene-set annotations that include the term ‘B-cell.” The Pvalue was computed by hypergeometric
test. (C) Heatmap for MCPcounter scores. Pvalues were computed using Mann-Whitney U-tests to compare the scores between HP-exposed
and HP-naive DGCs. Scores for which there was a significant difference are indicated with Pvalues in red font (HP-exposed > HP-naive) or
blue font (HP-exposed < HP-naive). Sample labeling for HP-infection status, TCGA molecular subtype, and transcriptomic subtype is shown
above the heatmaps. (D) Immunohistochemical analyses of HP-exposed and HP-naive DGCs. Protein expression levels are shown as a
heatmap. We also indicate the tumor invasion depth (M versus SM1/2/3) and histological classification (sig versus sig + por). The level of
Ki-67 protein expression was evaluated by percentage; the levels of MUC2, CD10, CDX2, MUC6, MUC5AC, and CLDN 18 were evaluated using
a four-level scale (0, 1+, 2+, and 3+, as indicated). Samples were sorted according to HP-infection status and Ki-67 expression level. The
Pvalue for Ki-67 was computed using a Mann-Whitney U-test (marked with *); Pvalues for other proteins were computed by Fisher's exact
test (marked with *), as shown on the right. M; mucosa, SM; submucosa, sig; signet-ring cell carcinoma, and por; poorly differentiated
adenocarcinoma.
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