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Background: Gastric cancer (GC) is one of the most common cancers worldwide. However, little is known
about the combination of HER2 amplification and microsatellite instability (MSI) status in GC. This study
aimed to analyze the correlation of HER2 amplification with microsatellite instability (MSI) status, clinical
characteristics, and the tumor mutational burden (TMB) of patients.

Methods: A total of 192 gastric cancer (GC) patients were enrolled in this cohort. To analyze genomic
alterations (GAs), deep sequencing was performed on 450 target cancer genes. TMB was measured by an in-
house algorithm. MSI status was inferred based on the MANTIS (Microsatellite Analysis for Normal-Tumor
InStability) score.

Results: The most frequently amplified genes in the GC patients included cyclin E1 (CCNEI), human
epidermal growth factor receptor 2 (HER?), fibroblast growth factor receptor 2 (FGFR2), cyclin D1 (CCNDI),
fibroblast growth factor 19 (FGF19), fibroblast growth factor 3 (FGF3), and fibroblast growth factor 4 (FGF4).
The frequency of HER2 amplification was 9.38% (18/192). HER2 amplification was higher in females than
in males (14.52% vs. 6.92%, respectively, P=0.091), however, MSI was higher in males compared to females
(7.69% vs. 4.84%, respectively, P=0.46). HER2 amplification was higher in metastatic loci compared to
primary lesions (23.08% vs. 8.38%, respectively, P=0.079) and was lower in patients with high TMB (TMB-H)
compared to those with low TMB (TMB-L) (4.0% vs. 11.35%, respectively, P=0.12). While the frequency
of MSI in metastatic foci was higher than that in primary lesions (15.38% wvs. 6.15%, respectively, P=0.48),
MSI status was highly associated with TMB-H (20% vs. 0%, respectively, P=3.66x107). Furthermore, HER2
amplification was negatively correlated with MSI status in Chinese GC patients.

Conclusions: HER2 amplification was negatively correlated with TMB-H and MSI status, and MSI
status was significantly associated with TMB-H in Chinese GC patients. These data suggested that HER2

amplification might be a negative indicator for GC immunotherapy.
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Introduction

Gastric cancer (GC) is one of the most common cancers
worldwide, with the highest rates observed in Europe and
Eastern Asia (1). Surgical resection is the primary treatment
for GC with good efficacy in patients who are diagnosed
early. However, the survival rate of late-stage cancer
patients is still extremely low (2,3). To date, a series of next-
generation sequencing (NGS) studies, including those from
The Cancer Genome Atlas (TCGA), have revealed several
genes that are frequently mutated in GC (4,5), facilitating
the development of targeted gene therapy to effectively
improve the overall survival of GC patients (6,7).

Human epidermal growth factor receptor 2 (HER2), also
known as erb-b2 receptor tyrosine kinase 2 (ERBB2), is a
human growth factor receptor that regulates cell growth
and differentiation (8). High levels of HER2 amplification
can induce the overexpression of cell membrane proteins
and subsequently, the cells acquire the characteristics of
malignant cells (9). Trastuzumab is a drug that targets the
HER?2 protein to improve the survival rate of patients with
primary and metastatic HER2-positive breast cancer (10).
Mutations of HER? often occur in a variety of cancers, such
as breast cancer, lung cancer, and GC (11). The positive
rate of HER?2 in GC increased with age and was positively
correlated with the intestinal type (12). HER2 protein
expression also associated with tumor differentiation,
Lauren classification, Borrmann type, and P53 expression
in GC (13). Many reports have shown a poor prognosis for
patients with HER2-positive tumors compared to those with
HER2-negative tumors (14-16). Unlike breast cancer, the
correlation between HER?2 and prognosis in GC patients
remains controversial. Some studies have shown that
HER2-positive tumors are associated with a significantly
deteriorating prognosis, while others have shown that
HER? status is not related to prognosis (16-20).

Microsatellite instability (MSI) is a description of
genomic instability caused by the inactivation of DNA
mismatch repair genes (21). MSI is considered to be a
positive prognosis biomarker and high MSI (MSI-H)
is associated with a good prognosis in many cancers,
especially in colorectal cancer (CRC) (22,23). MSI has also
been associated with good prognosis and low lymph node
metastasis in GC patients (24,25).

The prognostic predictions of MSI and HER?2
amplification are different. HER2 amplification is associated
with a poor prognosis, while MSI is associated with a good
prognosis. In patients with HER2 positive gastric cancer,
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the addition of trastuzumab in the first-line chemotherapy
can improve the survival rate (26,27). HER2 targeted
therapy in gastric cancer was selected as the first-line
treatment in HER2 positive patients. MSI is also considered
in adjuvant immunotherapy (27). However, little is known
regarding the combination of these two indicators in GC.
This study identified the mutational profiling of 192 GC
cases and analyzed the relationship between HER2 and
MSI, and the relationship between HER2 and TMB, and
aimed to guide the selection and effectiveness of targeted
therapy for gastric cancer patients.

We present the following article in accordance with
the MDAR reporting checklist (available at http://dx.doi.
org/10.21037/jgo-21-47).

Methods
Patient envollment and sample collection

All procedures performed in this study involving human
participants were in accordance with the Declaration of
Helsinki (as revised in 2013). The study was approved by
institutional ethics committee of The First Hospital of
Shanxi Medical University (No.: 2020-K008) and informed
consent was taken from all the patients. A total of 192
Chinese GC patients were randomly enrolled in this study.
Both formalin-fixed and paraffin-embedded (FFPE) tumor
tissues, and matched blood samples were collected from
patients for the detection of genomic alterations (GAs) using
the NGS-based YuanSuTM450 gene panel (OrigiMed,
Shanghai, China). Genomic DNA was isolated using the
QIAamp DNA FFPE Tissue Kit and the QIAamp DNA
Blood Midi Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. The concentration of DNA
was measured by Qubit (Life Technologies) and normalized
to 20-50 ng/pL.

