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Fig.5 Apoptotic induction in ESCC. a DNA fragmentation assay showed
UV-induced apoptosis. b Annexin-V assay revealed ethanol (EtOH)-
induced early apoptosis. ¢ Cells were treated with chemotherapy for 24
h. Then, annexin-V assay defected early apoptosis. d TUNEL assay
revealed cisplatin-induced apoptosis. e Caspase-3 assays demonstrated 5-
FU-induced apoptosis. f Annexin-V assay detected early apoptosis in
ESCC cells with several inhibitors or IGF-IR/dn

Statistical analysis

Statistical significance of difference between IGF-IR expres-
sions was determined by Fisher’s exact probability test.

The results of in vitro experiments are presented as means *
SE for each sample. The statistical significance of difference
was determined by one-way ANOVA or two-factor factorial
ANOVA. P values less than 0.05 were considered to indicate
statistical significance.

Results
The expressions of IGF axis in esophageal cancers

In the previous paper, we reported that many ESCC cell lines
express both IGF-IR and IGF-11, but a few cells express IGF-1
[21]. We evaluated the mRNA expression of both IGF-IR and
its ligands in two esophageal adenocarcinoma cell lines using
RT-PCR (Fig. 1a). Like the control ESCC, TEI, both IGF-IR
and IGF-1I messages were identified. However, none
expressed [GF-] mRNA. Then, we assessed the protein ex-
pressions of both IGF-IR and InsR using Western blotting
(Fig. 1b). Both receptors were expressed in the two adenocar-
cinoma cell lines, and those expression levels were less than
those of four ESCC lines.

Tissue array data showed that IGF-IR was expressed in
cancer tissue more frequently than the normal mucosa (54 and
0%, respectively, p =0.0111; Table 1). The expression of I[GF-
IR tended to be lower in EAC compared to ESCC (eight out of
22 primary EAC and 15 of 23 primary EACC). In ESCC, the
IGF-IR expression ratio of metastatic sites tended to be higher,
but not significantly so than that of the primary sites (73 and
65%, respectively).

These results indicate that both ligands and receptors are
expressed in many esophageal carcinomas, implying that the
IGF/IGF-IR axis might play some role in not only ESCC but
also EAC.

The effect of IGF-IR blockade on EAC cell lines
The natural inhibitor of IGFs, IGFBP3, suppressed the growth
of QE33 to a similar level as that observed when they are

cultured in serum-free media (Fig. 2a). Ad-IGF-IR/dn could
reduce in vitro cell growth of both OE33 and OE19 (Fig. 2b).
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WST-1 assay showed that IGF-IR/dn blocked the growth of
OE33 on plastic in a dose-dependent manner (Fig. 2¢). IGF-
IR/dn also reduced the number of colonies in a dose-
dependent manner and strengthened the suppressive effect of
cisplatin on colony formation of OE33 (Fig. 2d). Moreover,
silencing IGF-IR by ad-shIGF-IR reduced colony number in a
dose-dependent manner and enhanced cisplatin-induced sup-
pression of colony formation in OE33 tumor cells.

Signaling analysis by Western blotting showed that ad-
IGF-IR/dn could block both IGF-I- and IGF-II-induced phos-
phorylation of Akt in OE33 (Fig. 2¢). IGF-IR/dn also reduced
phosphorylation of both ERKs and $6. IGF-IR/dn could block
des(1-3)IGF-I induced downstream signal transduction but
not insulin-derived signals.

DNA fragmentation assays showed that IGF-IR/dn induced
apoptosis in OE33 (Fig. 2f). In addition, IGF-IR/dn could
enhance UV-induced apoptosis in OE33. The results were -
confirmed in another EAC cell, OE19. Moreover, ad-shIGF-
IR showed almost the same effect as ad-IGF-IR/dn in both cell
lines. Caspase-3 assays revealed that IGF-IR/dn up-regulated
cisplatin-induced apoptosis in both OE33 and OE19 (Fig. 2g).

The results indicate that blockade of IGF-IR suppressed growth
and colony formation and induced apoptosis in EAC cells.

The effect of IGF-IR/dn on ESCC cell growth

In the previous report, we showed the effects of IGF-IR/dn
mainly for the ESCC cell line, TEI, so here we assessed the
effect of IGF-IR blockade on several other ESCC cell lines as
well [21].

