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KABSTRACT

Introduction. Gastric cancer (GC) has a high incidence and
mortality rate, especially in East Asians, and about 90% of

in patients with high tumor mutational burden. Gene ampli-
fications of ERBB2, CCNE1, CDK12, and CCND1 were

GCs are adenocarcinomas. Histological and etiological het-
erogeneity and ethnic diversity make molecular subtyping
of GC complicated, thus making it difficult to determine
molecular division systems and standard treatment modali-
ties. Limited cohorts from South Korea, Singapore,
Australia, and Japan have been studied; however, the muta-
tional landscape of gastric adenocarcinomas in Chinese
patients is still unknown.

Methods. We performed a targeted sequencing panel
focusing on cancer-related genes and tumor-associated
microorganisms of 529 gastric adenocarcinoma samples
with matched blood controls. We identified 449 clinically
relevant gene mutations.

Results. Approximately 47.1% of Chinese patients with GC
harbored at least one actionable mutation. The top somatic
mutations were TP53, ARIDIA, LRP1B, PIK3CA, ERBB2,
CDH1, KRAS, FAT4, CCNE1, and KMT2D. Truncation muta-
tions of ARID1A, KMT2D, RNF43, TGFBR2, and CIC occurred

detected in patients with low tumor mutational burden.
Pathway analysis revealed common gene alterations in the
Wnt and PI3K/Akt signaling pathways. The ratio of patients
with high microsatellite instability was significantly lower
than other cohorts, and high microsatellite instability and
Epstein-Barr virus (EBV)—positive features seemed mutu-
ally inclusive in Chinese patients with GC. In 44 (8.3%)
patients, 45 germline mutations were identified, among
which SPINK1 mutations, all SPINK1 c.194 + 2T > C, were
present in 15.9% (7/44) of patients. Microorganisms found
in Chinese patients with GC included Helicobacter pylori,
EBV, hepatitis B virus, and human papillomavirus types
16 and 18.

Conclusion. ldentification of varied molecular features by
targeted next-generation sequencing provides more insight
into patient stratification and offers more possibilities for
both targeted therapies and immunotherapies of Chinese
patients with GC. The Oncologist 2021;26:e756—e768

Implications for Practice: This study investigated the genomic alteration profile of 529 Chinese patients with gastric adeno-
carcinoma by deep targeting sequencing, which might be the largest Chinese cohort on the genomic research of gastric ade-
nocarcinoma up to now.
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INTRODUCTION

Gastric cancer (GC) is the second leading cause of cancer-
related deaths globally, and more than half of patients with
GC come from East Asia [1, 2]. The vast majority of GCs are
adenocarcinomas [3]. GC is both genetically and phenotypi-
cally heterogeneous; however, current approaches for both
first-line and second-line treatments of patients with GC are
limited, benefitting only a small portion of patients [4]. A
one-size-fits-all approach is not appropriate for treating
such a heterogeneous disease, and novel molecular
targeted therapies are urgently needed [5].

To better understand the heterogeneity and develop
new treatment strategies for GC, several classification sys-
tems have been proposed. The Lauren classification, both
diffuse and intestinal, and the World Health Organization
classification, tubular, papillary, mucinous, poorly cohesive,
and mixed carcinomas, are the most widely adopted classifi-
cation systems at the histological level, but both have lim-
ited clinical utility [6, 7]. At the molecular level, three major
molecular division systems of GC were recently proposed
by distinct study groups where different standard treatment
modalities for advanced GC were recommended [6]. They
analyzed tumor samples with different cohort sizes that
were collected from South Korea, Singapore, and Australia,
and the subtypes were described by considering the differ-
ences of microsatellite stability and microsatellite instability
(MSI), infectious pathogens, DNA methylation, genomic
alterations, Lauren classification, and TP53 mutation status
[5, 8, 9]. However, the subtypes divided by each study
group are largely different with respect to the differences
of population and method; thus more studies on other
populations located in different geographical regions are
still needed.

