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Abstract
Background: Increasing numbers of Gastric cancer(GC) patients were diagnosed at younger age with
aggressive behavior including early disease recurrence, more frequent peritoneal metastasis and poor
overall survival. To investigate the driver genes and mechanisms of the early-onset and more aggressive
nature of the GC.

Methods: Gastric adenocarcinoma and matched germline samples were obtained from patients in Sun
Yat-sen University Cancer Center between 2007 and 2013. Exome sequencing were performed for 198
pairs of primary gastric adenocarcinoma fresh tissue and blood samples from young or elder
patients. Besides, matched tumor / blood exome sequencing was performed in 80 patients with
peritoneal seeding and 51 patients without. Then bioinformatics analysis was performed to �nd genomic
variants and their clinical meanings.

Results: Early-onset gastric cancers (EOGCs) have fewer somatic mutations but some deleterious
germline variates in FAT genes, patients carried none, one, two, three of the 4 Single nucleotide
polymorphisms (SNPs), the mean ages of diagnosis are 60, 50, 40 and 35 respectively. Somatic
mutations in CDH1, TGFBR1 and CTNNB1 are related to early-onset cancers. These variants are all linked
to WNT pathways. Somatic mutations in genes involved in cancer aggressiveness like MAP2K7, CDH1
and RhoA are related to cancer progression and metastasis. Patients carrying RhoA, ITGAV, TGFBR1,
CDH1, CTNNB1, MYO9B, VAV1, SALL1, CDX4 somatic mutations or simultaneously carrying three FAT
germline SNPs have been diagnosed at younger age than those have only TP53 mutations.

Conclusions: The molecular characterization gives us a novel insight into the carcinogenesis and tumor
progression mechanisms and may provide a guide to developing novel targeted therapy in GC.

Background
Although GC is the 5th most common cancer type and the 3rd leading cause of cancer death worldwide1.
Diagnoses at advanced stages and lack of effective chemotherapy and/or target therapy for metastatic
cancers are two of the main causes for the high disease speci�c mortality. EOGC is usually associated
with diffuse in�ltration type, late stage at the time of diagnosis, and frequently associated with peritoneal
metastasis, which leads to poor outcome 2–4.

With the rapid development of massively parallel sequencing and high throughput molecular pro�ling
techniques, many studies identi�ed commonly mutated genes in the GC genomes, including TP53, PTEN,
PIK3CA, CTNNA1, CTNNB1, ARID1A, CDH1 and RhoA 5–8. Data from The Cancer Genome Atlas (TCGA)
project further classi�ed GC into four groups: EBV positive, MSI, genomic stable, and chromosome
instability9. However, the tumorigenesis mechanism for the early-onset gastric and/or peritoneal
metastasis cancer patients and the genetic alternations responsible for its aggressive phenotype have
been poorly understood. It has been observed that younger GC patients tend to be diagnosed at late stage
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with aggressive behavior as comparing to older patients10, 11. Germline CHD1 mutation has been
implicated in EOGC, although it only appears in < 2% of EOGC 12. In addition, RhoA mutation was reported
to be associated with poor prognosis 13, 14. The goal of current study is to identify candidate new cancer
driver genes responsible for GC tumorigenesis and progression.

In this study, we analyzed the somatic and germline variants to characterize genetic features of early-
onset and metastasis GC. From the analysis, we found some aggressive makers stimulating cancer
progression correlated with EOGC and metastasis GC. These results supported a cancer progression-
accelerating hierarchical model that EOGC result from the aberration of highly aggressive tumors with
metastatic preference and WNT over-activation that progresses rapidly instead of keeping latent for
years. Our mutation group analysis also support this hypothesis.