IGF-BP3 suppressed proliferation of TE1 cultured in con-
ditioned media with seram (Fig. 3a). The cell growth was
markedly suppressed in the media without serum and [GF-1
partially overcame this suppression. IGF-IR/482st suppressed
in vitro growth of other ESCC cell lines, TES, T.T, and T.Tn,
in addition to TE! (Fig. 3b). In every cell line, IGF-IR/dn was
the most effective for growth suppression among tested inhib-
itors, wortmannin, LY294002, PD98059, and SB203580.

Soft agar assays revealed that IGF-IR/482st inhibited in vitro
tumorigenicity in three ESCC cells: TES, T.T, and T.Tn
(Fig. 3¢). In addition to IGF-IR/482st, another dominant nega-
tive, [GF-IR/950st, suppressed the carcinogenicity of T.Tn.
Colony formation assays showed that IGF-IR/482st suppressed
colony formation in a dose-dependent manner (Fig. 3d).

IGF-IR/dn blocked signal transduction in ESCC cell lines

Both IGF-I and 1GF-II could induce phosphorylation of Akt-1
inboth TE1 and TES cells (Fig. 4a). Effective concentrations of
IGF-1 were from 5 to 100 ng/ml, and IGF-II was also effective
from 5 to 100 ng/ml. In both cell lines, 5 ng/m! IGF-I and 10
ng/ml IGF-1I resulted in the activation of Akt-1 in 2.5 to 20 min
(Fig. 4b).
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Both Akt-1 and ERKs were phosphorylated by the ligands,
IGF-I and IGF-11, in TES infected with control virus; however,
Akt activation was blocked in the cells infected with IGF-IR/482st
(Fig. 4¢). The same results were observed in the other cell lines,
TEL, T.T, and T.Tn (Fig. 4d-1). In the latter two cell lines, IGF-IR/
482st inhibited the ligand-induced phosphorylation of S6. In
T.Tn, des{1-3)IGF-I phosphorylated both downstream of Akt-1
and ERKs (Fig, 4g). In addition to IGF-IR/A482st, IGF-IR/950st
blocked phosphorvlation of Akt-1 but not ERK in T.Tn.

Up-regulation of apoptotic induction on ESCC cell lines
by IGF-IR/dn

DNA fragimentation assays revealed that the expression of IGF-
[R/dn induced up-regulation of UV-induced apoptosis in TES
(Fig. 5a). Annexin-V assays showed that IGF-IR/dn up-
regulated 10% ethanol-induced early apoptosis in three cell
lines, TES, T.T, and T.Tn (Fig. 5b). Moreover, 1GF-IR/dn
increased apoptosis induced by both chemotherapies (cisplatin
and 5-FU) in both TE8 and T.Tn (Fig. 5¢). TUNEL assays .
confirmed the result that IGF-IR/482st enhanced cisplatin-
induced apoptosis in both TES and TE! (Fig. 5d). Both IGF-
1R/482st and IGF-IR/950st up-regulated 5-FU-induced apopto-
sis in TES as detected by caspase-3 assays (Fig. Se).

Both PD98059 and SB203580 up-regulated 5-FU-induced
apoptosis in TES but wortmannin could not, as detected by
annexin-V assays (Fig. 5f). Three inhibitors, wortmannin,
LY294002, and SB203580, enhanced 10% ethanol-induced
early apoptosis in T.Tn, but PD98059 did not.

The eftect of IGF-IR on the migration of ESCC cell lines

T.T cells exhibited high mobility when cultured on plastic in a
conditioned medium, but migration was reduced when these
cells were cultured without serum (Fig, 6a). IGF-I stimulated
the mobility of T.T in a dose-dependent manner, and IGFBP-3

reduced the migration ability of T.T cultured in conditioned
media with FCS. The results indicated that the IGF/IGF-IR
axis might play a part in the mobility of ESCC.

Both IGF-IR/dns suppressed the migration of T.T signifi-
cantly (Fig. 6b). Moreover, both forms of IGF-IR/dn reduced
the mobility of the other two cell lines, TES and T.Tn.