Here, we performed a targeted sequencing panel focus-
ing on both cancer-related genes and tumor-associated
microorganisms of 529 gastric adenocarcinoma samples.
We explored the mutational landscape covering somatic,
germline, and microorganisms among these patients and
provided a comprehensive mutational profile of the Chinese
GC cohort. In addition, we analyzed several signaling path-
ways that are frequently altered in cancers. We divided
these patients into five tiers according to targetable geno-
mic alterations. These findings provide more insight into
patient stratification and potential molecular targets and
for developing new treatment strategies of patients with
GC in China and worldwide.

MATERIALS AND METHODS

Subject Inclusion and Sample Collection

This study was approved by the institutional review board
according to the Declaration of Helsinki. A total of
529 patients who were diagnosed with phase I-IV GC were
enrolled in this study. Tumor samples with peripheral blood
controls were collected from December 2016 to January
2019 and transferred to OrigiMed (Shanghai, China) for
genetic sequencing. Informed consent was obtained from
all enrolled patients. Tumor and germline genomic DNA
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were extracted from the formalin-fixed paraffin-embedded
(FFPE) and matched blood samples using QlAamp DNA FFPE
Tissue Kit and QlAamp DNA Blood Midi Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. The
concentration of DNA was measured by Qubit and normal-
ized to 20-50 ng/pL.

Detection and Curation of Genomic Alterations

Deep coverage next-generation sequencing (NGS) targeting
7,029 exons of 450 cancer-related genes, 64 selected
introns of 39 genes, and 111 regions of 26 tumor-associated
microorganisms was performed on both tumor and
germline DNA samples using the YuanSuTM450 gene panel
(OrigiMed). All regions were captured and sequenced with
a mean coverage of 800X using an lllumina NextSeq500
instrument (lllumina Inc., San Diego, CA). All classes of
genomic alterations, including single-nucleotide variations
(SNVs), short and long insertions and deletions, copy num-
ber variations (CNVs), and gene rearrangements, were ana-
lyzed. Tumor mutational burden (TMB) and microsatellite
instability (MSI) status were acquired by an NGS algo-
rithm [10]. The true presence of a microorganism was
determined by a cutoff that was validated by polymerase
chain reaction methods. For germline mutations, common
single-nucleotide polymorphisms, defined as those from the
dbSNP database (version 147), a frequency over 1.5% from
the Exome Sequencing Project 6500, or over 1.5% from the
1000 Genomes Project, were excluded. Finally, all detected
mutations were classified as clinically relevant mutations or
variants of unknown significance based on the American
College of Medical Genetics (ACMG) standard.

Statistical Analysis

Fisher’s exact test or the chi-square test was used to exam-
ine the association between clinical characteristics and
genetic mutations. All probability values were adjusted by
Bonferroni correction. Values of p < .05 were considered
statistically significant. All the statistical analyses were per-
formed using R version 3.5.1.

RESULTS

Basic Characteristics of the Patients

A total of 529 patients with GC, including 356 men and
173 women, were included in this study. Patients ranged in
age from 25 to 86 years, and the median age at diagnosis
was 60 years. When diagnosed, 20% of patients were found
to have a relatively early stage disease (stage | or Il),
whereas over 60% of patients were in late stage (stage Il
and V). Of all patients with GC, 60 (11.3%) had microsatel-
lite instability-high (MSI-H) tumors, whereas the third quar-
tile of TMB value in patients with GC was 10.8 mutations
per megabase (Mut/Mb), and a total of 70 patients (13.2%)
had GCs with TMB >20 Mut/Mb. Here, we defined TMB-
high (TMB-H) patients as those with high TMB (210.8
Mut/Mb). The summarized characteristics of all patients
with GC are shown in supplemental online Table 1.