Methods
Sample preparation

Gastric adenocarcinoma and matched germline (adjacent normal tissue or blood) samples were obtained
from 198 patients under Institutional Review Boards (IRB) approved protocol. Eleven patients’ tumor
primary sites were in the fundus 67 patients in the body and 110 patients in the antrum or pylorus of the
stomach. The tumors located in the esophagus-gastric junction were excluded. Fresh-frozen tumors were
obtained from surgical resection performed between 2007 and 2013 in Sun Yat-sen University Cancer
Center, China. All tumor samples were collected from patients who were not previously treated with
chemotherapy or radiation therapy. Tumors were staged according to the 8th edition of the American
Joint Committee on Cancer. The study was approved by the Institutional Review Board on Ethics of Sun
Yat-sen University Cancer Center (YB2015-002-01) and all patients signed Institutional Review Board
approved consent forms.

Sample collection and processing were performed in terms of the protocol of a central Biospecimen Core
Resource of TCGA. After a gross examination, the non-necrotic parts were picked up and excised from the
tumor specimens by pathologists, and adjacent normal tissues were collected at least 2 cm from the
tumor border in the luminal side of the specimen.  Light microscopic examinations were performed on top
slides by pathologists, to analyze the tumor-rich area before isolating genomic Deoxyribonucleic
acid (DNA) and Ribonucleic acid (RNA) from frozen tumor tissue samples. Then, genomic DNA was
extracted from macro-dissected frozen tumor tissues with maxwell RSC Instrument according to the
manufacturer’s instruction of the Maxwell® RSC Tissue DNA Kit and Maxwell® RSC Blood DNA Kit
(Promega, Madison, WI, USA) for whole-exome sequencing (WES).  Genomic DNA was also extracted
from buffy coats using the same kit.

Our study aimed to identify the genetic alterations driving the development EOGC and those driving
peritoneal seeding/recurrence. To better understand EOGC, we performed exome sequencing for 198 pairs
of primary gastric adenocarcinoma fresh tissue (200X sequence depth) and blood samples (30X
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sequence depth) from young (before 40 years of age, 53 patients), medium (40~70 years old, 100
patients ) or older (>70 years old, 45 patients) patients.

To de�ne genomic drivers in GC peritoneal seeding process, we also performed matched tumor / blood
exome sequence on 80 patients with peritoneal seeding at the time of surgery (T4aNxM1) or experiencing
abdominal recurrence within 3 year follow-up after surgery, and 51 patients without .Exome capture was
conducted using (company’s capture sequencing kit), and the captured DNA was sequenced on Illumina
HiSeq at 200X coverage for the tumor samples and 30X for the blood samples, respectively. By
comparing the exome sequence data between young and older patients, and between with or without
peritoneal seeding patients, we aimed to characterize the speci�c genomic alterations in EOGC and
peritoneal metastasis process.

Library preparation and sequencing. 

Genomic DNA was isolated from peripheral blood, and sequencing libraries were prepared according to
manufacturer’s instructions for the Illumina sequencing platform. Brie�y, ~3–5 μg genomic DNA was
sheared into 200–800-base pair (bp) fragments, and the ends were repaired and ligated to Illumina
standard paired-end adaptors. These ligated fragments were size selected on an agarose gel and then
ampli�ed by Polymerase chain reaction (PCR). Paired-end sequencing of the processed libraries was
performed on the Illumina HiSeq 2000 platform. The read length was 90 bp, and the average sequencing
coverage for each individual was ~20-fold. 

Whole-exome sequencing (WES) analysis and variants calling

The whole exomes of tumor samples and matched blood samples were sequenced for each patient. DNA
was fragmented and hybridized to the SureSelect Human All Exome Kit V5 (Agilent Technologies, Santa
Clara, CA, USA), containing exon sequences from 27,000 genes. Exome shotgun libraries were sequenced
on the Illumina Xten platform, generating paired-end reads of 150 bp at each end. Image analysis and
base calling were performed with CAVSAVR (Illumina, San Diego, CA, USA) using default parameters.
Sequencing adaptors and low-quality reads were removed to obtain high-quality reads. These were
aligned to the NCBI human reference genome hg19 using the Burrows-Wheeler Aligner alignment
algorithm.