The effect of BMS-536924 for both types of esophageal
carcinoma

The IGF-IR/InsR inhibitor, BMS-536924, blocked IGF-I-
induced 1GF-IR auto-phosphorylation and its down-stream
signals, pAkt and pERKs, in an ESCC cell, TES (Fig. 7a).
The same results were detected in an EAC cell, OE33. Com-
pared to IGF-1R/dn, BMS-536924 could also block the phos-
phorylation of ERKs clearly in both cell lines.

BMS-536924 inhibited insulin-induced InsR autophospho-
rylation and activation of not only Akt but also ERKs in both
cell types (Fig. 7b), unlike IGF-IR/482st and IGF-IR/950st.

The kinase inhibitor suppressed colony formation of TES
completely and blocked that of OE33 in a dose-dependent manner
(Fig. 7¢). Caspase-3 assay showed that BMS-536924 enhanced
SFU-induced apoptosis in a dose-dependent manner (Fig. 7d).

The results indicate that IGF-IR target therapy might be a
candidate strategy for both types of esophageal carcinomas.

Discussion

We show here that EAC cell lines express both 1GF-II and
IGFE-IR, but not IGF-1, similar to ESCC. We also showed that
[GF-IR was expressed in metastatic deposits in addition to the
primary ESCC tumors. EAC expressed IGF-IR but tended to
do so less frequently than ESCC. These results are compatible
with the recent report in which higher IGF-IR protein expres-
sions were observed in ESCC cells compared with EAC cells
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Fig. 6 The effect of IGF axis on migration of ESCC assessed by wounding assays. a TT cells were cultured with or without FBS # IGF-I for 24 h and

were cultured with/without IGFBP3. b Migration assay was performed for
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Fig. 7 The effect of BMS-536924 on both ESCC, TES and EAC, OE33.
a After the cell was cultured with several amounts of BMS-336924, cells
were stimulated for 5 min with IGF-1. Then Western blotting was
performed. b After BMS-536924 treatment. the cells were stimulated

[22]. IGF-IR expression could also be useful as a novel
prognostic marker for EAC [42]. Thus, IGF-IR might be a
therapeutic target for many esophageal carcinomas.

In our previous study, we demonstrated that the 1GF-IR
axis is not only frequently overexpressed in ESCC and is
associated with poor outcome but that it is also an exciting
potential target for therapeutic intervention in this specific
disease [21]. One of the possible mechanisms of IGF-IR
overexpression in ESCC is that the miR-375 is downregulated
by promoter methylation as miR-375 has a strong tumor-
suppressive effect through inhibiting the expression of IGF-
IR [43].
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for 5 min with insulin. ¢ Colony formation assay revealed that this
inhibitor reduced the number of colonies. d Caspase-3 assay revealed
5-FU-induced apoptosis

In this study, ad-IGF-IR/dn suppressed in vitro tumorige-
nicity. survival, and migration of both ESCC and EAC cells
and also enhanced chemotherapy-induced apoptosis. In sev-
eral cell lines representative of the two esophageal cancer
subtypes (that express different patterns of IGF-IR and IGF
ligand expression), the effects of ad-IGF-IR/dns were very
similar, suggesting that IGF-IR targeting might have thera-
peutic potency for a variety of patients with esophageal carci-
nomas. This is also supported by the results from the multiple
different inhibitors used in this study: IGF-IR/dns, shIGF-IR.
and BMS-536924 all showed tumor-suppressive effects for
esophageal carcinomas,
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We showed here that IGF-IR blockade enhanced the effect
of chemotherapy for esophageal carcinoma. It has been re-
ported that IGF axis is responsible for chemoresistance. IGF-]
inhibits 5-FU-induced apoptosis through increasing survivin
levels, which prevents Smac/DIABLO release and blocks the
activation of caspases [44].

As IGF-IR is closely related to the InsR [5], it is important
to avoid adverse effects related to co-inhibition of the InsR and
perhaps ideally that any strategy designed to block IGF-IR
would have a high degree of specificity for IGF-IR compared
to InsR. We show here that ad-IGF-IR/dn does not suppress
insulin-induced Akt-phosphorylation, indicating a high degree
of receptor selectivity. Thus, our ad-1GF-IR/dn strategy has the
distinet potential advantage of blocking both IGF ligand sig-
nals, being independent of IGFBPs, interrupting signaling
between IGF-IR and Akt-1, and not affecting insulin receptor
signaling.

