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Abstract

Rationale: Multiple gastric cancer (MGC) is characterized by the presence of more than two different
tumors in the stomach. However, the clonal relationship and carcinogenesis of MGC remain unclear. We
investigated the clonal relationship and role of germline mutations in the carcinogenesis of MGC.

Methods: We gathered 16 multiple gastric cancer patients. Thirty-three tumor samples and sixteen
normal gastric tissue or blood samples were obtained from January 2016 to December 2017. We also
conducted analyses for 208 gastric cancer and 49 esophagogastric junction cancer (GC-EG]J) tumors from
TCGA. DNA extraction from our samples was conducted for whole-exome sequencing (WES).

Results: Tumor mutation burden (TMB) was not statistically significant within database and our data in
the GC-EGJ (P=0.0591) and GC groups (P=0.3113). The mutation spectrum and signatures also showed
uniform distributions in GC and GC-EGJ groups within our data and TCGA database. Among sixteen
patients, four were identified as monoclonal, in which 11, 10, 26 and 6 somatic mutations were shared
within different tumors of P7, P8, P9 and P16, respectively. However, no common mutation between
different tumors of the same patient was found among the other 12 patients. After identifying
predisposing genes, we found that germline MSH2 and NCOR2 mutations were significantly dominant in
8/12 and 10/12 of genetic MGC patients. Additionally, all patients were identified with MSH2 mutations in
cancer samples of those genetic MGC patients. Taking genetic MGCs as a whole, we identified that TP53
were significantly mutated in 14 of 25 tumor samples.

Main conclusions: WES analyses are suggestive of monoclonal and polyclonal origin of MGC, which
may promote the classification of MGC into genetic and metastatic MGC. For patients with genetic MGC,
germline MSH2 X3 14_splice variants may contribute to carcinogenesis, thus prompting the consideration
of more radical surgery and/or anti-PD-1/PD-L1 therapy.

Key words: Multiple gastric cancer, whole-exome sequencing, clonal relationship, MSH2 gene, predisposing
gene, TCGA
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Introduction

Gastric cancer is one of the most common
gastrointestinal malignant cancers, with approxi-
mately one million of new patients diagnosed and
782.7 thousand patients succumbing to the disease
every year [1]. The incidence of gastric cancer ranks
sixth among all types of cancer, and it has the second
highest cancer-related death rate [1, 2]. Multiple
gastric cancer (MGC) refers to a special type of gastric
cancer present in more than two different sites of the
stomach, with reported rates ranging from 6-14%
[3-5].

As one type of rare cancer, multiple gastric
cancer is rigorously defined. Firstly, the different focal
sites must be confirmed as cancer. Second, the
different cancer tissues should be separated by
normal gastric mucosa. Finally, the various tumors
must exclude metastasis from each other[5]. However,
the different tumors within the normal tissue may not
be totally equal to independent cancer, which should
be identified using molecular biological techniques. A
remaining question is whether the widely defined
MGC is monoclonal or multicentric in origin.

Compared with solitary gastric cancer, multiple
gastric cancer is more prevalent among elderly male
patients and in the upper stomach [6-8]. However, the
differences in vascular cancer embolus, differentiation
state, lymph node metastasis and other clinical
pathological characteristics between solitary and
multiple gastric cancers are not statistically
significant. Endoscopic tumor dissection, subtotal
gastrectomy and total gastrectomy are potential
treatments for different patients with various stage
tumors. According to survival analyses, the
differences in survival between patients with solitary
and multiple gastric cancers are not statistically
significant [8-10]. However, most analyses were
confined to the early stage of tumors. Researchers
have not clearly determined whether a difference in
survival exists between patients with multiple gastric
cancer of different origins.

Other challenges include whether patients with
MGCs have definite predisposing genes and surgical
methods for patients with obvious familial
aggregation who are carrying susceptibility genes.
The E-cadherin (CDH1) gene, encoding the E-cadherin
protein, is a cancer predisposition gene
predominantly mutated in hereditary diffuse gastric
cancer (HDGC). The cumulative incidence of gastric
cancer could reach 70% and 52% for male and female
patients with positive CDH1 mutations, respectively
[11]. In addition to CDHI1 mutations, mutations in
many other genes involved in homologous
recombination such as BRCAI1, BRCA2, PALB2 and

others, were also reported to increase the risk of
gastric cancer [12-14]. Whether the occurrence of
MGCs in patients could also attribute to some
predisposing genes deserve research. Meanwhile,
Huntsman [15] conducted total gastrectomy in young
persons with truncating mutations in CDH1 from two
unrelated families with hereditary diffuse gastric
cancer. Multiple gastric cancer was observed in 60%
(3/5) of young persons, and the young asymptomatic
carriers of germ-line truncating CDH1 mutations were
advised to receive genetic counselling and consider
prophylactic gastrectomy for highly penetrant
hereditary diffuse gastric cancer. Therefore, a clear
answer is not available for the question of whether a
part of multiple gastric cancer also belongs to
hereditary gastric cancer and how to perform the
correct operation for these patients.