Identification of GAs, TMB, and MSI

The genomic profile was produced using the YuanSuTM450
gene panel (Appendix 1), which covers all the coding exons
of the 450 cancer-related genes, and 64 selected introns
in the 39 genes that are frequently rearranged in solid
tumors (28). The genes were captured and sequenced
with a mean depth of 800x by using Illumina NextSeq 500
(Illumina, Inc., CA). Single nucleotide variants (SNVs)
were identified by MuTect (v1.17). Insertion-deletion
polymorphisms (indels) were identified by using PINDEL
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Table 1 Clinicopathologic features of 192 Chinese GC patients

Variable N=192
Gender
Male 130
Female 62
Age (years), median (range) 62 (27-86)
TMB, median (range) 5.4 (0-83.7)
Lesion
Primary 179
Metastases 13
Differentiated degree
Well/moderately differentiated 30
Poorly/undifferentiated 129
Not available 33
GC, gastric cancer; TMB, tumor mutational burden.
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Figure 1 Statistical distribution map of variation types. SNV,
single nucleotide variant; CNV, copy number variation; LONG,
long insertion/deletion; FUS, gene fusion.

(V0.2.4). The functional impact of these mutations was
annotated by SnpEff3.0. Copy number variation (CNV)
regions were identified by Control-FREEC (v9.4) with
the following parameters: window =50,000, and steP
=10,000. Gene fusions were detected through an in-
house pipeline. Gene rearrangements were assessed by
Integrative Genomics Viewer (IGV). TMB is a measure of
the number of somatic mutations per megabase of genome
coding region. With the reference to previous method (29),
TMB was estimated by counting the somatic mutations in
coding area, including SNVs and indels, per megabase of
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the sequence examined. MSI status was inferred based on
the MANTIS (Microsatellite Analysis for Normal Tumor
InStability) score (30), and microsatellite regions were
manually reviewed using the Integrated Genomics Viewer
(IGV) for confirmation.

Statistical analysis

Statistical analyses were performed using SPSS version 22.0
(SPSS Inc., Chicago, IL, USA). Fisher’s exact test was used
to analyze significant differences. P<0.05 was considered
statistically significant.

Results
Characteristics of Chinese GC patients

In this cohort, a total of 192 Chinese GC patients,
including 130 (67.71%) males and 62 (32.29%) females,
were enrolled. The median age was 62 years old (range, 27—
86 years old). Samples from 179 (93.23%) original primary
tumors and 13 (6.77%) metastatic tumors were collected.
The degree of tumor differentiation was identified for 159
samples. There were 30 well or moderately differentiated
samples and 129 poorly differentiated or undifferentiated
samples (Table 1).

The mutational landscape and the frequency of bigh MSI
(MSI-H) and HER?2 amplification in Chinese GC patients

According to the sequencing results of the tumor samples,
1,670 clinically relevant GAs were identified in 361
genes, with a mean of 8.70 GAs per sample (range, 1-59)
(Table S1). Among these alterations, 74.67% (1,247/1,670)
were SN'V/short indels, 20.36% (340/1,670) were CNVs,
2.22% (37/1,670) were fusion, and 2.75% (46/1,670)
were long indel variations (Figure I). The most frequently
mutated genes with mutation frequencies greater than 10%
included tumor protein P53 (TP53; 68.23%, 131/192), AT-
rich interactive domain-containing protein 1A (ARIDI1A;
18.75%, 36/192), low-density lipoprotein receptor-related
protein 1B (LRPIB; 17.19%, 33/192), ERBB2 (14.58%,
28/192), protocadherin fat 4 (FAT4; 13.54%, 26192),
cadherin 1 (CDHI; 12.50%, 24/192), and cyclin E1
(CCNEI; 10.94%, 21/192) (Figure 2). The most frequently
amplified genes included CCNEI1, HER?2, fibroblast growth
receptor 2 (FGFR?2), cyclin D1 (CCNDI), fibroblast growth
factor 19 (FGF19), fibroblast growth factor 3 (FGF3),
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Figure 2 Mutational profiling of 192 Chinese gastric cancer patients. The X-axis represents each case sample and the Y-axis represents each
mutated gene. The bar graph above shows the gene mutations of each sample, and the bar graph on the right shows the mutation frequency
of each mutated gene in this cohort. In between the upper and lower panel, primary tumors are shown in light green, metastatic lesions
are depicted in yellow, microsatellite stable (MSS) status is shown in blue, and the high level of microsatellite instability (MSI-H) is shown

in red. The lower panel shows the genetic alterations for each sample. Green represents substitution/indel mutations, red represents gene

amplification mutations, blue represents gene homozygous deletion mutations, yellow represents fusion/rearrangement mutations, and

purple represents truncation mutations.

fibroblast growth factor 4 (FGF4), GATA binding protein
4 (GATA4), retinoic acid receptor alpha (RARA), and DNA
topoisomerase 2-alpha (TOP2A). For HER2, there were 18
gene amplification mutations and 10 CNVs. The frequency
of HER?2 amplification was 9.38% (18/192) (Table S1).
MSI-H and TMB are important biomarkers and were
investigated in this cohort. According to previous studies,
TMB values less than 10 were classified as low TMB
(TMB-L) and TMB values greater than 10 were classified as
high TMB (TMB-H) (31,32). Among the 192 GC patients
in this study, 141 showed TMB-L, 50 showed TMB-H,
and 1 patient did not have an available TMB value. The
median TMB of this cohort was 5.4 Muts/Mb (range,
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0-83.7). In addition, MSI was detected in 13 cases (13/192,
6.77%; ‘Tuble 1). Together with the incidence rate of HER2
amplification, these results were consistent with previously
reported incidence rates (33-36).