BWA (v0.6.2-r126) was used to map reads against the human reference genome (GRCh 37/ hg19),
allowing ≤3 mismatches across a single read. Each FASTQ read �le was mapped using the “mem”
function of BWA to align the sequence.

Genome Analysis Toolkit (GATK, version 3.5) was used to pre-process the reads. Localized insertion-
deletion (indel) realignments were performed by GATK. GATK Realigner Target Creator was used to
identify regions for realignment. For single-nucleotide variant (SNV) calling, candidate somatic SNVs
 was identi�ed with the MuTect2 15 algorithm in tumors by comparison with the matched control blood
sample from each patient. For indel detection, tumor and blood samples were also analyzed with
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MuTect2 algorithm. The MuTect2 algorithm was implemented by Sentioen software
(https://www.sentieon.com/ ). All parameters were set to their defaults. SNV and indel annotation was
performed by SnpEff. SIFT software was used to predict if a SNP has a functional effect on protein
structure.

Somatic mutation signature analysis

Somatic mutation signatures were analyzed based on the SNV called by MuTect2. The analysis was
implemented by R package “SomaticSignatures”. Hg19 reference genome was used as the reference.

Results
The overall Mutation characteristics

The somatic single nucleotide mutation frequencies of C>A, C>G, C>T, T>A, T>C and T>G appear very
similar among the three age groups (Young: <=40, Medium: 40-70 and Elder: >=70) (Figure 1A) and
among patients with/without tumor metastasis (Figure 1B). These results suggested that the proposed
etiologies are similar among the groups and hence some external factors are unlikely to contribute to
EOGC risks or metastasis risks. Patients with tumor metastasis were signi�cantly younger than those
without metastasis (average 48 vs. 59 years old, respectively, Figure 1C). The observed somatic mutation
frequency for TP53, PTEN, PIK3CA were 37%, 15% and 12% respectively and other genes CTNNA1,
CTNNB1, ARID1A, CDH1 and RhoA (Figure 1D). According to the somatic mutation patterns, the samples
could be clustered into three groups (Figure 2A). In cluster 1, the patients have higher numbers of somatic
mutations and the diagnosis ages are the highest (Figure 2B). In contrast, in cluster 2 and 3, the patients
have lower numbers of somatic mutations and diagnosis ages, but the percentage of peritoneal
implantation and mixture type of Laurence classi�cation and are much higher (Figure 2C). The
observations suggest that different mutation characteristics are associated with diverse clinical features.

Germline variations

Germline variations were compared between early and late-onset GCs. SNPs at loci rs3733415,
rs2304024, rs80293525, rs150453320, located in the coding regions of FAT1, FAT2, FAT3, and FAT3
respectively. In younger patients, both allele frequencies and proportions of patients carrying such SNPs
are higher than those in the older groups (Figure 3A,B). Interestingly, number of cooccurrence of the 4
SNPs inversely correlated to the age of GC diagnosis (correlation=-0.5, p=0.0001). For patients carried
none, one, two, three of the 4 SNPs, the mean ages of diagnosis are 60, 50, 40 and 35 respectively ( �gure
3C). Therefore, the FAT deleterious SNPs additively contributed to cancer risks.

Since the “concurrent deleteriousness” to FAT proteins implicated higher cancer risks, we then asked
whether such concurrent effects could be inferred by somatic mutations. To answer this question and
further con�rm the in�uence of FAT deleterious variants, somatic mutation pro�les of FAT were specially
analyzed. As expected, FAT genes were frequently and concurrently mutated in GCs (�gure S2). Moreover,
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the co-occurrence trend was reproducible in TCGA STAD dataset. Hence, it could be inferred that FAT1-
3 probably worked as tumor suppressors rather than passengers in GC and the co-occurrence of
deleterious both germline and somatic variants in FAT1-3 may synergistically contribute to oncogenesis.

