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Abstract

Gastric cancer is the second most common cause of cancer-related death in the world, representing
amajor global health issue. The high mortality rate islargely due to the lack of effective medical
treatment for advanced stages of this disease. Recently next-generation sequencing (NGS)
technology has become arevolutionary tool for cancer research, and several NGS studiesin
gastric cancer have been published. Here we review the insights gained from these studies
regarding how use NGS to elucidate the molecular basis of gastric cancer and identify potential
therapeutic targets. We also discuss the challenges and future directions of such efforts.
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1. Background

Gastric cancer refersto atumor that originatesin any part of the stomach. Currently the
fourth most common malignancy in the world, gastric cancer is second to lung cancer as the
leading cause of cancer mortality, causing about 800,000 deaths per year [1; 2]. The incident
rate of gastric cancer appearsto vary greatly across geography, ethnicity and gender [3]. The
mortality rate attributed to gastric cancer has recently declined in North Americaand
Europe; however, gastric cancer remains the most common cancer type in countries of East
Asia[4], representing the highest cancer incident rate among males and femalesin Korea,
the most common cancer among femalesin China, and the most common cancer among
malesin Japan [5].
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Conventional treatment options for gastric cancer include surgery, chemotherapy, radiation
therapy, or combinations thereof known as multimodality therapy. If gastric cancer is
diagnosed in an early stage, curative treatment can be achieved through compl ete surgical
removal of the tumor tissue [6]. However, because gastric cancer causes few symptomsin
its early development, adiagnosisis usually made after the cancer reaches an advanced
stage. Moreover, even after having a gastric tumor surgically removed, many patients will
experience disease recurrence and die within afew months to years. The 5-year relative
survival rate of gastric cancer has not improved during the past 35 years, and remains
stubbornly at 20-30%. Thus, the high mortality rate attributed to gastric cancer is dueto the
lack of both early detection methods and effective medical treatment for advanced stages of
the disease [6].

Gastric cancer is characterized by a high level of biological heterogeneity, with each patient
exhibiting a distinct genetic and molecular profile [7]. Histologically, the majority of gastric
malignancies are adenocarcinomas that can be further categorized as diffuse (poorly
differentiated) or intestinal (well-differentiated) types, each with distinct epidemiological
and genetic patterns, and the former subtype carrying aworse prognosis [7; 8; 9].
Etiologically, gastric cancer is associated with the combined effects of environmental factors
and susceptible genetic variants, including the accumulation of genetic and epigenetic
alterations [7; 8]. Diet and lifestyle factors have been shown to significantly affect gastric
cancer risk, with greater risk associated with tobacco smoking and obesity [10]. The
infectious agent Helicobacter pylori is closely related to the most common types of gastric
adenocarcinoma[11], and is the main risk factor in 65-80% of gastric cancer cases. H. pylori
induces generalized mutations and genomic instability in the host DNA [12], and this
possibility may increase the diversity of oncogenic mechanismsin gastric cancer.