On the other hand, InsR could also work as accelerator of
proliferation in cancer cells. Thus, the dual targeting TKI might
have some advantages to block cancer progression. However, it
was reported that insulin enhances anticancer functions of 5-FU
when it is treated before 5-FU for the appropriate time in
esophageal and colonic cancer cell lines [45]. As there is dis-
crepancy in the effects of insulin on esophageal cancers, further
analysis will be needed.

Several humanized mAbs and TKls for IGF-IR have been
generated, some of which are now in clinical stadies [26-28].
This study provides support for testing of these therapies in
esophageal cancer. Although some phase 111 studies for 1GF-
IR mAbs (but not TKIs) were withdrawn, others including a
dual targeting TKI for IGF-IR/InsR, BMS-754807, continue in
clinical trials [46].

It is reported that the insensitivity of TE1 to an IGF-IR TKI
NVP-AEW341 occumrred through maintained ras/ERK activity.
Moreover, the transduction of mutant ras reduced the sensitivity
of TE-1 cells to NVP-AEW541 [47]. However, these results are
different from our reported data that NVP-AEWS541 inhibited
the cancer progression of four gastrointestinal cancer cell lines,
including TE-1 [48]. It would be interesting to analyze the
reasons for the differences between these studies.

In addition, we have reported an IGF-IR mAb,
figitumumab (CP-751,871), that could suppress gastrointesti-
nal cancers expressing k-ras mutations, including TE-1 [49].
Further studies are needed to assess the effect and mechanism
of IGF-IR blockade in k-ras mutated cancers.

In this study. we showed that a dual IGF-IR/InsR TKI is
effective for both types of human esophageal carcinomas. Sev-
eral advantages of dual targeting strategies for esophageal car-
cinoma have been reported. TAE226, a dual tyrosine kinase
inhibitor for FAK and IGF-IR, could suppress Barrett’s EAC
[50]. The combination of Her2 mAb, trastuzumab, and IGF-IR
mAb, «-IR3, was more effective in inhibiting in vitro prolifer-

- ation of EAC than treatment with either agent alone [42]. Thus,

) Springer

combined targeting of the 1GF-IR axis with these other tumor
drivers may show significant therapeutic promise.

IGF-IR might therefore be important in the progression of eso-
phageal carcinomas, and IGF-IR target therapies might be candi-
date options for patients with both types of esophageal cancers.
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Abstract

Gastric cancer (GC) is one of the most common ma-
lignancies and remains the second leading cause of

&

T
Waishideng®

WIG | www.wjgnet.com

cancer-related death worldwide. There is an increasing
understanding of the roles that genetic and epigen-
etic alterations play in GCs. Recent studies using next-
generation sequencing (NGS) have revealed a number
of potential cancer-driving genes in GC. Whole-exome
sequencing of GC has identified recurrent somatic mu-
tations in the chromatin remodeling gene ARIDI1A and
alterations in the cell adhesion gene FAT4, a member
of the cadherin gene family. Mutations in chromatin
remodeling genes (ARIDIA, MLL3 and MLL) have been
found in 47% of GCs. Whole-genome sequencing and
whole-transcriptome sequencing analyses have also
discovered novel alterations in GC, Recent studies of
cancer epigenetics have revealed widespread altera-
tions in genes involved in the epigenetic machinery,
such as DNA methylation, histone modifications, nu-
cleosome positioning, noncoding RNAs and microRNAs.
Recent advances in molecular research on GC have
resulted in the introduction of new diagnostic and
therapeutic strategies into clinical settings. The anti-
human epidermal growth receptor 2 (HER2) antibody
trastuzumab has led to an era of personalized therapy
in GC. In addition, ramucirumab, a monoclonal anti-
body targeting vascular endothelial growth factor re-
ceptor (VEGFR)-2, is the first biological treatment that
showed survival benefits as a single-agent therapy in
patients with advanced GC who progressed after first-
line chemotherapy. Using NGS to systematically identify
gene alterations in GC is a promising approach with
remarkable potential for investigating the pathogenesis
of GC and identifying novel therapeutic targets, as well
as useful biomarkers. In this review, we will summarize
the recent advances in the understanding of the mo-
lecular pathogenesis of GC, focusing on the potential
use of these genetic and epigenetic alterations as diag-
nostic biomarkers and novel therapeutic targets.
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INTRODUCTION