In addition, another SNPs in ALDH is negatively correlated with diagnosis ages. the relations between
ALDH SNPs and esophageal cancer has already been observed from other genomic studies and our data
indicated ALDH2 SNPs were also associated with early carcinogenesis (Figure 3D).   On the other hand,
BCLAF1 appears to be an oncogene since BCLAF1 SNPs were associated with cancer diagnosis at older
age (Figure 3D).

Somatic mutation associated with earlier onset of GC

On the basis of germline analysis, some germline SNPs in FAT genes are correlated with earlier age of
cancer onset.  These SNPs probably damage FAT genes’ functions and then cause WNT pathway
aberration. Next, to identify whether there exist somatic mutations triggering tumorigenesis at early ages,
the characteristics of somatic mutation pro�les in younger, medium, and older groups were further
explored. As expected, the mutation counts of the patients are positively correlated with diagnosis ages
(Figure 4A). The higher the age is, the fewer counts the patient has. The correlations reveal an
accumulation of somatic mutations in the transformation of a normal cell into a tumor cell (Figure 4B).

Linear regression was then conducted to identify the relevance between diagnosis ages and mutations of
individual genes. To identify the key drivers in the biological network among the top candidates related to
younger GC, we queried STRING protein-protein interactions (PPI) database for core genes and involved
biological connections. According to the PPI analysis, top 20 genes showed enriched pairwise protein-
protein interactions (Figure 4C, enrichment signi�cance, p=0.00731). Such signi�cant interactions
indicated tight cooperative or regulatory relationships with each other instead of random or isolated
relationship among the top candidates. Other over-represented pathways are related to invasion and
metastasis, such as cell adhesion (fdr= 0.00471), catenin complex (fdr= 0.0207) and plasma membrane
part (fdr=0.0454) (Figure 4D). Of note, CTNNB1 was the top-ranked protein frequently mutated in younger
group. In addition, it was also the hub of the PPI network, which suggested a dominate role in this
network. There were four patients harboring CTNNB1 mutations in our data. The average diagnosis age is
around 34.5 years old (from 25 to 41, whole cohort average is 52.6 years old).   

In addition such aggressive genes are associated with diffuse type but the association doesn’t exist in the
other genes (Figure S3).Taken together, the risks of carcinogenesis at younger ages were linked to
aberration of some aggressive pathways that accelerate cancer progression and metastasis through both
inherited (germline SNPs) and postnatal ways (somatic mutations).

Somatic mutations associated with metastasis

Driver alterations involved in aggressive pathways were identi�ed to correlate with early-onset of
tumorigenesis. However, driver mutations responsible for GC progression and metastases need further
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investigating. The patients with peritoneal implants were assigned to the metastasis group. Gene
mutation features speci�c to metastatic tumors were then explored. Top 40 genes whose mutations are
enriched in metastasis group were illustrated by STRING protein interaction network (Figure 5A).
Individual genes without any interactions with other candidates were eliminated from the �gures.
MAP2K7 mutations were observed in six cases and �ve have metastatic cancers. Among the six
mutations, 4 of them were locating within the kinase domain of MAP2K7 proteins. Similarly, we identi�ed
12 RhoA mutations in 11 cases and these were over-represented in metastasis groups (Figure 5C). RhoA
mutations occurred in three (3/74, 4.05%) versus eight patients (8/99, 8.08%) in non-metastasis and
metastasis groups respectively (odds ratio= 2.072, p=0.2). The most common mutants, Y42C, L57V, G17E
and D59G were seen in two, one, one and two cases, respectively. A notable and unreported mutant Y42H,
lying in the effector-binding region of RhoA, was discovered in one metastatic case. Other mutations in
RhoA were closed to such hotspot sites (Figure S4). In addition, RhoA and CDH1 somatic mutations had a
tendency towards Co-occurrence (log odds= 1.93, p=0.006), especially in metastasis group (log odds=2.1
p=0.013). The Co-occurrence in TCGA dataset was highly reproducible16 (log odds =1.90, p=0.002, Figure
5B).  Besides, mutations of RhoA and MAP2K7 also showed a slight tendency towards mutual exclusive
both in our GC data and TCGA datasets (log odds= -inf and -0.33, respectively, Figure S4).