Given the diverse routes to gastric oncogenesis, it is unlikely that a“magic bullet” treatment
exists. Therefore, targeted therapy based on the biology of the individua patient is highly
attractive. Thisinvolvesfirst identifying the biological molecules that contribute to the
development or maintenance of the tumor, then specifically targeting those oncogenic
mechanisms with an anti-tumor treatment regimen. Such therapies attempt to inactivate
specific oncogenic mechanisms that are critical to the survival of tumor cells, while sparing
normal gastric cells, thereby maximizing the benefits and minimizing the side effects. In
early 2010, trastuzumab, a humanized monoclonal antibody directed against the
extracellular domain of the HER2/neu receptor, was approved for the treatment of gastric
cancer. Trastuzumab became the first targeted agent to be used in combination with
chemotherapy as first-line trestment of ERBB2-positive advanced and metastatic gastric
cancer [13; 14]. A relatively large proportion of gastric tumors (2~27%) harbor ERBB2
amplifications and may respond to this treatment regimen [15; 16]. Several molecular
targeted agents associated with a survival advantage in other cancer types are now under
clinical investigation for the treatment of gastric cancer, including inhibitors of EGFR,
MET, FGFR, VEGF, and PI3K [17; 18]. For example, in asingle-arm phase |1 clinical trial
for patients with gastric and gastroesophageal adenocarcinoma, Shah et al. demonstrated that
the addition of bevacizumab, a monoclonal antibody against VEGF, to a therapeutic regimen
of irinotecan and cisplatin achieved a median time-to-disease progression of 8.3 months,
which was an improvement of 75% over that of the historical control regimen [19]. Pinto
and colleagues demonstrated a response rate of 44.1% and median time-to-disease
progression of 8 monthsin advanced gastric cancer using an irinotecan-based regimen in
combination with EGFR-targeting cetuximab [20]. However, these targeted therapies,
whether approved or in clinical development, have focused on afew well-known oncogenic
genes, and their efficacy in gastric cancer is not yet known. Developing novel therapeutic
strategies to specifically target gastric cancer requires a comprehensive dissection of the
molecular mechanisms underlying the initiation and progression of this disease.
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2. Brief overview of next-generation sequencing technology

Next-generation sequencing (NGS) is a powerful technology for elucidating the
pathogenesis of human cancer and identifying potential therapeutic targets [21]. NGSisalso
known as second-generation sequencing, which describes its relation to capillary-based
Sanger sequencing, the first-generation sequencing technology [22]. NGS includes the
various implementations of cyclic-array sequencing [23]. Among the most widely used
commercial NGS platforms are the 454 Genome Sequencer (Roche Applied Science),
Solexatechnology (Illumina) and the SOLiD platform (Life Sciences). Although some
technical differences exist, the concept of these NGS platformsis quite similar: the sample
DNA isfirst randomly fragmented, followed by in vitro ligation of common adaptor
sequences, thereby forming alibrary; then an array of millions of spatially fixed PCR
colonies are generated, each consisting of many copies of asingle library fragment; and
finally, enzyme-driven biochemistry and imaging-based data processing is performed in
paralel. Thus, given a sample, NGS generates millions of short readsin an extremely
efficient fashion. In the downstream analysis, the short read sequences are mapped to the
source genome to generate a nucleotide-resolution read distribution, from which various
biological features about the molecules in the sample can be inferred. Depending on the type
of input materials, the major NGS applications include DNA sequencing (DNA-seq), RNA
sequencing (RNA-seq) and chromatin immunoprecipitation sequencing (Chl P-seq).

Theinitia applications of NGS focused on sequencing the genomes of individual people or
transcriptomes of various tissues. The more recent applications of NGS to study cancer
biology [24] have revolutionized cancer research in several ways. First, NGSis ableto
generate unbiased, comprehensive rather than biased, limited catalogs of various aberrations
in the cancer genomes. For example, pre-NGS sequencing studies on cancer somatic
mutations examined only asmall set of well-known cancer genes, such as TP53, EFGR and
KRAS; and these focused studies had little power to discover novel cancer genes [24].
Second, unlike “analog” signalsin earlier sequencing technology, the NGS signaling is
based on the count of the short reads. This digital-like signal is extremely good for
quantification [25]. Thus, high sequence coverage provides sufficient information to detect
biological signals in heterogeneous samples such as cancer tissues. Finaly, with the
commercialization of NGS platforms, the cost of DNA sequencing has decreased
dramatically, reaching alevel of ~$1,000 per personal genome [26]. This low cost has
facilitated the clinical applications by incorporating personal genomic information.

A handful of NGS studies in gastric cancer have been published over the last two years
(summarized in Table 1). In this article, we review the insights gained from these studies
regarding the use of NGS to identify potential therapeutic targetsin gastric cancer, and
discuss the challenges and future directions of such efforts.