The association between HER2 amplification, MSI, TMB
value, tumor origin, gender, and age of patients

There were 18 HER2-positive cases, including 9 males and
9 females, aged from 37 to 75 years old. Based on statistical
analysis, the detection of HER2 amplification in females was
higher than in males, but the difference was not statistically
significant (14.52% vs. 6.92%, respectively, P=0.091;
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Figure 3 Correlation analysis of HER2 amplification status and clinical features. (A) The correlation between HER2 amplification status

and gender; (B) the correlation between HER2 amplification status and age of the patients; (C) the correlation between HER2 amplification

status and tumor origin; (D) the correlation between HER2 amplification status and tumor mutational burden (TMB) value. HER2, human

epidermal growth factor receptor 2.

Figure 3A). Based on the median age, patients were divided
into two groups, those aged less than 62 years and those
aged 62 years and older. In the HER2 amplification positive
cases, there were 7 patients aged less than 62 years, and 11
patients aged 62 years and older. There were no differences
in HER? amplification between the two age groups
(Figure 3B).

With the exception of 3 patients who presented with
metastases, all tumors were primary lesions. TMB-H was
found in 2 HER2-positive cases and TMB-L was found
in the remaining 16 cases. The detection rate of HER?2
amplification in metastatic foci was higher than that in
primary lesions (23.08% wvs. 8.38%, respectively, P=0.079),
and the frequency of HER2 amplification in patients with
TMB-H was lower than in patients with TMB-L (4.0% uvs.
11.35%, respectively, P=0.13). However, the association
between tumor sites and TMB was not statistically
significant (Figure 3C,D).

In the 13 patients with MSI, including 10 males and
3 females, aged 43 to 82 years old, the frequency of MSI

© Journal of Gastrointestinal Oncology. All rights reserved.

detection was higher in males than in females, but the
difference was not statistically significant (7.69% vs. 4.84%,
respectively, P=0.46; Figure 44). Similarly, MSI status in
the different age groups was investigated. MSI status was
detected in 5 patients aged less than 62 years, and 8 patients
aged 62 years and older. No significant differences were
detected in the MSI status between the two age groups
(Figure 4B). The frequency of MSI in metastatic foci was
higher than that in primary lesions (15.38% vs. 6.15%,
respectively, P=0.20), however this was not statistically
significant (Figure 4C). Interestingly, except for 1 patient
with an unavailable TMB value, all 12 patients with MSI
status also harbored TMB-H. Statistical analysis revealed
that MSI status was highly associated with TMB-H (20%
vs. 0%, respectively, P=3.66x107"; Figure 4D).

HER?2 amplification is negatively correlated with
microsatellite status in Chinese gastric patients

A total of 18 HER? positive and 13 MSI cases were found
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Figure 4 Correlation analysis of microsatellite instability (MSI) status and clinical features. (A) The correlation between MSI status and

gender; (B) the correlation between MSI status and age of patients; (C) the correlation between MSI status and tumor origin; (D) the

correlation between MSI status and tumor mutational burden (TMB) value.

in this study. However, none of the patients were detected
as HER? positive and MSI positive concurrently. Statistical
analysis demonstrated that there was no significant
correlation between HER?2 positive and MSI (0% vs. 7.47%,
respectively, P=0.48).

Interestingly, the proportion of HER2 positive samples
was higher in females than in males, while the proportion
of MSI positive samples was lower in females than in males
(Figures 3A4,4A4). Unexpectedly, no significant differences
were detected between HER2 and MSI in female patients
(14.52% wvs. 4.84%, respectively, P=0.13; Figure 5A).

Due to the significant correlation between MSI and
TMB-H, we examined the correlation between HER2 and
MSI and TMB-H. As expected, the frequency of HER2
positive cases was significantly lower than the frequency
of MSI in TMB-H patients (4.0% vs. 20.0%, respectively,
P=0.031) (Figure 5B).

Combining the occurrence of HER? positive and MSI
and their correlation with the patient’s gender and TMB
value, we concluded that HER2 amplification is negatively
correlated with MSI in Chinese GC patients.

© Journal of Gastrointestinal Oncology. All rights reserved.

Discussion

GC is characterized by a high degree of biological
heterogeneity, suggesting that each GC patient has varied
genetic and molecular characteristics. With the development
of NGS sequencing technology in the past decade, many
studies have been focused on the mutational profiling of
GC (5,37-40). In Caucasian patients, mutations were most
commonly detected in the following genes: TP53, Kirsten
rat sarcoma viral oncogene homolog (KRAS), ARIDI1A,
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha (PIK3CA), ERBB3, phosphatase and tensin
homolog (PTEN), and major histocompatibility complex,
class I, B (HLA-B) (5). While in Korean GC patients,
mutations were most commonly detected in the following
genes: TP53, epidermal growth factor receptor (EGFR),
hepatocyte nuclear factor 1-alpha (HNF1A), PIK3CA, and
ERBB2 (38). Jia et al. showed that the frequency of mutation
in the adenomatous polyposis coli (4PC), ARID1A, lysine
methyltransferase 2A (KMT2A), PIK3CCA, and PTEN genes
were significantly different between Asian and Caucasian

GC patients (39). For Chinese GC patients, Wang et al.
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also reported that the most commonly mutated genes in a
cohort of patients from Hong Kong were TP53, ARIKIA,
CDH1, APC, ras homolog gene family member A (RHOA),
PIK3CA, SMAD4, MYC, and KRAS (40). This current study
also identified a high frequency of TP53, ARID1A, ERBB2,
and CDHI gene mutations in 192 Chinese GC patients. In
addition, high frequencies of LRPI1B, FAT4, and CCNEI
mutations were detected, and these have been shown to be
important in GC (41-43). To our knowledge, this is the first
study to report LRPIB, FAT4, and CCNEI as some of the
most frequently mutated genes in GC. These differences
suggested that the distribution of GC GAs may be varied
based on region.