© 2021 The Authors.
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Somatic Mutation Profiling

To identify somatic mutations in GC, we performed a
targeted sequencing panel focusing on exons of 450 cancer-
related genes (supplemental online Table 2) and selected
introns of 39 genes that are frequently rearranged in solid
tumors among 529 GC tumor-normal pairs. We identified
clinically relevant mutations in 449 genes. Alteration fre-
quencies of 38 genes were over 5%, with the most fre-
quently altered genes in GC being TP53 (59.7%), ARID1A
(21.9%), LRP1B (14.7%), PIK3CA (13.8%), ERBB2 (13.4%),
CDH1 (13.0%), KRAS (11.7%), FAT4 (11.5%), CCNE1 (10.6%),
KMT2D (10.4%), and RNF43 (10.4%) (Fig. 1A). In examining
the SNV spectrum, we observed that C > T was the most
predominant pattern, accounting for 62.6% of the total
SNVs, and this trend was more prevalent in TMB-H patients.
We also profiled the CNV landscape in the same cohort and
found that gene amplifications and gene deletions showed
an uneven distribution along the Chinese GC cohort. We
identified 171 clinically related CNV events, including
152 gene amplifications and 19 gene deletions. Amplifica-
tions were more frequent than deletions (88.4% vs. 11.6%,
respectively) among all CNV changes. The most frequently
amplified genes and regions were CCNE1 (n =55, 10.4%),
ERBB2 (n =44, 8.3%), 11q13 (including CCND1, FGF19,
FGF4, and FGF3; n = 30, 5.7%), GATA4 (n = 26, 4.9%), and
FGFR2 (n = 25, 4.7%), whereas the most commonly deleted
region was CDKN2A/B (n =7, 1.3%) (Fig. 1B). Interestingly,
we also observed that the truncation mutations of several
genes, including ARID1A, KMT2D, RNF43, TGFBR2, and CIC,
occurred in TMB-H patients, whereas gene amplifications,
such as ERBB2, CCNE1, CDK12, and CCND1, were usually
detected in TMB-L patients (Fig. 1A). There were 358 gene
rearrangements involving 175 different genes that were
detected in 37.2% (197/529) of patients. Nearly half of
these rearrangements (n = 140), which included 82 different
genes and 105 patients, belonged to the clinically relevant
genomic alterations (CRGAs) based on the ACMG standard.
We found that CRGA fusion/rearrangements mostly occurred
in BRCA1, CDKN2A, ETV6, ARID1B, and NOTCH1, accounting
for 5%, 3.6%, 3.6%, 2.9%, and 2.9%, respectively (Fig. 1C).

Germline Mutation Number and Spectrum

To identify genetic variants that may affect risk for gastric
cancer, we analyzed the germline mutations in 529 patients
with gastric cancer. There were 45 mutations identified in
44 (8.3%) patients, 38.6% (17/44) being splicing site muta-
tions and 52.3% (23/44) being truncation mutations. A total
of 21 genes with germline mutations were detected. The
most frequent gene mutations were SPINK1 (n = 7, 15.9%),
FANCA (n =5, 11.4%), ATM (n =4, 9.1%), BARD1 (n =3,
6.8%), BRCA2 (n =3, 6.8%), PALB2 (n =3, 6.8%), BRCA1
(n =2, 4.5%), MSH2 (n =2, 4.5%), RAD51D (n =2, 4.5%),
and SDHA (n =2, 4.5%). As the most frequently mutated
gene, all SPINK1 germline mutations in patients with GC
were SPINK1 c.194 + 2T > C. Among all the patients who
harbored germline mutations, 20.5% (9/44) of patients had
a family history, 56.8% (25/44) harbored “BRCAness” and
homologous recombination deficiency signaling changes,
and 9.1% (4/44) had DNA mismatch repair (MMR) signaling

© 2021 The Authors.
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changes (Fig. 2). Most of these mutations had been previ-
ously associated with other types of tumors.