3. Targeted DNA-seq in gastric cancer

Although the first applications of NGS in cancer were ailmost all whole-genome sequencing
studies [24], targeted DNA-seq has become a more popular approach for identifying somatic
mutations in cancer genomes. Through a DNA capture technique based on hybrid selection,
targeted DNA-seq focuses on a proportion of the genome, such as exons. Although this
approach misses some aberrations that could be detected in whole-genome sequencing, such
as copy number alternations, interchromosomal rearrangements and inversions, targeted
DNA-seq represents a cost- and resource-efficient approach, allowing for the identification
of somatic mutations of greatest potential interest. Given the mutations detected in a tumor
sample, the key goal isto distinguish “driver” mutated genes from “passenger” mutated
genes. The somatic mutations of driver genes are those that play critical rolesin cancer
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pathophysiology and thus represent high-quality targets; whereas those from passenger
genes result from the underlying genomic instability associated with cancer and have little
phenotypic effects. In general, driver genes are expected to harbor more somatic mutations
than would occur randomly. Since the mutation rate in the cancer genome depends on
various factors, such as coverage, base composition, gene expression [27], and replication
time[28], it is essential to take these factors into consideration when assessing the statistical
significance of mutations observed in a gene relative to the “ background rate.” Importantly,
it would be desirable to experimentally validate the functional impact of mutated genes
using functional assays such as cell viability or cell transformation assays [29].

Wang and colleagues published the first exome-sequencing study in gastric cancer [30],
sequencing 22 matched pairs of gastric cancer and healthy gastric tissue. Using adriver gene
score, they identified 20 genes as top candidate drivers, including previously known drivers
such as TP53, PTEN, and CTNNB1. One major finding from the study is the high mutation
frequency of ARID1A, a key member of the SWI-SNF complex that has been associated
with frequent mutations in several other cancer types. Interestingly, Wang et a. also found
chromatin modification and cell junction organization pathways to be the most perturbed
pathways, and 59% of the gastric cancer samples under survey to have mutations in histone-
modifying proteins. Then, using Sanger sequencing to further evaluate ARID1A in
additional samples of gastric cancer, they found that the somatic mutation rate and spectrum
of ARID1A significantly varies among different molecular subtypes of gastric cancer; and
clinicaly, alterationsin ARID1A are associated with better prognosis in a stage-independent
manner. Interestingly, ARID1A was also identified as adriver genein alater exome-
seguencing study in which Zang et al. sequenced 15 matched sample pairs of gastric cancer
and performed similar computational analyses[31]. Importantly, they provided direct
functional evidence supporting atumor suppressor role of ARID1A: knockdown mediated
by ARID1A shRNA or siRNA increased the cell proliferation in the cell lines with wild-type
ARID1A. In contrast, in the ARID1A-deleted lines, no such effects of sShRNA-mediated
silencing were detected, and re-expression of ARID1A suppressed the cell proliferation [31].
These studies thus highlight the importance of chromatin remodeling genesin gastric
tumorigenesis. In addition to ARID1A, Zang et al. identified FAT4, amember of the E-
cadherin family, as a strong candidate driver gene. Using the same experimental approach in
cell lines as done previously for ARIDA1, they showed that FAT4 functions as a tumor
suppressor [31]. Fig.1 shows a comparison of top candidate driver genesidentified by these
two exome-sequencing studies.