HER?2 mutations can be used for determining the
prognosis of GC patients. In a study of Korean GC
patients, it was found that in HER2-positive patients, loss
of PTEN expression, and a low HER2 mean amplification
index correlated with resistance to trastuzumab-based
therapy and extremely poor prognosis (19). Another
study found that Lauren classification combined with
HER? status was a good prognostic factor for Chinese
GC patients. HER? negative patients with intestinal type
Lauren classification demonstrated the best survival, while
patients who were HER? positive with diffuse type Lauren
classification showed poor survival (44). In this study, the
frequency of mutated HER2 was 14.58%, including 9.38%
HER? amplification, suggesting that there may be a high
proportion of patients with poor prognosis in the Chinese
population.

For GC patients with HER2 mutations, there have been
many studies investigating drug therapy. In a single-arm
phase II study evaluating the efficacy of combining lapatinib

© Journal of Gastrointestinal Oncology. All rights reserved.

with capecitabine and oxaliplatin as first line neoadjuvant
therapy in untreated HER2-overexpressing advanced GC
patients, it was found that patients with a high level of
HER?2 amplification were more likely to respond to therapy
compared to those with a low level of amplification (45).
Yoshioka et al. demonstrated that HER2-amplified cell lines
were highly sensitive to the pan-HER inhibitors afatinib and
neratinib (46). In a subpopulation analysis of the JACOB
trial (NCT01774786), Chinese patients with HER2-
positive metastatic GC or gastroesophageal junction cancer
showed numerically improved overall survival, progression-
free survival, overall objective response rate, and a similar
safety profile when pertuzumab was added to the treatment
regimen of trastuzumab and chemotherapy compared
to patients receiving trastuzumab and chemotherapy
alone (47). All these studies suggested that HER2 can be
used as a biomarker for adjuvant therapy to improve patient
prognosis.

Wang et al. performed a meta-analysis of the
clinicopathological factors associated with HER2-positive
GC and found that HER2-positive expression was associated
with males, intestinal type GC, and well to moderate
differentiation (48). This differs from our study in which
HER?2 amplification was detected more often in females
than in males.

MSI is one of the key factors in GC. Contrary to HER2
amplification, studies have shown that MSI is associated
with good prognosis. Kohlruss et /. investigated the
role of Epstein-Barr virus (EBV) infections, MSI-H, and
MSI-L in 760 GC patients in the context of platinum/5-
fluorouricil based preoperative chemotherapy (49).
Patients with EBV positive tumors showed the best overall

7 Gastrointest Oncol 2021;12(2):377-387 | http://dx.doi.org/10.21037/jgo-21-47
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survival, followed by patients who were MSI-H. MSI-L
tumors were significantly associated with poor overall
survival (50). Cristescu and colleagues found that MSI
tumors were hyper-mutated intestinal-subtype tumors
occurring in the antrum, and resulted in a better overall
prognosis compared to the mesenchymal-like type
tumors (51). Liu et 4/. found that 58.3% of their GC cohort
were positive for MSI and concluded that the accumulation
of MSI in dysplasia and intestinal metaplasia of gastric
mucosa may be an early molecular event during gastric
carcinogenesis (52). In this study, MSI was detected in
6.77% of GC patients. This result was consistent with
previous reports (35,36), suggesting that MSI can also be
used as a biomarker for early detection and prognosis GC
patients.

A previous study showed that MSI was significantly
associated with females, older patients (mean age of
75 years), distal location, and distal non-diffuse modified
Lauren classification in GC. In a survival analysis of patients
with stage I-III GC, MSI patients showed a significantly
lower risk of cancer-related death (53). However, in the
current study, there was no statistical correlation between
MSI and gender or age.

Studies on the relationship between HER2 amplification
and MSI are limited. In a molecular profiling study of
metastatic colorectal tumors using NGS technology, 5.1%
of the patients had HER2 amplifications. Most of these
tumors were microsatellite stable (MSS), with HER2 copy
numbers ranging from 9-190 (54). A retrospective study by
Moy et al. showed that there was no significant difference in
the mean overall survival in patients with and without MSI.
In addition, all tumors with MSI were HER2 negative (55).
This was similar to the results in our study where all 13
MST samples were HER?2 negative.

TMB is an emerging biomarker for predicting
immunotherapy responses (29,56). Tumors with TMB-H
often have more neoantigens which are beneficial for
immunotherapy. TMB-H has been reported to be associated
with better outcomes in many cancers (57). A study by Cai
and colleagues found that TMB was significantly associated
with HER? immunohistochemistry status. Higher median
TMB values were seen in HER?2 positive tumors, but all
TMB-H tumors were HER2 negative (58). This was in
agreement with our study showing that the frequency of
HER?2 amplification was lower in TMB-H compared to
TMB-L tumors. In addition, this study demonstrated a
significant correlation between TMB-H and MSI. Taken
together, all these studies suggest that HER2 amplification
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is negatively correlated with microsatellite status in Chinese
GC patients, and MSI and HER2 amplification may be
effective biomarkers for predicting prognosis in GC
patients.

Conclusions

This study analyzed the genomic features and identified
the HER?2 amplification and MSI status in Chinese GC
patients. The results revealed that the age of patients was
not associated with HER2 amplification or MSI status. A
high frequency of HER2 amplification was found in female
patients and primary lesions, while MSI was detected more
frequently in male patients and metastatic foci. MSI status
was significantly associated with TMB-H, while HER?2
amplification was not correlated with TMB-H. From this
data, we concluded that HER2 amplification is negatively
correlated with the MSI status in Chinese GC patients.
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Supplementary

Appendix 1
The gene list of YuanSuTM450 gene panel

ABL1 ABL2 ACVRIB ACVR2A ADAM29 ADGRA2 AKT1 AKT2 AKT3 ALK
AMER1 APC  APEX1 AR ARAF ARFRP1 ARIDIAARID1IBARID2 ASXL1 ATF1 ATM ATR
ATRX AURKAAURKBAXIN1 AXIN2 AXLL. BAP1 BARDI BCL2 BCL2L1 BCL2L11 BCL21.2
BCL6 BCOR BCORL1 BCR BIRC5 BLK BLM BMPRIA BMX BRAF BRCAI BRCA2
BRD4 BRIP1 BTGl BTK CAMTAI CARD11 CBFB CBL CCNDICCND2CCND3CCNE1
CD274 CD79A CD79B CDC73 CDH1 CDKI12 CDK4 CDK6 CDK8 CDKNIA CDKN1B