Microbial Community Profiling

In order to determine the characteristics of microbial patho-
gens in the Chinese GC population, we designed probes
targeting 26 cancer-related microorganisms and performed
targeted sequencing in the 528 patients who were available
for microbe analysis. In 104 patients (19.7%), we detected
five different types of microorganisms, including
Helicobacter pylori (49.0%, n = 51), Epstein-Barr virus (EBV;
51.9%, n = 54), hepatitis B virus (HBV; 7.7%, n = 8), human
papillomavirus type 16 (HPV16; 3.8%, n =4), and human
papillomavirus type 18 (HPV18; 1.0%, n =1) (Fig. 3A).
Although most coinfections are rare events, a coinfection of
EBV and H. pylori is relatively common and was detected in
8.7% (n =9) of microbe-positive patients with GC (Fig. 3B).
Furthermore, we analyzed the genomic alterations of
patients with GC and the top four ranking infection sub-
types, which were EBV infection alone (Fig. 3C), H. pylori
infection alone (Fig. 3E), a coinfection of EBV and H. pylori
(Fig. 3D), and HBV infection alone (Fig. 3F). A high frequency
of TP53 and ARID1A mutations was observed in each group.
In the EBV-positive group, mutation frequencies of several
genes such as PIK3CA (33% vs. 11.7%, respectively;
p = .0156) and SMARCA4 (20.4% vs. 5.1%, respectively;
p =.0326) were much higher than EBV-negative groups.

Comparison of Partial Reported Molecular Features
Between Different Cohorts

Previous studies by The Cancer Genome Atlas (TCGA) and
Asian Cancer Research Group (ACRG) have reported some
common features in GC, such as EBV positivity, high MSI, and
recurrent mutations of TP53, ARID1A, and PIK3CA [4, 8].
Here, we compared the similarities and differences of some
representative features of our data with the TCGA and ACRG
GC tumor cohorts. All three data sets showed similarities in
the mutation frequencies of PIK3CA and RHOA (Fig. 4A) and
the predilection of PIK3CA mutations in EBV-positive GC
(Fig. 4B). However, we saw several differences between
cohorts. Our results revealed that only 11.3% of patients
with GC were MSI-H, which was significantly lower than that
in both the TCGA (21.7%) and ACRG (22.7%) cohorts; how-
ever, the percentage of EBV-positive patients (10.2%) was
slightly higher than in the other two cohorts (Fig. 4A). In our
cohort, MSI-H patients and EBV-positive patients could not
be separated independently according to the classification
method by TCGA. We found that 23.3% (14/60) of MSI-H
patients were EBV-positive and that 25.9% (14/54) of EBV-
positive patients were MSI-H, whereas RHOA mutations
seemed to define a particular subtype, which was basically
exclusive with both high MSI and EBV positivity (Fig. 4B).

Alterations of Cancer-Related Signaling Pathways

in GC

Inactivation or activation of various signaling pathways has
been described in several cancers, and certain types of can-
cers seem to favor certain signaling changes. To describe
the recurrent signaling alterations in GC, we analyzed six
signaling pathways that are commonly altered in cancers

Oncologist
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Figure 1. Summary of clinically relevant genetic alterations in 529 patients with gastric cancer. (A): The mutational oncoprint of
recurrent genetic alterations. Rows and columns represent genes and patients, respectively. The top panel shows the TMB value
for each patient. The bottom panel reflects single nucleotide variations of each patient. (B): The copy number variation (CNV) land-
scape. Red indicates copy number gain and blue indicates copy number loss. The significant oncogenes and tumor suppressor genes
were labeled and the CNV frequency of each gene was marked. (C): Circus plot of clinically relevant gene fusion/arrangements.
Both the 5’ and 3’ partner genes of each fusion/arrangement are shown.

Abbreviations: Mut/Mb, mutations per megabase; TMB, tumor mutational burden.
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Figure 2. Profiling of germline mutations in 44 patients with gastric cancer. All germline mutations were classified into “BRCAness,” DNA

mismatch repair, and other signaling pathways.