Gasttic cancet (GC) is the second highest cause of global
cancer mortality. GC is 2 heterogeneous disease with mul-
tiple environmental etiologies and alternative pathways of
carcinogenesis' . One of the major etiologic risk factors
for GC is Helicobacter pylovi (H. pylori) infection, but only a
small proportion of individuals infected with H. py/lors de-
velop GCP*. Thete is an increasing understanding of the
roles that genetic and epigenetic alterations play in GCs
(Figure 1). Consequently, the development of apptroptiate
biomarkers that reflect an individual’s cancer tisk is essen-
tial to reduce the mortality from GC™". Recent advances
in molecular research of GC have brought new diagnos-
tic and therapeutic strategies into clinical settings.
Next-genetation sequencing (NGS) is a technol-
ogy that involves the parallel sequencing of enormous
amounts of short DNA strands from randomly frag-
mented copies of a genome™. NGS methods used for
genome[gl, exome”, epigenome[”] and transcriptome[u]
sequencing have the potential to provide novel avenues
towatds achieving a compzehensive understanding of
diseases, including cances™. Such advances have also
shown puzzling tumot heterogeneity with limited somatic
alterations shared between tumots of the same histo-
pathologic subtype™"". Although NGS techniques are
just beginning to expand our abilities to detect genome-

wide alterations in GC, several NGS studies in GC have
recently been published"”.

In this review, we summatize the key findings of past
tepotts pettaining to the genetics and epigenetics of GC
and their relationship to and future application in NGS.
We also desctibe the recurrently mutated genes and alter-
ations in GC identified by NGS technology and discuss
the basic framework for future investigations, including
the challenges of using NGS as a tool for biomarker and
therapeutic target discovery.

MICROSATELLITE INSTABILITY

A type of genetic instability characterized by alterations
in length within simple repeat microsatellite sequences,
termed microsatellite instability (MSI), occurs in ap-
proximately 15% of sporadic GCs, mainly as a result
of epigenetic changes' *. Genetic and epigenetic inac-
tivation of DNA mismatch repait (MMR) genes leads
to the mutator phenotype, mutations in cancer-related
genes and cancer development (Figure 2). MSI underlies
a distinctive carcinogenic pathway because MSI-positive
(I\/ISI+) GCs exhibit many differences in clinical, patho-
logical and moleculat characteristics compared with MSI-
negative (MSI) GCs™™. The differences in genotype
occut because defective MMR results in a strong mutator
phenotype with a vety specific mutation spectrum. MSI
mainly accumulates frameshift mutations in the repeated
sequences located in the coding regions of a target tumor
suppressot or other tumor-related genes” ™. The atypi-
cal genotype of MSI" GCs also includes specific patterns
of gene dysregulation. MSI" GCs often show epigenetic
alterations, such as hypermethylation of various genes,
including the key MMR gene MIH7. The diffetences in
genotype and phenotype between MSI” and MSI" GCs
are likely linked to their differences in biological and clini-
cal features. Recent findings from NGS analysis, such as
the frequent mutation of the AT-rich interactive domain
1A (ARID1A) in MSI" GCs, support this notion”"?,

The clinicopathological, genetic, epigenetic, prog-
nostic and therapeutic characterstics of MSI® GCs are
becoming cleatet, but further research is still required.
Because molecular targeting therapeutics are being used
in clinical settings and trials, the differential regulation of
molecular target genes in MSI™ and MSI' GCs™™" needs
to be clarified. Diagnostic charactetization of the MSI
status of GCs thus has important implications for basic
and clinical oncology.