CDKN2A CDKN2B CDKN2C CEBPA CFTR CHD2 CHD4 CHEKI CHEK2 CIC

COLI1Al CRBN CREB3L1 CREB3L.2 CREBBP CRKL CRLF2 CSF1 CSFIR CSK
CSNKI1AL1 CTCF CTNNAIL CTNNBI1 CUL3 CXCR4 CYLD CYP17A1 CYP2Do6

DAXX DDR1 DDR2 DICERI DNMT3A DOTILDPYD EGF EGFR EMSY EP300 EPCAM
EPHA2 EPHA3 EPHAS EPHA7 EPHB1 ERBB2 ERBB3 ERBB4 ERCC1 ERG  ERRFI1ESR1 ETV1 ETV4
ETV5 ETV6 EWSRIEZH2 FAMI35B TENTSC FANCA FANCC FANCD?2 FANCE FANCF
FANCGFANCL FANCM FAS FAT1 FAT3 FAT4 FBXW7FENI FEV  FGF10 FGF12 FGF14
FGF19 FGF23 FGF3 FGF4 FGF6 FGF7 FGFR1 FGFR2 FGFR3 FGFR4 FGR FH FLCN FLII1
FLT1 FLT3 FLT4 FOS FOXL2 FOXO1 FOXP1 FRS2 FUBP1 FUS FYN  GABRA6

GATAl GATA2 GATA3 GATA4 GATA6 GID4 GLI1 GLI2Z GLI3 GNAI1l GNAI3 GNAQ GNAS

GRIN2A GRM3 GSK3B H3-3A° HCK HDACYHGF HNFIAHRAS HSD3BI1 HSP90AAL
HTATTP2 IDH1 IDH2 IGFIR IGF2 IKBKE IKZF1 IL7R INHBA INPP4BIRF2 IRF4

IRS2 ITK JAK1 JAK2 JAK3 JUN KAT6A KDMSAKDMS5BKDMSC KDM6AKDR  KEAP1
KEL KIT KLHL6 KMT2AKMT2CKMT2D KRAS LCK LIMK1 LMO1 LRP1 LRP1B LRP2
LYN LZTR1 MACCIMAGI2 MAP2K1 MAP2K2 MAP2K4 MAP3K1 MAP3K13
MAP4KS5 MCL1 MDM2 MDM4 MEDI12 MEF2B MEN1 MERTK MET MGMTMITF MLHI
MPL  MREI1l MS4A1 MSH2 MSH6 MSTIR MTOR MUTYH MYB MYC MYCL MYCN MYDSS8
NBN NCOA2NCORINEKI1 NF1 ~ NF2  NFE2L.2 NFIB NFKBIA NKX2-1INOTCHI1
NOTCH2 NOTCH3 NOTCH4 NPM1 NR4A3 NRAS NRGI NRG3 NSD1 NTRKI1
NTRK2NTRK3NUP93 PAK3 PALB2 PRKN PARP1 PARP2 PARP3 PARP4 PAX5 PBRMI1 PCA3 PDCDI
PDCDI1LG2 PDGFB PDGFRA PDGFRB PDK1 PIK3C2B PIK3CAPIK3CBPIK3CD
PIK3CG PIK3R1 PIK3R2 PKD2 PLA2G1B PLCG2 PMS2 POLB POLDI1 POLE PPP2RIA
PRDM1PREX2 PRKACA PRKARIA PRKCI PRKDCPRSS1 PRSS8 PTCHIPTEN PTK2 PTK6
PTPNI11 QKI ~ RAC1 RADS50 RADS51 RADSIB RADS51C RADS1D RADS52
RAD54B RADS54L RAF1 RANBP2 RARA RBI RBM10 RECQLREL  RELA RELB
RET  RHBDEF2 RHOA RICTOR RNF43 ROCK1 ROCK2 ROS1 RPTORRUNXI1RUNXIT1
RXRA SDHA SDHB SDHC SDHD SETD2 SE3B1 SIK1  SLIT2 SMAD2 SMAD3 SMAD4 SMARCA4
SMARCB1 SMARCD1 SMO  SNCAIP SOCS1 SOX10 SOX2 SOX9 SPEN SPINK1SPOP
SPTA1 SRC  SRMS SS18  SSX1 STAG2 STAT3 STAT4 STK11 STK24 SUFU SYK  TAF1 TBX3
TCF7L2 TEK TERT TET1 TET2 TET3 TFE3 TGFBRI1 TGFBR2 TIE1 TIPARP
"TMPRSS2 TNFAIP3 TNFRSF14 TNFSF11 TNFSF13B TNK2 TOP1 TOP2A TPS53
TPMT TSC1 TSC2 TSHR TYK2 U2AF1 UGTI1Al VEGFA VHL WEEl WEE2 NSD2 CCN6

WT1 XIAP XPOl XRCC2 XRCC3 YES1 ZBTB2 ZNF217ZNF703ZNF750
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Table S1 Altered genes in 192 Chinese gastric cancer patients