A proposed model

Our analysis on SNPs has demonstrated that some germlines SNPs in aggressive pathways associated
with WNT signaling are remarkably correlated with EOGC, which is corresponding to our �ndings on
somatic mutations. Indeed, Emergency Medical Technicians(EMT) genes and RhoA pathway can
cooperatively induce cancer aggressiveness and metastasis through crosstalk with WNT signaling.
According to our results and TCGA molecular classi�cations9, we, therefore, raised the hypothesis that
EOGCs are caused by the aberration of highly aggressive tumors with metastatic preference (especially
WNT over-activation) which progresses rapidly instead of keeping latent for years. The schematic
illustration of GC development we proposed (Figure 6) may explain the heterogeneity in age at onset: 1)
cancer mutations usually initiate at young ages. 2) If mutations occur and locate in some aggressive
markers related to WNT pathways, they will drive the tumors more aggressive and progress rapidly.
Carcinogenesis process of this type is explicit and doesn’t last long, which matches to genomically
stable(GS) group in TCGA9. 3) If mutations only located in TP53 loci, they will cause the genomics
instability and accelerate alteration accumulation to reach the advanced level during the carcinogenesis
process9, 17, which matches to Chromosomal instability (CIN) group in TCGA. 4) Otherwise, mutations
only prefer to occur in microsatellite/simple repeat regions or vulnerable regions without dramatically
stimulating or promoting.  This process requires longer time and thus diagnosis ages of this
Microsatellite instability(MSI) group are oldest in TCGA cohorts9. EBV groups could not be characterized
in detail due to data limitation.

To validate this hypothesis, we divided the patients into several groups: 1) patients with TP53 mutations
and aggressive mutations (patients carrying RhoA, ITGAV, TGFBR1, CDH1, CTNNB1, MYO9B, VAV1,
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SALL1, CDX4 somatic mutations or simultaneously carrying three FAT germline SNPs), 2) only aggressive
mutations without TP53 mutations; 3) TP53 mutations alone without aggressive mutations 4) The rest
(Figure S6).  There were marked differences between these three groups. As the boxplots shown,
aggressive markers are the primary factors affect diagnosis age. Patients carrying aggressive mutations
(group 1 & group 2) have been diagnosed at younger age than those have only TP53 mutations. The
average ages of group 1 and group 2 are 38.9 and 47.4 while average ages of group 3 are 57.9 (group 2
vs group 3, p= 0.03789; group 1 vs group 3, p= 0.0001159, �gure S6). Furthermore, the coordination
between TP53 mutations and aggressive mutations make the diagnosis ages nearly 9 years earlier than
group 2 (group 1 vs group 2, p= 0.0464). Therefore, these results enhanced our hypothesis that
aggressive mutations primarily shorten the duration of carcinogenesis process while TP53 mutations
accompanying with the aggressive mutations dramatically accelerate the oncogenesis. However, TP53
alone has fewer effect on diagnosis age than aggressive mutations.

Discussion
GC is a common lethal disease - the 3rd leading cause of death from cancers globally. There is a huge
need to identify new cancer driver genes causing carcinogenesis and tumor progression. We
hypothesized that speci�c genomic alterations could induce EOGC and peritoneal metastasis process
respectively. Through integration with clinical characteristics and genomic pro�les, we investigated the
molecular features of EOGC and metastatic GC. Importantly, both EOGC and metastatic GC have a strong
preference for molecular alterations particularly involved in tumor aggressiveness and aggravation.

Our data show (Fig. 1) that the commonly mutated known driver genes showed similar mutation
frequency to those reported in literature9.The metastasis drivers identi�ed in our datasets are the
modulators related to RhoA pathways, Epithelial-Mesenchymal Transition process and MAPK signaling,
which highly correspond to previous studies. These pathways are known to have close interplays with
WNT signaling and the crosstalk between each other can reinforce the cancer aggressiveness and
metastasis. Particularly, our �ndings of RhoA and CDH1 co-occurrence mutations raised the possibility
for their contributory role in cancer progression. The metastatic tumors showed preference for mutations
of CDH1, RhoA and MAP2K7, three cores in this network and known drivers involved in EMT, RhoA
pathway and MAP kinase signaling 9, 18, 19.