Although the clinical and pathological
characteristics, treatment modalities and overall
survival rates are not significantly different between
patients with solitary and multiple gastric cancers, the
reliability of the research evidence should be
questioned due to the use of different definitions and
classifications. = We  performed  whole-exome
sequencing of different tumour samples from patients
with multiple gastric cancer to validate the clonal
relationships of different tumours, improve the
classification and study the carcinogenesis of MGC.

Methods

Patients and tissue samples

We recruited 16 patients with multiple gastric
cancer who underwent subtotal and total gastrectomy
at Peking Cancer Hospital from January 2016 to
December 2017. Thirty- three tumor samples and
sixteen normal gastric tissue or blood samples were
obtained for the experiment. Detailed clinical
information was collected from every patient, and the
pathological diagnosis of every tumor tissue was
confirmed again by two independent pathologists.
We performed HE staining for sections from every
tumor resected from patients with multiple gastric
cancer. Informed consent was obtained from every
patient. The study protocol was approved by the
ethical committee of Peking Cancer Hospital.

DNA collection and whole-exome sequencing

We performed HE staining for each tumor
sample and collected cancer cells from 5-pm thick
formalin-fixed paraffin-embedded (FFPE) tissue
sections. DNA was extracted from thirty-three tumor
samples for the experiments and sixteen blood
samples as controls. Whole-exome sequencing was
conducted on [llumina HiSeq 4000.

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 12

5491

Sequencing data analysis

WES data were analyzed for somatic mutations,
insertions and deletions (INDEL), copy number
variants (CNVs), the mutation spectrum, mutation
signatures, significant mutated genes (SMGs), driver
genes and predisposing genes. The purity and ploidy
of tumor samples were analyzed using ABSOLUTE
software [16]. A phylogenetic tree was constructed
from the somatic mutations detected in each tumor
sample to explore the clonal relationships of different
tumors from every patient with multiple gastric
cancer. A PyClone analysis [17] was also performed to
further validate the clonal relationships of each
patient. CNVs detected in different tumour samples
from the same patients were also analysed and
compared to observe the inherent links as
supplementary evidence. The significant mutated
genes and driver mutations were analyzed for tumor
samples.

Public database mining

We extracted 208 gastric adenocarcinoma (GC)
samples and 49  esophagogastric  junction
adenocarcinoma (GC-EGJ) samples from the cancer
genome atlas (TCGA) database [18]. We compared the
tumor mutation burden (TMB), mutation spectrum
and mutation signatures among our sequencing data
and the publicly available data.

Results

The distributions of clinical-pathological
characteristics among patients with multiple
gastric cancer

We included 16 patients with multiple gastric
cancer and 33 tumor samples. Samples from two
independent tumors were collected from all patients
except P2. Male patients were predominant (14 versus
2). The mean age was 59 years. The locations of
tumors for each patient were varied, with tumors of 3
patients (P1, P8, and P9) located in a similar region of
the stomach, whereas the tumor of the other patients
(P2-7 and P12-18) were located in different regions of
the stomach. For all samples, most of the tumors (24
samples) were located in the stomach and 9 tumor
samples were diagnosed as GC-EGJ. The tumor
differentiation of ten patients was identified as
identical, however, six other patients including P3, P5
and P15-18, were evaluated as displaying different
levels of differentiation. Most of the patients had the
same Lauren classification, except P3, P5 and P15. All
patients accepted radical surgery, including total or
subtotal gastrectomy. Regarding the pathological
results, most of patients, except P2 and P16, were
classified as having the same lymphatic vessel

invasion statement, and all patients were diagnosed
with a consistent perineural invasion status. Half of
the patients were diagnosed with the same tumor T
stage, and the others (P2-4, P6, P13, P15-16, and P18)
had different stage tumors. Eighteen tumor samples
of all patients were diagnosed as stage T1 and fifteen
samples were diagnosed as stage T2-4 tumors (Figure
1). We only observed an H. pylori infection in samples
of P10. Two patients, P2 and P7, were identified as
mismatch repair deficiency (d-MMR).