CNV Fusion Long Indel SNV/Short Indel Total Ratio

TP53 0 1 1 129 131 68.23%
ARID1A 0 0 1 35 36 18.75%
LRP1B 0 2 31 33 17.19%
ERBB2 18 0 0 10 28 14.58%
FAT4 0 2 24 26 13.54%
CDHA1 3 1 1 19 24 12.50%
CCNE1 20 0 0 1 21 10.94%
PIK3CA 0 0 0 19 19 9.90%
KMT2D 0 0 1 17 18 9.38%
ERBB3 2 0 0 15 17 8.85%
APC 0 0 0 17 17 8.85%
RNF43 0 0 2 15 17 8.85%
ATM 1 1 0 14 16 8.33%
SMAD4 0 0 0 16 16 8.33%
ACVR2A 0 0 0 15 15 7.81%
KMT2C 0 0 1 14 15 7.81%
CDK12 9 0 0 5 14 7.29%
KRAS 8 0 0 6 14 7.29%
ARID2 2 0 1 11 14 7.29%
TGFBR2 0 0 0 14 14 7.29%
CDKN2A 4 0 1 8 13 6.77%
SPTA1 1 0 0 12 13 6.77%
LRP1 0 1 3 9 13 6.77%
FGFR2 12 0 0 0 12 6.25%
FBXW7 0 0 0 12 12 6.25%
GLI3 0 0 0 12 12 6.25%
CCND1 11 0 0 0 1 5.73%
FGF3 10 0 0 1 11 5.73%
GATA4 10 0 0 1 11 5.73%
RARA 10 0 0 1 11 5.73%
TOP2A 10 0 0 1 11 5.73%
SMARCA4 1 0 2 8 11 5.73%
RHOA 0 0 0 11 11 5.73%
PIK3R1 0 0 1 10 11 5.73%
FGF19 10 0 0 0 10 5.21%
FGF4 10 0 0 0 10 5.21%
BLK 9 0 0 1 10 5.21%
GRM3 2 0 0 8 10 5.21%
VEGFA 9 0 0 0 9 4.69%
EGFR 4 0 0 5 9 4.69%
CTNNB1 1 0 0 8 9 4.69%
GNAS 1 0 0 8 9 4.69%
EPHA5 0 0 0 9 9 4.69%
MYC 8 0 0 0 8 4.17%
BCOR 1 0 1 6 8 417%
CIC 1 0 1 6 8 4.17%
PTEN 1 1 1 5 8 4.17%
BRCA1 0 1 0 7 8 417%
FAT3 0 0 1 7 8 4.17%
PTCH1 0 0 1 7 8 4.17%
CREBBP 0 1 1 6 8 4.17%
GATA6 6 0 0 1 7 3.65%
TERT 5 0 1 1 7 3.65%
FAM135B 2 0 0 5 7 3.65%
EPHA3 1 0 0 6 7 3.65%
PREX2 1 0 0 6 7 3.65%
IKZFA1 0 0 0 7 7 3.65%
LRP2 0 0 0 7 7 3.65%
NTRK3 0 0 0 7 7 3.65%
SPEN 0 0 0 7 7 3.65%
ALK 0 1 0 6 7 3.65%
BRCA2 0 2 0 5 7 3.65%
MCL1 6 0 0 0 6 3.13%
STK11 4 0 0 2 6 3.13%
MET 2 1 0 3 6 3.13%
NTRK1 2 1 0 3 6 3.13%
AXIN1 1 0 0 5 6 3.13%
NF1 1 0 0 5 6 3.13%
NOTCHS 1 0 0 5 6 3.13%
NOTCH4 1 0 0 5 6 3.13%
CFTR 1 2 0 3 6 3.13%
BRAF 0 0 0 6 6 3.13%
CARD11 0 0 0 6 6 3.13%
EPHB1 0 0 0 6 6 3.13%
ERBB4 0 0 0 6 6 3.13%
FAT1 0 0 0 6 6 3.13%
PBRM1 0 0 0 6 6 3.13%
RAD50 0 0 0 6 6 3.13%
RUNX1T1 0 0 0 6 6 3.13%
SLIT2 0 0 0 6 6 3.13%
TET2 0 0 0 6 6 3.13%
TGFBR1 0 0 0 6 6 3.13%
TSC2 0 0 0 6 6 3.13%
ARID1B 0 0 1 5 6 3.13%
RUNX1 0 0 1 5 6 3.13%
SETD2 0 1 1 4 6 3.13%
CCND3 5 0 0 0 5 2.60%
CDKN2B 4 0 0 1 5 2.60%
ZNF217 4 0 0 1 5 2.60%
DDR2 2 0 0 3 5 2.60%
PTK2 2 0 0 3 5 2.60%
CUL3 1 0 0 4 5 2.60%
FANCM 1 0 0 4 5 2.60%
MAP3K13 1 0 0 4 5 2.60%
NOTCH2 1 0 0 4 5 2.60%
CASP8 0 0 0 5 5 2.60%
INHBA 0 0 0 5 5 2.60%
NOTCHA1 0 0 0 5 5 2.60%
PIK3CG 0 0 0 5 5 2.60%
PRKDC 0 0 0 5 5 2.60%
ROS1 0 0 0 5 5 2.60%
TAF1 0 0 0 5 5 2.60%
RANBP2 0 1 0 4 5 2.60%
MLH1 0 0 1 4 5 2.60%
EMSY 4 0 0 0 4 2.08%
DDR1 3 0 0 1 4 2.08%
FLT1 3 0 0 1 4 2.08%
MDM2 3 0 0 1 4 2.08%
WT1 2 0 0 2 4 2.08%
ASXL1 1 0 0 3 4 2.08%
CBL 1 0 0 3 4 2.08%
MAP2K4 1 0 1 2 4 2.08%
ACVR1B 0 0 0 4 4 2.08%
AMER1 0 0 0 4 4 2.08%
ATR 0 0 0 4 4 2.08%
ATRX 0 0 0 4 4 2.08%
AXIN2 0 0 0 4 4 2.08%
CSF1R 0 0 0 4 4 2.08%
EP300 0 0 0 4 4 2.08%