Abbreviations: indel, insertion or deletion; MMR, mismatch repair; Mut/Mb, mutations per megabase; TMB, tumor mutational burden.

among the 525 patients with GC who had genetic alter-
ations. The most frequently mutated signaling pathways
were Wnt, PI3K/Akt, and cell cycle signaling. Among the
patients with GC, 42.3% (n = 222) carried 314 genetic alter-
ations in the Wnt signaling pathway, and the most fre-
quently mutated genes belonging to the Wnt signaling
pathway were LRP1B and APC, accounting for 24.8% and
15%, respectively (Fig. 5A). The Food and Drug Administra-
tion (FDA) has approved several inhibitors targeting the
P13K/Akt and ERBB signaling pathways. We found that 39%
and 29.7% of patients with GC harbored mutations in the
PI3K/Akt and ERBB signaling pathways, respectively, and
that the comutation rate was 13.1% (Fig. 5B).

Targetable Genomic Alterations

To assess the clinical utility of prospective molecular profiling
in GC and to determine how many targetable genomic alter-
ations were identified, we systematically evaluated all
genetic mutations according to Memorial Sloan Kettering
Cancer Center (MSKCC) criteria [1, 11] based on the Precision
Oncology Knowledge Base (OncoKB; data version: v1.21;
https://oncokb.org/) and classified them into six tiers (1, 2A,
2B, 3A, 3B, and 4) for therapeutic implications. The evidence
level of each patient was defined as the highest level across
all actionable mutations. Altogether, 47.1% (249/529) of

© 2021 The Authors.
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patients harbored at least one actionable mutation, and four
types of evidence levels, including level 1 (9.5%), level 2B
(19.1%), level 3B (7.8%), and level 4 (10.8%), were identified
(Fig. 6). We also showed the summary of genes and alter-
ation types in each kind of evidence level. Among 50 patients
who had biomarkers predictive of response to an FDA-
approved drug in GC, 88% of patients harbored ERBB2 gene
amplification, whereas the remaining 12% had NTRK muta-
tions. In 101 patients who harbored biomarkers predictive of
response to an FDA-approved drug in other indications
besides GC, 13 genes involving 17 kinds of mutation types
were identified, and more than half of the patients harbored
PIK3CA substitution or insertion or deletion (indel) muta-
tions. In 41 patients whose biomarkers were predictive of
response to drugs in other indications, but neither bio-
markers nor drugs were standard care, KRAS substitution or
indel mutations accounted for 26.3% (Fig. 6).

Immunotherapy Implications

In addition to targetable therapies, checkpoint inhibitor—
based immunotherapies have achieved impressive success
in the treatment of diverse cancer types including
GC. Previous studies have mentioned that anti-PD-1/PD-L1
therapy was more effective to a subset of patients with PD-
L1 positivity, high MSI, EBV positivity, or high TMB [12, 13].

Oncologist
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Figure 3. Microbial community analysis and profiling of microbe-associated molecular features. (A): The microbial infection status
was shown across genders among 104 patients with gastric cancer (GC). (B): The coinfection frequency of different GC-associated
microbes. (C): The genomic alterations of patients with GC with EBV infection alone. (D): The genomic alterations of patients with
GC and H. pylori infection alone. (E): The genomic alterations of patients with GC and coinfection of EBV and H. pylori. (F): The
genomic alterations of patients with GC and HBV infection alone.

Abbreviations: EBV, Epstein-Barr virus; HBV, hepatitis B virus; Hp, H. pylori; HPV16, human papillomavirus type 16; HPV18, human
papillomavirus type 18; indel, insertion or deletion; Mut/Mb, mutations per megabase; TMB, tumor mutational burden.