Although the exome sequencing studies provided an unbiased way to assess the mutation
patternsin all protein-coding genes (~20,000) in the human genome, novel candidate driver
genes thereby obtained are often not good candidates for drug discovery. Thisis because (i)
the driver gene itself is not readily targeted by a drug or (ii) no sufficient prior knowledge
has been accumulated about the genes, making further functional or clinical investigation
very difficult. Therefore, using DNA-seq to target a subset of “druggable’ or “important”
genes becomes a more effective way to discover therapeutic targets. Two such studies have
been recently published. Zang et al. characterized the protein-coding regions of 537 kinases
in 14 commonly studied cell lines using NGS, and detected more than 300 novel kinase
SNVs[32]. A family-wise analysis further revealed a significant SNV enrichment in
MAPK-related genes. In particular, SSRNA knockdown and overexpression experiments
identified MAP2K4 as a tumor suppressor gene in this disease. Holbrook et al. performed
targeted DNA sequencing on 384 genes belonging to various pathways known to be
important in cancer [33]. Their study revealed mutations in the RAS'/RAF/MEK/ERK
pathway, PI3K/AKT pathway, WNT pathway, and the hedgehog pathway, suggesting novel
therapeutic opportunities. For example, KRAS G12D mutations imply atreatment option for
MEK inhibitors[34]; and inhibitors of the hedgehog pathway, such as GDC-0449, arein
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clinical development as therapeutic targets [35]. In addition, the mutations identified in the
study also suggested novel therapeutic targets such as the thyrotropin receptor (TSHR) and
the Rho-associated coiled-coil containing protein kinases (ROCK1 and ROCK2).

4. Transcriptomic RNA-seq in gastric cancer

Before the NGS era, hybridization-based microarrays were the main approach for
transcriptomic studiesin gastric cancer. Using miRNA expression microarrays, Voliniaet al.
[36] and Ueda et a. [37] evaluated aberrant miRNA expression signatures in gastric tumor
samples from Italian and Japanese patients, respectively; and Cui et a. used exon arraysto
identify differentially expressed mRNASs as potential biomarkers in Chinese patients[38]. In
recent years, RNA-seq has become a revolutionary approach for transcriptome profiling,
supplanting microarrays with rapid speed [25]. Compared with microarrays, NGS-based
RNA-seq has several advantages in cancer transcriptome profiling. First, RNA-seq provides
an unbiased approach to profiling al the transcribed moleculesin a sample, which is not
limited to the previously known or annotated transcripts. Second, RNA-seq accommodates a
large dynamic range of expression levels, thereby allowing for a much more accurate
guantification of genes with very low or high expression levels[25]. Third, in addition to
gene-level expression quantification, RNA-seq can detect other types of transcriptional
signals, including alternative splicing, transcriptional starts/stops, gene fusion, and expressed
aleles[39].

We recently published the first comprehensive RNA-seq study in gastric cancer. We applied
awhole-transcriptome sequencing approach to 24 samples of gastric tumors and 6
noncancerous tissue specimens obtained from Asian patients, generating 680 million
informative short reads to quantitatively characterize gene expression [40]. We used two
seguencing protocol s to respectively sequence the transcripts of different lengths. Beyond
the conventiona analysis, one unique aspect of the study is that we devel oped a multilayered
integrative analysis to identify various types of transcriptional aberrations associated with
different stages of gastric cancer, including differentially expressed mRNAS, recurrent
somatic mutations, and key differentially expressed microRNAs. Through this
computational approach, we identified the central metabolic regulator AMPKa2 (PRKAA2)
as apotential functional target in Asian gastric cancer. This gene shows a differential 1oss of
MRNA level in tumor stage I/11 relative to that of noncancerous gastric tissue or advanced
tumor stages. Through the perturbation experimentsin gastric cell lines (metformin-based
activation and siRNA-mediated knockdown), we demonstrated the functional relevance of
AMPKa2 loss for the AMPK signaling pathway, with downstream consequences that
increase both HNF4a and HIF-1a. Consistent with our study, AMPK a2 has been recently
shown to suppress embryonic fibroblast transformation and tumorigenesisin animal models
[41]. Thus, AMPKa2 may represent a promising therapeutic target for gastric cancer.