Systematic analysis of mutations in MGC
tumour samples using WES

We extracted DNA from 33 tumor samples for
WES analyses. The average sequencing depth was 266
and 147 for tumor and normal tissue samples,
respectively (Supplementary Table 1). Somatic
nucleotide variants (SNVs), INDELs, and somatic
copy number variants (CNVs) were analyzed for all
tumor samples. We identified 519 driver mutations
and 34 significantly mutated genes in the MGC
samples.

The mutations identified in MGC have no
distinction from that of GC in the TCGA
database

To evaluate the reliability of our sequencing
results from the stomach and EGJ, we collected WES
data of 208 GCs and 49 GC-EGJs in the TCGA
database. We compared the tumor mutation burden
(TMB), mutation spectrum and mutation signatures of
tumors from different locations between our data and
the TCGA database. The difference in the TMB
between the samples from the database and our
samples in the GC-EGJ groups was not statistically
significant (P=0.0591) (Figure 2B). Additionally, the
TMB level was also similar in the GC groups between
two databases (P=0.3113) (Figure 3B). The mutation
spectrum of the GC-EGJ tumors in our study was
approximately uniformly distributed within 49 same
samples from the public database, with a
predominance of the C>T/G>A mutation (Figure 2C).
The mutation spectrum of GC in our research was
nearly identical to that of 208 samples from the TCGA
database and with a similar mutation type to that of
GC-EGJ (Figure 3C). The mutation signatures also
showed a uniform distribution in the GC and GC-EG]J
groups within our data and the TCGA database,
respectively (Figure 2A and Figure 3A). However, the
predominant mutation signatures were obviously
different between the GC and GC-EG] groups.
Signature B predominated in the GC-EGJ groups, but
signatures A and C predominated in the GC groups.

The comparative results from our data and the
TCGA database indicated the consistent mutations of
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GC and GC-EGJ with other studies. The GCs and
GC-EGJs of patients with MGC have no distinctions
from single GC or GC-EG]J.

The monoclonal and polyclonal relationships
of multiple gastric cancer

To explore the clonal relationship of tumor
samples among patients with multiple gastric cancer,
we constructed a phylogeny tree based on the somatic
mutations of different samples for each patient
(Figure 4). Four of the sixteen had monoclonal
tumours, in which 11, 10, 26 and 6 somatic mutations
were shared within different tumors in P7, P8, P9 and
P16, respectively. However, no common mutation
was observed between different tumors from the
same patient in the other 12 patients, even though P2
presented thousands of somatic mutations. Therefore,
these 12 patients genetically have multiple gastric
cancer, and the 4 monoclonal patients may have
tumors that metastasized from each other.

To further validate the clonal relationships, we
conducted clonal analysis (Figure 4). PyClone
analyses take the mutation frequency, copy number
variants, tumor purity, loss of heterogeneity and
cancer cell fraction into consideration. We identified
common subclonal clusters with large numbers of
SNVs in a large cancer cell fraction within both tumor
components of P7, P§, P9 and P16. However, common
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Figure 1: The clinical-pathological characteristics of multiple gastric cancer. The different color of columns represents different status of basic information of patients
with MGC and pathological characteristics of different tumors of MGC. MGC: multiple gastric cancer.
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Figure 2: The comparison on mutations of GC-EG) between our data and TCGA database. (A) The column shows the distributions of mutation signatures among
GC-EG] groups from our data and public database. The Y axis represents the fractions of mutation signatures and the X axis indicates the tumor samples, in which the samples
with marks are our data and the others are from TCGA database. (B) The box plot depicts the TMB between public data (blue) and our data (yellow). (C) The heatplot represents
the mutation spectrum among GC-EGJ groups from our data and public database. The right parts are different samples. Samples with names are from our data and the others
from TCGA database. GC-EGJ: esophagogastric junction cancer, TCGA: the cancer genome atlas, TMB: tumor mutation burden

The findings discussed above imply that a part
of multiple gastric cancers originates from a common
origin, whereas others are polyclonal, indicating
genetic difference multiple gastric cancer.

The role of MSH2 in the tumorigenesis of
multiple gastric cancer
The low probability of carcinogenesis limits the

occurrence of multiple tumours in the same organ or
patient. The mechanisms underlying the occurrence of

MGC and the role of predisposing genes in its
occurrence remain obscure.

To explore the roles of predisposing genes in
MGCs, we analyzed the germline mutations of genetic
MGCs (Figure 5A). We identified germline
predisposing genes by comparing mutations with the
Cancer Gene Census (CGC) and two other
predisposing gene databases. Germline MSH2 and
NCOR2 mutations were significantly dominant in
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8/12 and 10/12 of patients with genetic MGC,
respectively.