Our �ndings (Fig. 5, Figure S4) suggested a complicated crosstalk among RhoA, MAPK and EMT
pathways in cancer metastasis. PPI analysis reveals that CTNNB1/WNT related genes are tight
neighborhood of these top candidates, though beta-catenin itself was not beyond the cutoff yet. Recent
reviews described that RhoA activation could potentiate the transcriptional activating capacity of WNT
for targets or might activate WNT through YAP-dependent manner20 and that loss of CDH1/E-cadherin
can attenuate the β-catenin sequestration at sites of cell-cell contact17, 21. These literature reviews
indicated that WNT could co-operatively work with candidate mutations to stimulate cancer progression
and metastasis.
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On the other hand, EOGC is also associated with alterations locating in mediators of cell adhesion or
WNT related genes. We found CTNNB1, ITGAV, TGFBR1 and other regulators are frequently somatic
mutated inversely to the age.

CTNNB1, also named beta-catenin, is known as an intracellular signal transducer in the Wnt signaling22,
the same pathway highlighted by germline analysis. Other genes connecting to CTNNB1 in PPI network
like CDH123, TGFBR124, ITGAV25, 26, together with CTNNB1, are known cancer progression and metastasis
regulators. Interestingly, some germline SNPs in these genes were reported to associate with increased
cancer risk 27, 28. Therefore, our �ndings are consistent with previous germline analysis, though such
germline polymorphisms in our data are not as signi�cant possibly due to population differences or
ethnicity. The integration of PPI and literature evidences suggest that such genes could exert aggressive
effects on cancer development by coordinating with cancer aggressiveness markers (like WNT signaling.)

Moreover, we found patients carrying SNPs in FAT1-3 are prone to get GCs at younger ages, all these
SNPs were predicted to be “DELETERIOUS” according to the SIFT results 29. FAT genes belong to the
cadherin family, which are responsible for maintaining cell adhesion thus are considered tumor
suppressor genes. These genes involved in tumor suppression, planar cell polarity as well as cell
adhesion, appears to play an important role in cell since it exists at 3 chromosome locations30, 31.
Although the function of SNP in FAT regions in cancer progression was not well established, frequent FAT
somatic mutations are exhibited in variant cancer types, which are reported to promote cancer cell growth
and the WNT/beta-catenin activationl32, 33. Anastas et al. reported that FAT1 frequent somatic mutations
in multiple cancer types were linked to aberrant Wnt activation, a well-known oncogenic signaling
pathway promoting cancer initiation, aggressiveness as well as metastasis 34, 35 In addition, several
phylogenetic studies on FAT family reveals that FAT1, FAT2 and FAT3 as orthologs of Drosophila Fatl are
conserved in sequence and functions30, 36. However, another FAT family gene FAT4, the orthologs of
Drosophila Fat30, were divergent from FAT1-3 in domain architecture37. This difference may explain why
FAT4 SNPs are not associated EOGC. Taken together, our analysis revealed that FAT deleterious germline
SNPs may confer the EOGC risk through a WNT dependent manner.

Both early-onset related SNPs and somatic mutations were linked to WNT dysregulation. High
consistency of results from both germline and somatic variant analysis enhanced our �ndings that
aggressive pathways accelerating cancer progression contribute to the EOGC via some speci�c inherited
or acquired genomic patterns.