EPHA7 0 0 0 4 4 2.08%
FOXO1 0 0 0 4 4 2.08%
GABRA6 0 0 0 4 4 2.08%
GRIN2A 0 0 0 4 4 2.08%
HDAC9 0 0 0 4 4 2.08%
KMT2A 0 0 0 4 4 2.08%
MAGI2 0 0 0 4 4 2.08%
MAP3K1 0 0 0 4 4 2.08%
MED12 0 0 0 4 4 2.08%
MRE11 0 0 0 4 4 2.08%
MSH6 0 0 0 4 4 2.08%
MTOR 0 0 0 4 4 2.08%
NRG3 0 0 0 4 4 2.08%
PTPN11 0 0 0 4 4 2.08%
SMAD2 0 0 0 4 4 2.08%
SNCAIP 0 0 0 4 4 2.08%
CAMTA1 0 1 0 3 4 2.08%
CHD4 0 1 0 3 4 2.08%
B2M 0 0 1 3 4 2.08%
STAG2 0 0 1 3 4 2.08%
POLE 0 2 0 2 4 2.08%
CDC73 0 1 1 2 4 2.08%
FLT3 3 0 0 0 3 1.56%
FOS 3 0 0 0 3 1.56%
FRS2 3 0 0 0 3 1.56%
TNFSF13B 3 0 0 0 3 1.56%
FAS 2 0 0 1 3 1.56%
IL7R 2 0 0 1 3 1.56%
JAK3 2 0 0 1 3 1.56%
PIK3R2 2 0 0 1 3 1.56%
RICTOR 2 0 0 1 3 1.56%
ARFRP1 1 0 0 2 3 1.56%
BCL6 1 0 0 2 3 1.56%
BMPR1A 1 0 0 2 3 1.56%
FGF10 1 0 0 2 3 1.56%
FOXP1 1 0 0 2 3 1.56%
GATA3 1 0 0 2 3 1.56%
IRS2 1 0 0 2 3 1.56%
KDM6A 1 0 0 2 3 1.56%
MITF 1 0 0 2 3 1.56%
RET 1 0 0 2 3 1.56%
STAT3 1 0 0 2 3 1.56%
TNK2 1 1 0 1 3 1.56%
KLHL6 1 0 1 1 3 1.56%
FANCA 1 2 0 0 3 1.56%
CREBS3LA1 1 0 2 0 3 1.56%
AR 0 0 0 3 3 1.56%
BAP1 0 0 0 3 3 1.56%
CDKN1B 0 0 0 3 3 1.56%
CTCF 0 0 0 3 3 1.56%
DNMT3A 0 0 0 3 3 1.56%
ERG 0 0 0 3 3 1.56%
FANCD2 0 0 0 3 3 1.56%
FGF23 0 0 0 3 3 1.56%
GLN 0 0 0 3 3 1.56%
GLI2 0 0 0 3 3 1.56%
HNF1A 0 0 0 3 3 1.56%
JAK1 0 0 0 3 3 1.56%
KDR 0 0 0 3 3 1.56%
MAP2K1 0 0 0 3 3 1.56%
NBN 0 0 0 3 3 1.56%
PAK3 0 0 0 3 3 1.56%
PDGFRA 0 0 0 3 3 1.56%
POLD1 0 0 0 3 3 1.56%
PRSS1 0 0 0 3 3 1.56%
RBM10 0 0 0 3 3 1.56%
SMAD3 0 0 0 3 3 1.56%
SOX9 0 0 0 3 3 1.56%
TYK2 0 0 0 3 3 1.56%
XRCC2 0 0 0 3 3 1.56%
CHD2 0 1 0 2 3 1.56%
FANCG 0 1 0 2 3 1.56%
NTRK2 0 1 0 2 3 1.56%
BLM 0 0 1 2 3 1.56%
PARP4 0 0 1 2 3 1.56%
RECQL 0 0 1 2 3 1.56%
ETV6 0 2 0 1 3 1.56%
PALB2 0 1 1 1 3 1.56%
APEX1 2 0 0 0 2 1.04%
CDK6 2 0 0 0 2 1.04%
MEF2B 2 0 0 0 2 1.04%
BRD4 1 0 0 1 2 1.04%
FGF14 1 0 0 1 2 1.04%
HCK 1 0 0 1 2 1.04%
LIMKA 1 0 0 1 2 1.04%
LMOA1 1 0 0 1 2 1.04%
MYCN 1 0 0 1 2 1.04%
PPP2R1A 1 0 0 1 2 1.04%
PRKCI 1 0 0 1 2 1.04%
RAD52 1 0 0 1 2 1.04%
ROCK2 1 0 0 1 2 1.04%
SOX2 1 0 0 1 2 1.04%
SRMS 1 0 0 1 2 1.04%
STAT4 1 0 0 1 2 1.04%
TBX3 1 0 0 1 2 1.04%
TOP1 1 0 0 1 2 1.04%
MYB 1 1 0 0 2 1.04%
AKTA 0 0 0 2 2 1.04%
BCL2 0 0 0 2 2 1.04%
BCORLA1 0 0 0 2 2 1.04%
BRIP1 0 0 0 2 2 1.04%
CTNNA1 0 0 0 2 2 1.04%
CXCR4 0 0 0 2 2 1.04%
DOT1L 0 0 0 2 2 1.04%
EGF 0 0 0 2 2 1.04%
EPCAM 0 0 0 2 2 1.04%
ERRFI1 0 0 0 2 2 1.04%
ESR1 0 0 0 2 2 1.04%
ETV1 0 0 0 2 2 1.04%
FEN1 0 0 0 2 2 1.04%
FGFR3 0 0 0 2 2 1.04%
FGFR4 0 0 0 2 2 1.04%
FOXL2 0 0 0 2 2 1.04%
FYN 0 0 0 2 2 1.04%
HGF 0 0 0 2 2 1.04%
IDH1 0 0 0 2 2 1.04%
IRF2 0 0 0 2 2 1.04%
KDM5C 0 0 0 2 2 1.04%
NCOA2 0 0 0 2 2 1.04%
NCOR1 0 0 0 2 2 1.04%
NEK11 0 0 0 2 2 1.04%
PIK3CB 0 0 0 2 2 1.04%
PLCG2 0 0 0 2 2 1.04%
PMS2 0 0 0 2 2 1.04%