To identify precise predictive biomarkers to better select from immunotherapies and further explored the mutation
patients with GC who may benefit most from immune signatures of two immunotherapy-associated features: high
inhibitors, here we analyzed the patients who may benefit MSI and high TMB in GC. We found that all MSI-H patients

www.TheOncologist.com © 2021 The Authors.
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Figure 4. The comparison of partial molecular features of patients with gastric cancer (GC) between our Chinese cohort and TCGA
and ACRG cohorts. (A): The frequency of patients infected with EBV, identified with high microsatellite instability and mutations in
RHOA, TP53, ARID1A, or PIK3CA in three GC cohorts are shown here. The chi-square test was used to examine the differences of
three cohorts among each group. **, p < .01; *** p < .001. (B): The overlap of six characteristics in 529 Chinese patients with
GC. Unknown of microbe state means the microbe status in this patient is unknown.

Abbreviations: ACRG, Asian Cancer Research Group; EBV, Epstein-Barr virus; MSI, microsatellite instability; MSI-H, MSI-high; mut,
mutation; Mut/Mb, mutations per megabase; TCGA, The Human Genome Atlas; TMB, tumor mutational burden.

were TMB-H, but only a very small portion of TMB-H and TMB-H groups or MSI-H and MSS groups (Fig. 7A). In
patients were microsatellite stable (MSS). PD-L1-positive or other words, both PD-L1 positivity and EBV positivity had
EBV-positive patients were randomly distributed in TMB-L no relevance with TMB or MSS status. Furthermore, we
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Figure 5. Analysis of signaling changes in patients with gastric cancer (GC). (A): Genetic alterations of 529 patients with GC were
classified by cell signaling pathways, including Wnt, PI3K/Akt, cell cycle, HRD, MAPK, and ERBB. The y-axis shows the number of GC
samples with alterations. (B): Coexisting mutations analysis of PI3K/Akt and ERBB signaling in GC. The Venn diagram show the per-
centage of samples with each signaling change and coalterations of both pathways.

Abbreviation: HRD, homologous recombination deficiency.

revealed that certain gene mutations were significantly
associated with both high TMB and high MSI. In patients
with GC with high TMB and high MSI, the mutation rates of
several genes, including ACVR2A, ARID1A, B2M, CIC, ERBB3,
and KMT2C, were much higher than in TMB-L and MSS
patients (Fig. 7B).
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DiscussioN

The widely used hybrid capture—based NGS technology
makes it possible to comprehensively understand the
molecular features of each tumor and helps to lay out the
foundation of patient stratification. More precise
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stratification strategies may provide more opportunities for
precision therapy. Here, we comprehensively profiled the
genomic features of Chinese patients with GC and com-
pared some of these features with profiles from other
cohorts, and we provided some new implications for both
targeted therapies and immunotherapies.

In this study, besides previously known recurrent muta-
tions, we identified several unique molecular characteristics
in Chinese patients with GC. For somatic mutations, gene
amplifications such as ERBB2, CCND1, FGF3/4/19, and

© 2021 The Authors.
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FGFR2 were more frequent than in other cohorts [5, 14]. In
our cohort, ERBB2 alteration was found in 71 (13.4%)
patients. Of these, 44 (8.3%) patients had ERBB2 amplifica-
tion, and 31 (5.9%) patients had mutations in ERBB2. The
most frequent mutation site in ERBB2 was R678Q
(11 patients), followed by S310F, D769Y, and V842| (three
patients, respectively). These substitutions have all been
considered as activating and oncogenic [11, 15]. The
reported rate of ERBB2 amplification in patients with gastric
cancer ranged widely from 7% to 34% because of the
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Figure 7. Immunotherapy-associated features in 529 patients with gastric cancer (GC). (A): The distribution of patients with differ-
ent status in microsatellite instability, tumor mutational burden, Epstein-Barr virus infection, and PD-L1. (B): Genetic alterations
associated with both high microsatellite instability and high tumor mutational burden in patients with GC.