Abnormal microRNA (miRNA) expression is the hallmark of many human cancer types, so
one important application of RNA-seq in cancer research isto identify miRNAsthat play an
important role in tumorigenesis. By incorporating the expression data of protein-coding and
mMiRNAs, we identified six key miRNASs in gastric cancer (miR-548d-3p, miR-20b,
miR-135b, miR-140-3p, miR-93, and miR-19a) [40]. These key miRNAs not only show
significant expression variations across different sample groups, but also have detectable
repression effects on the expression of their target genes. In addition to our study, two RNA-
seq studies focusing on miRNA profiling have been published. Ribeiro-dos-Santos et .
seguenced asmall RNA library of normal stomach tissue and identified 15 highly expressed
mMiRNAs[42]. Using the Solexa platform, Li et al. sequenced small RNAs from one pair of
noncancerous/tumor gastric tissues [43]. Interestingly, they found that the 5p arm and 3p
arm miRNAs derived from the same pre-miRNAs have different tissue preferences
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(noncancerous tissue vs. tumor tissue), implying a novel mechanism regulating mature
miRNA selection. Although usually miRNAs are not direct therapeutic targets, identification
of the key miRNAswould greatly help elucidate the molecular basis of tumor progression
and aid in selecting potentia therapeutic targets in gastric cancer.

5. Gene fusion detection in gastric cancer

Gene fusion refers to a hybrid gene formed from two genes as aresult of translocation,
interstitial deletion, or chromosomal inversion. Gene fusion can disrupt the original
functions of the partner genes, generating a gene product with anew function, or it can
greatly change the expression level of the partner genes (e.g., through fusion to a strong
promoter). Since gene fusion can introduce dramatic functional consequencesin gene
function, a number of fused genes have been identified as therapeutic targets, such as
EML4-ALK innon-small cell lung cancer [44; 45]. Both DNA-seq and RNA-seq are able to
detect gene fusion, and for that purpose, paired-end sequencing is particularly powerful.

Through whole-kinome segquencing, Zang et a. found two genome rearrangements
involving ERBB2, awell-known proto-oncogene and the therapeutic target of tratuzumab, in
the MKN7 gastric cell line[32]. One event involves a 169-kb deletion fusing the CDK 12
exon 13 to the ERBB2 intron 4; and the other event results from a 106-kb deletion fusing the
NEU-ROD2 exon to the ERBB2 exon 8 (Fig. 2A and 2B). To our knowledge, RNA-seq has
not been used to detect gene fusions in gastric cancer. However, evaluating prostate cancer
using RNA-seq, Palanisamy et a. detected BRAF and RAF1 rearrangements; and then,
using break-apart FISH probes, they revealed that exon 8 of the BRAF gene was fused with
exon 5 of the AGTRAP gene (angiotensin |1, type | receptor-associated protein) in gastric
cancer, resulting in the formation of a 597-amino acid fusion protein [46] (Fig. 2C). This
result suggests that targeting RAF and MEK inhibitors may be useful in a subset of patients
with this type of gene fusion. Moreover, RNA-seq can detect targetable gene fusion across
different cancer types.