Our systematical investigation on mutation pro�les of metastasis GC and EOGC inspire us to hold the
point of view that the shortened latency periods of tumorigenesis and aggressive phenotypes are more
major causes of GC in younger patients. Interestingly, some published researches on GC incidence of
immigrants concluded that the cancer rates which are high in countries of origin but occur infrequently in
countries of adoption tend to decrease in succeeding immigrants and vice versa. Those studies in one
hand demonstrated childhood environmental exposure is important in setting the individual’s cancer
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destiny. On the other hand, they suggested that the initiation of tumorigenesis is usually determined
during childhood and hence ages of onset mainly depend on the length of incubation period. On the basis
of results and literature evidences, we then have proposed a hierarchical Model for alterations in
contributing to cancer acceleration and progression (Fig. 5). In addition, we also uncovered the
commonality of aggressive genomic patterns between metastasis GC and EOGC, which partially
explained why younger patients usually have higher proportions of diffuse types and more aggressive
tumor behaviors.

Conclusion
Our comprehensive analyses give us a novel insight into the mechanism understanding of tumor genesis
and metastasis. The molecular characterization gives us a novel insight into the carcinogenesis and
tumor progression mechanisms and may serve as a valuable adjunct to the early diagnosis and
prevention. These observations provide a guide to developing novel targeted therapy in GC.
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Figure 1

Overview of mutation signatures (A-B) the mutation signatures of different groups: (A) age elder, medium
and younger patients. (B) metastasis and non-metastasis patients. The mutation signatures are almost
the same across the groups suggesting a similar proposed aetiologies among the groups. (C) the
diagnosis age of the patients with metastasis and non-metastasis. (D) the mutation landscape of high
frequency genes. The y-axis is the frequency. The genes is ordered by alphabetical order.
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Figure 2

Clusters of patients with muation pro�les and clinical information. (A) heatmap of mutations of GC
patients and annoated by the clinical information including Laurance subtypes, metastasis status and
ages. Manhattan distance was used to evalutate the distance between samples. Patients were clustered
into 3 groups and divided by the black lines. (B) boxplot plots of patients’ ages of each clusters derived
by heatmap. (c-e) par charts of percentage of laurance subtypes for cluster 1 (C1), cluster 2 (C2) and
cluster 3 (C3). NA means the subtype information is not available. (C). The percentage of metastasis
status of each group. Blue represents the metastasis, orange represents the non-metastasis and white
represents “not available”.
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Figure 3

Germline variations related to EOGCs. Germline SNPs located in FATs are associated with early onset
gastric cancer. Gemline SNPs located in FAT family are associated with EOGCs. Barplots of candidate
SNPs, (A) is the frequency of samples that carry candidate SNPs. (B) is the MAF(allele frequency). yellow
bar is the frequency information of east asia samples in ExAC database. (C) boxplot for age distribution
of the samples without /with one, two or three SNPs simultaneously. (D) the boxplot for age distribution
of the samples with /without SNPs in ALDH2 or BLCAF1.
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Figure 4

Somatic mutations related to EOGCs. (A) Boxplot for somatic mutation counts of elder, medium and
younger groups. Somatic mutation counts are positive correlated with diagnosis age. Mutation counts
were calcuated into log scale. (B) signi�cance scores of linear regression with direction (negatively
correlated >0, positively correlated < 0) of somatic mutations, mutations with frequency > 2% were
considered. (C) PPI pattern (STRING database) of top 40 genes that were ranked by signi�cance score
derived from linear regression (panel b). (D) enriched pathways of top 40 candidates.
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Figure 5

Somatic mutation related to metastasis. (A) Top 40 genes and extended neighbors PPI network. Top
genes are frequently mutated in metastasis group, which is ordered by p-value of one-tail �sher test.
Genes in the dashed box is not involved in top 40 genes but are the tight neighbors of them. Other genes
without any interactions are now shown. (B) barplot of odds of three groups. 1) all gastric cancer, 2 only
the metastasis group. 3) TCGA STAD groups. (C) mutation heatmap of RhoA, CDH1, MAP2K7 and
CSMD1. Type represents the metastasis status where red means metastasis and blue means non-
metastasis.
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Figure 6

A proposed model for EOGCs and related to TCGA gastric cancer subtypes.
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