Frequent inactivating mutations of ARID1A in molecular
subtypes of GC identified by exome sequencing

Holbrook ez a/™ analyzed 50 GC samples with targeted
deep sequencing of the DNA of 384 genes. In addition
to the previously reported mutations in genes belonging
to vatious pathways, the authots found tractable target
genes, such as the genes for the thyrotropin receptor and
the Rho-associated coiled-coil containing protein kinases
ROCK1 and ROCK2. Wang er al* performed exome
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Epigenetic alteration

EBV

CIMP* (MSI*, EBV")

MLH1 MINT25
(MsI™) Sox17
GDNF

Epigenetic field defect

(miR-34b/c RASGRF1, PRDM5, MLF1)

P53 (MST, EBV)

ARIDI1A  PIK3CA
(EBV")  ARID1A
(MSI)

Genetic alteration

Figure 1 Genetic and epigenetic alterations in gastric carcinogenesis. The model for gastric carcinogenesis is presented based on genetic and epigenetic altera-
tions. Methylation of the genes in blue appears to be involved in an epigenetic field defect. H. pylori: Helicobacter pylori; MSI: Microsatellite instability, EBV: Epstein-

Barr virus; CIMP: CpG island methylator phenotype.

sequencing of 22 GC samples and found novel mutated
genes and pathway alterations involved in chromatin
modification. A validation study confirmed frequent
inactivating mutations or protein loss of the ARID1A
gene, which encodes one of the subunits in the Switch/
Sucrose Nonfermentable (SWI-SNF) chromatin remod-
eling complex. The mutation spectrum for ARID1A
differed among molecular subtypes of GC; mutations
wete detected in 83% of GCs with MSI, 73% of GCs
with EBV infection and 11% of GCs without EBV and
MSL Moteover, ARID1A mutations were negatively as-
sociated with TP53 mutations. ARID1A alterations were
associated with better prognosis in a stage-independent
mannet. These results suggest the importance of altered
chromatin temodeling in the pathogenesis of GC.

Recurrent somatic mutations in cell adhesion and
chromatin remodeling genes identified by exome
sequencing

Zang ¢ aF also analyzed a specttum of somatic altera-
tions in GC by sequencing the exomes of 15 GC speci-
mens, including 11 intestinal-type, 1-mixed-type, and 3
diffuse-type adenocarcinomas and their matched normal
DNAs. TP53 (11/15 tumoss), PIK3CA (3/15) and ARI-
D1A (3/15) were frequently mutated. Among the fre-
quently mutated genes, cell adhesion was the most signifi-
cant biological pathway affected. A prevalence screening
confirmed mutations in FAT4, 2 membet of the cadhetin
gene family, in 5% of GCs (6/110) and FAT4 genomic
deletions in 4% (3/83) of GCs. Mutations in chromatin
remodeling genes (ARID7.4, MLL3 and MLL) wese

also found in 47% of GCs. ARID1A mutations wete
detected in 8% of GCs (9/110) and were associated with
concuttent PIK3CA mutations and MSI. Both FAT4
and ARID1A showed tumor-suppressor activity in func-
tional assays. Somatic inactivation of FAT4 and ARID1A
may thus be key tumorigenic events in a subset of GCs.
Because PI3K inhibitors ate cuttently in clinical testing
as treatment for GC™ it will be interesting to evaluate
whether the tumor responses to these compounds are af-
fected by the genomic status of ARTD1A.

Frequent loss of ARID1A expression in GC with EBV
infection or MSI

Mutations of ARIDIA lead to a loss of protein expres-
sion in GC and are particularly associated with EBV
infection or MSI. Abe ¢f 4/ investigated the significance
of the loss of ARID1A in 857 GC cases, including 67
EBV™ and 136 MLH1-lost MSI" GCs. Loss of ARID1A
expression was significantly more frequent in cases of
EBV' (23/67; 34%) and MST" (40/136; 29%) GCs than
in cases of EBV /MST (32/657; 5%) GCs. Loss of ARI-
D1A was correlated with larger tumor size, deeper depth
of invasion, lymph node metastasis and poorer prognosis
in cases of EBV /MSI GC. A correlation with tumor size
and diffuse-type histology was found only in the MSI"
GC; no cotrelation was obsetved in EBV" GC. Loss of
ARID1A expression in EBV" GC was frequent in the
eatly stage of GC, but EBV infection did not cause loss
of ARID1A in GC cell lines. Thus, loss of ARID1A may
be an early event in EBV” GC and may precede EBV
infection in gastric epithelial cells. On the other hand,
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Figure 2 Molecular pathway for microsatellite instability+ gastric cancer.
The model for the carcinogenesis of microsatellite instability (MSI)* gastric can-
cer is presented. CIMP: CpG island methylator phenotype.