RAD54B 0 0 0 2 2 1.04%
RHBDF2 0 0 0 2 2 1.04%
ROCK1 0 0 0 2 2 1.04%
RXRA 0 0 0 2 2 1.04%
SF3B1 0 0 0 2 2 1.04%
SMARCB1 0 0 0 2 2 1.04%
TEK 0 0 0 2 2 1.04%
TETAH 0 0 0 2 2 1.04%
USP6 0 0 0 2 2 1.04%
CEBPA 0 1 0 1 2 1.04%
FANCC 0 1 0 1 2 1.04%
MENH1 0 1 0 1 2 1.04%
FUBP1 0 0 1 1 2 1.04%
PARK2 0 0 1 1 2 1.04%
PARP3 0 0 1 1 2 1.04%
TCF7L2 0 0 1 1 2 1.04%
AKT2 1 0 0 0 1 0.52%
BCL2L1 1 0 0 0 1 0.52%
BCL2L2 1 0 0 0 1 0.52%
CDK8 1 0 0 0 1 0.52%
ERCC1 1 0 0 0 1 0.52%
FEV 1 0 0 0 1 0.52%
FUS 1 0 0 0 1 0.52%
GID4 1 0 0 0 1 0.52%
IGF1R 1 0 0 0 1 0.52%
MERTK 1 0 0 0 1 0.52%
MYCL 1 0 0 0 1 0.52%
MYD88 1 0 0 0 1 0.52%
PLA2G1B 1 0 0 0 1 0.52%
PRKAR1A 1 0 0 0 1 0.52%
PTK6 1 0 0 0 1 0.52%
REL 1 0 0 0 1 0.52%
STK24 1 0 0 0 1 0.52%
XPO1 1 0 0 0 1 0.52%
YESH 1 0 0 0 1 0.52%
ABL2 0 0 0 1 1 0.52%
ADGRA2 0 0 0 1 1 0.52%
AKT3 0 0 0 1 1 0.52%
AURKB 0 0 0 1 1 0.52%
AXL 0 0 0 1 1 0.52%
BCL2L11 0 0 0 1 1 0.52%
BIRC5 0 0 0 1 1 0.52%
BTK 0 0 0 1 1 0.52%
CCND2 0 0 0 1 1 0.52%
CHEK1 0 0 0 1 1 0.52%
COL1A1 0 0 0 1 1 0.52%
CRBN 0 0 0 1 1 0.52%
CREB3L2 0 0 0 1 1 0.52%
CSF1 0 0 0 1 1 0.52%
CSK 0 0 0 1 1 0.52%
CSNK1A1 0 0 0 1 1 0.52%
CYLD 0 0 0 1 1 0.52%
CYP17A1 0 0 0 1 1 0.52%
DAXX 0 0 0 1 1 0.52%
DICER1 0 0 0 1 1 0.52%
DPYD 0 0 0 1 1 0.52%
EPHA2 0 0 0 1 1 0.52%
FANCE 0 0 0 1 1 0.52%
FGF12 0 0 0 1 1 0.52%
FGR 0 0 0 1 1 0.52%
FH 0 0 0 1 1 0.52%
FLT4 0 0 0 1 1 0.52%
GNA11 0 0 0 1 1 0.52%
GNAQ 0 0 0 1 1 0.52%
HLA-A 0 0 0 1 1 0.52%
HLA-B 0 0 0 1 1 0.52%
HSP90AA1 0 0 0 1 1 0.52%
IKBKE 0 0 0 1 1 0.52%
ITK 0 0 0 1 1 0.52%
KAT6A 0 0 0 1 1 0.52%
KDM5A 0 0 0 1 1 0.52%
KEAP1 0 0 0 1 1 0.52%
KIT 0 0 0 1 1 0.52%
MACC1 0 0 0 1 1 0.52%
MAP2K2 0 0 0 1 1 0.52%
MS4A1 0 0 0 1 1 0.52%
MST1R 0 0 0 1 1 0.52%
MUTYH 0 0 0 1 1 0.52%
NFE2L2 0 0 0 1 1 0.52%
NFKBIA 0 0 0 1 1 0.52%
NKX2-1 0 0 0 1 1 0.52%
NRG1 0 0 0 1 1 0.52%
NSD1 0 0 0 1 1 0.52%
PARP1 0 0 0 1 1 0.52%
PAX5 0 0 0 1 1 0.52%
PDGFRB 0 0 0 1 1 0.52%
PIK3C2B 0 0 0 1 1 0.52%
PIK3CD 0 0 0 1 1 0.52%
PRDM1 0 0 0 1 1 0.52%
QKI 0 0 0 1 1 0.52%
RAF1 0 0 0 1 1 0.52%
RB1 0 0 0 1 1 0.52%
RELA 0 0 0 1 1 0.52%
RPTOR 0 0 0 1 1 0.52%
SETBP1 0 0 0 1 1 0.52%
SIK1 0 0 0 1 1 0.52%
SMO 0 0 0 1 1 0.52%
SND1 0 0 0 1 1 0.52%
SOX10 0 0 0 1 1 0.52%
SPINK1 0 0 0 1 1 0.52%
SRC 0 0 0 1 1 0.52%
SUFU 0 0 0 1 1 0.52%
TET3 0 0 0 1 1 0.52%
TIE1 0 0 0 1 1 0.52%
TNFAIP3 0 0 0 1 1 0.52%
TPMT 0 0 0 1 1 0.52%
TSC1 0 0 0 1 1 0.52%
TSHR 0 0 0 1 1 0.52%
U2AF1 0 0 0 1 1 0.52%
WEE2 0 0 0 1 1 0.52%
XIAP 0 0 0 1 1 0.52%
ZBTB2 0 0 0 1 1 0.52%
ZNF703 0 0 0 1 1 0.52%
ZNF750 0 0 0 1 1 0.52%
CHEK2 0 1 0 0 1 0.52%
MSH2 0 1 0 0 1 0.52%
NF2 0 1 0 0 1 0.52%
BARD1 0 0 1 0 1 0.52%
Total 340 37 46 1247 1670

CNV, Copy number variation; SNV, Single nucleotide variants.
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