Of these mutations, MSH2 X314_splice deletion
occurred in most of patients, except for P4, P6, P17
and P18. NCOR2 mutations were identified in most
patients, except P2 and P4. Six patients carried
nonsense mutations, three patients carried frameshift
INDELs and one patient non-frameshift INDELs in
this gene. Among the germline MSH2 mutations
identified in MGCs, 40% of patients had a family
history of cancer. In addition, germline AHNAK

patients with genetic MGCs.

Among the identified SMGs and driver genes,
we found no significant MSH2, NCOR2 and AHNAK
mutations in any tumor samples. Therefore, we
further analyzed the predisposing genes in the tumor
samples (Figure 5B). Interestingly, the NCOR2
mutations were detected significantly with mutations
in only three patients. However, all patients were
identified with MSH2 mutations, including P4, P6,
P17 and P18. More interestingly, we found the
identical MSH?2 splicing site in all germline and tumor

missense mutations were detected in 50% of all  samples (Figure 5C). All germline AHNAK mutations
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were also present in cancer samples from those same  latter represented intrinsic MGC. To comprehensively
patients. present the characteristics of mutations in MGCs, we

The analyses of germline and cancer analyzed the SNVs, INDELs, CNVs, mutation
predisposing mutations imply the possibility of an  spectrum, mutation signatures, SMGs and driver
important role of predisposing genes, including genes for each tumor. On average, 179 SNVs were
MSH?2 and AHNAK, in the tumorigenesis of MGCs. identified in every MGC tumor sample; however, the
average number of SNVs was reduced to 51 after
excluding P2. Similarly, an average of 11 frameshift
INDELs were detected in each tumor and the value

We classified pathologically diagnosed MGCs  reached 3, except for P2. Patient 2 was very special
into monoclonal and polyclonal types, in which the  with 3357 SNVs and six frameshift INDELs. An

The mutation distributions of genetic multiple
gastric cancer
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average of 59 CNVs were observed in each MGC
tumor. Regarding the mutation type, the C>T/G>A
predominated in all genetic MGCs (Supplementary
Figure 2). Most tumors were identified with signature
B predominance, however, GC2-EG] and GC2L were
signature A and GC2M with signature C
predominance, respectively (Supplementary Figures
3-5). The correlation analysis between clinical
characteristics and signatures showed that signature B
was associated with the level of CA72.4 (Figure 6C).
At the gene level, we identified TP53 driver mutations
including missense mutations and frameshift INDELs
in 14 of the 25 tumor samples (Figure 6A and
Supplementary Figure 6). In addition, DMD, KMT2D
and ATM driver mutations were also detected in 16%
of MGC tumors. From the comprehensive analysis,
we only identified TP53 significantly mutated in 14 of
25 tumor samples. FMNL?2 mutations were found in
6/25 of MGC tumors (Figure 6B and Supplementary
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Figure 7). We also presented the CNVs for genetic
MGCs (Supplementary Figure 8).

In summary, genetic MGCs are characterized by
a signature B predominance and a large number of
TP53 mutations.

Discussion

MGC is a special type of gastric cancer with
more than two different tumors at various locations of
the stomach. However, the traditional pathology
method makes it difficult to diagnose real MGC
owing to the lack of the genetic relationship.

Although our study includes few samples, the
tumor mutation burden, mutation spectrum, and
mutation signatures in the GC and GC-ECJ groups are
consistent between our data and the TCGA database.
All these findings indicate no specialty between single
tumors from MGC and solitary GC.
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Figure 6: The driver genes and SMGs landscapes of genetic MGCs. (A) Driver genes landscape shows the distribution of driver genes among samples of genetic MGCs.
The column on top shows the mutation numbers for every sample. Heat map shows the driver genes and mutation type including missense mutation (purple block), splice site
(green block), nonsense mutation (yellow block) and so on. (B) SMGs landscape presents the distribution of SMGs among tumor samples of MGCs. (C) The heatplot shows the
relationships between clinical characteristics and mutation signatures. The color of each dot represents different extent of association. SMG: significant mutated genes, MGC:

multiple gastric cancer

In our study, we conducted WES to explore the
genetic links at different levels. We found that some
MGCs shared more than 2 somatic mutations among
tumors within each patient. However, other MGCs