6. Challenges and future directions

Although the above-mentioned NGS studies provide tremendous insights into the molecular
basis of gastric cancer and identify novel potential therapeutic targets, these individual lab-
driven studies have limitations. First, these studies are based on small sample sizes, ranging
from ahandful of samplesto 30 at most, which islikely due to cost and resource constraints.
Because gastric cancer is a heterogeneous disease in which each cancer patient exhibits a
distinct genetic and molecular profile, thereislimited statistical power to accurately detect
prevalent therapeutic targets based on arelatively small sample cohort. For example, only
two candidate driver mutated genes (TP53 and ARID1A) were simultaneously identified by
both the exome-sequencing studies [29, 30] (Fig. 1). Second, DNA-seq or RNA-seq is
usually employed as the only approach to characterize genomic aternations in these studies.
Gastric cancer isacomplex disease, involving interactions between multiple layers of
aberrations. To understand how an alteration in adriver gene functionsin the context of the
tumor, and thereby identify and prioritize high-quality therapeutic targets, it is essential to
integrate multi-dimensional genomic profiles of gastric cancer. Third, the functional data on
driver genes discovered in these NGS studies are still sparse. Due to resource constraintsin
any individual lab, usually only one or two genes are chosen for further functional
investigation. In many cases, the choice is somewhat subjective or is biased by the
investigator’s expertise. Ideally, a high-throughput functional assay will be used to
systematically examine the functional conseguences of genomic aberrations, as
demonstrated by Liang et al. [47] Fourth, the huge size of the datasets obtained through
NGS make them difficult to access.
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Two recently initiated consortium projects have largely overcome these four issues. One
project is The Cancer Genome Atlas (TCGA), sponsored by the U.S. National Cancer
Ingtitute and the National Human Genome Research Ingtitute. For each selected cancer type,
TCGA will systematically characterize ~500 patient samples using different genomic
profiling techniques, including exome sequencing, SNP arrays, copy number variation
profiling, DNA methylation profiling, miRNA expression profiling, mRNA-seq, and RPPA-
based protein expression. Importantly, user-friendly public accessis provided for datasets
generated by TCGA. The first cancer types evaluated in datareleased by TCGA are
glioblastoma [48] and ovarian cancer [49]. Gastric cancer has been selected for the second
phase. A similar effort has been undertaken by the International Cancer Genome Consortium
(ICGC), with the aim of systematically studying 25,000 cancer genomes at the genomic,
epigenomic, and transcriptomic levelsfor at least 50 cancer types. Compared with TCGA,
one unique feature of the ICGC isthe involvement of patients from different countries. As
one of the selected cancer types, the samples of gastric cancer come from patients in both
China and the United States. Over the next few years, we expect these consortium-based
cancer genomic projects to be valuable resources for discovering novel therapeutic targets
for gastric cancer.

Four important research areas are of particular interest for the application of NGS to gastric
cancer samples. First, the incidence of gastric cancer varies greatly by ethnic group; thus, it
is of interest to determine the extent to which the molecular basis of gastric cancer depends
on the ethnic background of the individual (e.g., East Asian vs. Caucasian). NGS datasets
from the ICGC would be very useful to address this topic. Second, in addition to
intertumoral heterogeneity (between patients with gastric cancer), intratumoral heterogeneity
(within a single gastric tumor) presents an additional challenge for effective treatment, and
may contribute to drug resistance. NGS can address this topic using two powerful
approaches: (i) ultra-deep sequencing of the primary tumor to detect rare subclones; and (ii)
low-depth sequential characterization of the tumor to identify dominate clones [50]. Third,
as RNA-seq allows for the detection of splicing variantsin an unprecedented manner, it is of
interest to investigate the role of aberrant splicing in gastric tumorigenesis. Some
unexpected targets may come from splicing variants. Fourth, using NGS to systematically
identify gene fusion in gastric cancer is another approach with tremendous potential for
discovering novel therapeutic targets.
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Wang et al. [29]

PTEN, RPL22, TTK, FMN2, SPRR2B
PTN, ACVR2A, PMS2L3, DNAH7,
TTN, FSCB, CTNNB1, SEMA3E,
MCHR1, SPANXN2, METTL3, EIF3A,
EPB41L3

TPS3, ARID1A

DBR1, RIT2, CCNL1, APC, ATF5,

PKHD1,ADAM18, HTR1E, NFATS,
PPP1R1B, ZNF193, CERK, OR4CA46,
OR4C15, PIK3CA

Zang et al. [30]

Fig.1. A comparison of most significantly mutated genesidentified in the two whole-exome

sequencing studies
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Top significantly mutated genes (FDR < 0.2) were obtained from each study, respectively;

and genes previously known to associate with gastric cancer are shown in bold.
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Fig.2. Genefusionsdiscovered in gastric cancer by NGS studies

(A) A fusion between CDK12 exon 12 and ERBB2 intron 4 in MKN7 cells; (B) afusion
between NEUROD?2 exon 1 and ERBB2 exon 8 in MKN17 cells; and (C) afusion between
AGTRAP exon 5 and BRAF exon 8 in agastric tumor sample. (A) and (B) are reproduced
with permission from Zang et a. [32], and (C) is reproduced from Palanisamy et al. [46]
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