Abbreviations: EBV, Epstein-Barr virus; MSI-H, high microsatellite instability; MSS, microsatellite stability; mut/Mb, mutations per

megabase.

different proportions of tumor location, grade, and histo-
logic subtype among the cohorts [16-18]. Likewise, we con-
sider that those differences may cause the lower rate of the
ERBB2 amplification in our cohort than that in most studies.

For germline mutations, we identified SPINK1
c.194 + 2T > C as the most frequently appearing variant,
which is associated with idiopathic chronic pancreatitis in
East Asians and has been widely reported in pancreatic can-
cer but, to our knowledge, has not been reported in GC
[19-21]. SPINK1 c.194 + 2T > C has been reported to abolish
SPINKI mRNA expression [22]. The loss of SPINK1 expres-
sion in gastric cancer tissue has been reported by other
cohorts and may be associated with adverse prognosis

www.TheOncologist.com

[23-25]. On the other hand, high SPINK1 expression in gas-
tric cancer was also been reported and associated with
favorable outcome [25, 26]. Thus SPINK1 may be conferred
a biologic function responsible for gastric cancer progres-
sion, although the mechanism remains to be elucidated.
FANCA is the most prevalent mutated gene in Fanconi ane-
mia, which is an autosomal recessive DNA disorder and has
a high risk of developing hematological and solid malignan-
cies [27, 28]. In our study, FANCA germline mutations found
in five patients included truncations (four of five) and muta-
tion in splicing site (one of five). FANCA is recognized as a
tumor suppressor, and its truncated or inactivated muta-
tions may be involved in the promotion of genetic
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instability, which would promote oncogenesis [27, 29].
Based on these observations, there are reasons to suspect
that SPINK1 and FANCA germline mutations may increase
the risk of gastric cancer.

In addition, we noticed that the most widely adopted
TCGA subtyping system may not be suitable for Chinese
patients. By analyzing 295 patients from across the world,
the TCGA divided GC into four subtypes: EBV-positive
tumors, microsatellite unstable tumors (MSI-H), genomically
stable tumors, and tumors with chromosomal instability.
EBV positivity and high MSI seemed to be mutually exclu-
sive events in the TCGA GC cohort, but in Chinese patients
with GC, EBV positivity and high MSI were mutually inclu-
sive. However, the overlap of MSI-H and EBV-positive
tumors is not an exception. Martinez-Ciarpaglini et al.
reported that 3 of 13 (23%) EBV-positive cases were also
MSI-H [30]. These findings may result from the different
detection methods and cutoffs for defining positivity. Here,
when we used 10 mapping reads on the EBV genome as a
cutoff for EBV, 14 out of 54 (26%) EBV-positive cases were
MSI-H. When the cutoff for EBV was 100, only two (14%) of
the 14 EBV-positive cases were MSI-H. However, when
1,000 was the cutoff, EBV positivity and high MSI became
mutually exclusive. In order to know the correspondence of
EBV DNA level with the EBV encoding region in situ hybridi-
zation (EBER ISH) detection result, we used targeted
sequencing in parallel with EBER ISH for EBV evaluation; the
results showed that EBV DNA more than 1,000 may have a
positive detection in EBER ISH (unpublished data). Interest-
ingly, we found that in these EBV-low-load (EBV DNA levels
10 ~ 1,000) MSI-H tumors, ARID1A mutations were found in
10 cases (71%), and no MMR genes had germline muta-
tions. ARID1A loss was reported to have significant associa-
tion with EBV positivity, loss of MMR protein expression,
and MSI-H status [31]. EBV-positive tumors reported by
TCGA had a higher prevalence of DNA hypermethylation,
but they lacked the MLH1 hypermethylation characteristic
of MSI-H tumors [9]. Our results showed that the higher
EBV DNA level detected in patients, the lower frequency of
high MSI occurred, indicating a regulation between virus-
induced hypermethylation and MLH1 hypermethylation—
induced high MSI, which needs confirmation and further
studies. RHOA mutations were almost incompatible with
EBV positivity or high MSI, consistent with RHOA mutating
almost exclusively in genomically stable gastric tumors [9].