have no common somatic mutations among samples.
The CNVs analysis and clonal analysis also supported
similar results. The PyClone analysis identified a
ubiquitous subclonal cluster in P7-9 and P16 exhibited
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a common cluster in a large cancer cell fraction within
both tumor components, which might support the
monoclonal origin of these MGCs [19-21]. In the CNV
analysis, P9 and P16 were also found to share more
than 2 somatic CNVs and only one ubiquitous CNV
was identified in P2 and P14. These results could only
support the monoclonality of P9 and P16 rather than
P2 and P14. The chance for the occurrence of one
common CNV within two different samples is
theoretically possible. However, the probability
becomes extremely low when more than two CNVs
are identified between two samples. Although the
CNYV analysis using WES and WGS is similar [22], we
also regard it as supplementary evidence due to its
limitations. Based on the findings from our study,
MGCs should be classified as genetic and metastatic
MGCs, indicating different mechanisms of
carcinogenesis. Although we still did not detect
cancer tissues within the normal mucosa between
tumors of metastatic MGCs, we are unable to deny the
genetic links indicating their common origin. We
carefully re-evaluated the pathological diagnosis of
each tumor sample from P7-9 and P16, the T3 and T4
stage tumor from P7-9 may contribute to their
metastasis within tumors. The positive lymphatic
vessel invasion of P7 and P16 may have led to the
development of multiple tumours in these patients.

Another puzzle is why tumors occur in the same
patient. We found that some germline MSH2
mutations may contribute to the susceptibility of
carcinogenesis. Owing to the lack of MSH2 mutations
in MGCs, we conducted germline and cancer
predisposing genes analyses. Surprisingly, MSH2
mutations were identified in most of patients with
MGCs. As we all know, MSH?2 is a widely known
gene participating in the repair during DNA
replication. It is also associated with the occurrence of
Lynch syndrome [23-25]. The syndrome is often
accompanied by a high incidence of colorectal cancer,
endometrial cancer, gastric cancer and other tumors
[26]. Of which, the incidence of gastric cancer reaches
9% for patients with germline MSH2 mutations [23].
Interestingly, 33.3% of patients with genetic MGC
have an obvious family history of cancer. Another
intriguing case is that P2 was diagnosed with colon
cancer a few years ago before occurrence of gastric
cancer. Therefore, a reasonable speculation is that the
germline MSH2 mutations may contribute to the
occurrence of multiple tumors in the stomach.

The treatment modalities for MGCs are similar to
typical GCs. For MGCs at different stages, clinicians
may select surgery, chemotherapy and radiotherapy.
However, researchers have not clearly determined
whether the special mechanisms of tumorigenesis are
associated with key factors contributing to the

treatment of MGCs. The first question is the
appropriate surgery for MGCs. As we all know,
Moertel [5] proposes that surgeons should properly
expand the extent of surgery for MGCs. The guideline
also recommends prophylactic gastrectomy for young
asymptomatic persons in families with a history of
highly penetrant hereditary diffuse gastric cancer [27,
28]. Additionally, prophylactic surgery has also been
strongly recommended for many types of tumors
such as breast cancer and ovarian cancer with BRACI
or BRAC2 germline mutations [29, 30]. As shown in
the present study, 66.7% of genetic MGCs were
associated with a germline MSH2 mutation, which
may make them susceptible to genetic MGC. Further
studies are needed to determine whether a more
positive surgery strategy should be employed for
genetic MGC. Our evidence is not sufficient to change
the surgical strategy for patients with genetic MGC,
and additional prospective trials are warranted.
Germline MSH2 mutations may play an important
role not only in the carcinogenesis of genetic MGCs
but also in solitary gastric cancer with family history.
Therefore, subtotal and local resection may be
reconsidered for these specific patients. Endoscopic
submucosa dissection is recommended for patients
with gastric cancer at an early stage. However, the
patients with a high risk of lymph node metastasis
should undergo radical surgery. Therefore, patients
with metastatic MGC patients should receive radical
surgery even when they are diagnosed at early stages.
Another question is the value of immunotherapy for
genetic MGC. As the most promising treatment
modality for cancer, immunotherapy, especially
immune checkpoint inhibitors, have an important
effect on the cancer treatment. Although the PD-L1 for
all genetic MGCs is negative, the germline and cancer
MSH?2 mutations may also make anti-PD-1/PD-L1
therapy a very significant modality for MGC [31-33].

Conclusions

Whole-exome sequencing analyses suggest the
monoclonal and polyclonal origins of MGC, which
may promote the classification of MGC into genetic
and metastatic MGC. For patients with genetic MGC,
germline MSH?2 X314_splice variants may contribute
to carcinogenesis, prompting the consideration of a
more radical surgery and/or anti-PD-1/PD-L1
therapy therapy.
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