In addition, we profiled the comprehensive infectious land-
scape of 26 cancer-related microbes in GC and detected five dif-
ferent types of microorganisms, including EBV, H. pylori, HBV,
HPV16, and HPV18 in GC, which is partially similar to previous
studies, but the frequency of each infection type was a bit dif-
ferent [32—34]. Consistent with prior reports, we observed high
mutation frequencies of PIK3CA and ARIDIA in EBV-positive
tumors [9]. In contrast to the rare TP53 mutations in TCGA
EBV-positive subtype, we observed a high mutation rate of
TP53 because of our lower threshold for EBV positivity. In gas-
tric cancer with H. pylori infection, a high frequency of TP53
mutations (three of nine) were observed, as suggested by prior
studies [35, 36). To our knowledge, this is the first mutational
landscape of GCs infected with EBV infection alone, H. pylori
infection alone, coinfection of EBV and H. pylori, and HBV
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infection alone. Recent studies suggest that survival may be bet-
ter in patients with GC tumors that harbor EBV, and negative
H. pylori status is associated with poor prognosis in patients
with GC [37, 38]. However, the underlying molecular mecha-
nisms were not well studied, and the clinical outcomes of other
kinds of infections in GC are largely unknown. Our microbial
profiling data combined molecular changes with certain types
of infection, which may provide new perspectives on prognosis
prediction and help to develop new prognostic tumor markers
to improve clinical outcomes for patients with GC.

We found that many patients with GC may be able to
benefit from either targeted therapy or immunotherapy.
There were 47.1% (249/529) of patients who harbored at
least one actionable mutation according to MSK levels of
evidence. For the remaining 52.9% of patients, there were
still 25% (70/280) of patients with at least one feature of
PD-L1 positivity, high MSI, EBV positivity, or high TMB. We
also observed a relatively high rate of EBV-positive patients
in Chinese GC, which may be due to methodology differ-
ences, but this information is still valuable and, at the very
least, offers complementary information on identifying
potential patients who may benefit from immunotherapy.
Simultaneous inhibition of the PI3K/ERBB pathway has been
tested in clinical trials for the treatment of various cancers,
and, given that the co-occurring mutation of PI3K and ERBB
signaling is relatively common in Chinese GC, combination
therapy of both PI3K and ERBB inhibitors may be a feasible
option [39]. Furthermore, we identified several genes such
as ACVR2A, ARID1A, CIC, ERBB3, FAT4, and KMT2C with sig-
nificantly higher mutation rates in both TMB-H and MSI-H
patients with GC. Even though the mechanisms are not very
clear, this phenomenon has been observed in certain genes
in other types of cancer, such as ARID1A in ovarian cancer
[40]. Hence, recurrent mutation of these genes may add
predictive value for immunotherapy response in GC.

CONCLUSION

In this study, we provided comprehensive mutational land-
scapes and identified unique molecular features covering
somatic mutations, germline mutations, and microorgan-
isms in 529 Chinese patients with gastric adenocarcinoma.
The mutation frequency of PIK3CA and RHOA and the
predilection of PIK3CA mutations in EBV-positive GC are
consistent with previous reports, but the ratio of MSI-H and
EBV-positive patients in Chinese patients are completely dif-
ferent from both the TCGA and ACRG cohorts, and the
MSI-H and EBV-positive features seem to be mutually inclu-
sive in Chinese patients with GC. Based on the unique
molecular alterations, we further analyzed their potential
implications on targeted, combined, and immunotherapies.
We hope these results will facilitate the development of
clinical trials to explore new biomarkers and more precision
therapy, ultimately deepening our understanding and
improving patient survival of GC.
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