/ PIK3CA mutation

loss of ARTD1A may be involved in the progression of
EBV /MST GCs. Thus, loss of ARID1A appears to have
different, pathway-dependent roles in GC.

WHOLE-GENOME SEQUENCING
ANALYSIS OF GC

To explore the complete list of somatic alterations in
GC, Nagarajan ef o combined massively parallel short
read and DNA paired-end tag sequencing for the first
whole-genome analysis of two GCs, one with CIN and
the othet with MSI. Integtative analysis and de novo as-
semblies revealed the architecture of a wild-type KRAS
amplification, a common driver event in GC™. Three
distinct mutational signatures wete discovered against a
genome-wide backdrop of oxidative and MSI-associated
mutational signatures. Combining sequencing data from
40 complete GC exomes and targeted screening of an
additional 94 independent GCs led to the discovety of
ACVR2A, RPL22 and LMANT as recurtently mutated
genes in MSI" GC and the identification of PAPPA as a
recurtently mutated gene in TP53 wild-type GC. These
results highlight how whole-genome sequencing analysis
can provide televant information about tissue-specific
carcinogenesis that would otherwise be missed in exome-
sequencing data. WGS of more GCs will uncover more
recurrently alteted genes.

miRNA alterations

A mictoRNA (miRNA) is a small noncoding RNA that
regulates gene exptression at the posttranscriptional level
and is ctitical in many biological processes and cellular

[36-40)

pathways™ . The causes of aberrant miRNA expression
patterns in cancer include DNA copy number amplifica-
tion or deletion, inappropriate transactivation, transcrip-
tional tepression by oncogenic and other factors, failure
of miRNA post-transcriptional regulation and genetic
mutation ot transcriptional silencing associated with hy-
permethylation of the CpG island promoters.

Thete is accumulating evidence to suppozt the notion
that miRNA alterations play a key role in the pathogen-
esis of GC™M™. A large number of miRNAs with differ-
ent biological functions have been found to be altered
and cortelated with clinicopathological characteristics
and/or prognosis in GC. Moteovet, the clinical potential
of miRNA alterations as minimally invasive diagnostic
biomarkers and therapeutic targets has been extensively
reported®**** Recent studies have shown that tumor-
derived miRNAs are present and stable in circulation,
and the levels of circulating miRNAs ate detectable and
quantifiable. Both tissue and soluble miRINAs are candi-
dates for diagnostic biomatkers and therapeutic targets
in GCs™. The basic strategy of current miRNA-based
treatment studies is to either antagonize the expression
of target oncogenic miRNAs with antisense therapy and
other technology ot to testote the function of impaired
tumor suppressor miRNAs",

The inclusion of different isoforms of miRNA
(isomiRs) that are natural variants of mature miRINAs
will form a detailed miRnome. Because expression of
isomiRs can be estimated by NGS, NGS platforms pro-
vide the most effective method of miRNA profiling,
leading to the identification of the miRNA alterations
with clinical applications. Li e/ a® sequenced small
RNAs from one pait of GC and noncancerous tissue and
found that 1somiR patterns ate significantly different be-
tween these tissues. Moreover, these authots found that
the 5p arm and 3p arm miRNAs detived from the same
pre-miRINAs have different tissue preferences in GC and
noncancerous tissue, suggesting a novel mechanism regu-
lating mature miRINA selection.

WHOLE-TRANSCRIPTOME SEQUENCING

OF GC

The first comprehensive RNA-seq study in GC has been
recently published. Kim ¢ «/*Y applied a whole-tran-
sctiptome sequencing approach to 24 GC samples and
six noncancerous tissue specimens. Importantly, these
authors developed a multilayered integrative analysis to
identify vatious types of transcrptional aberrations, such
as differentially expressed mRINAs and miRNAs, as well
as recutrently mutated genes. A central metabolic regula-
tor gene, AMPKa2 (PRKAA2), was identified as a poten-
tial functional target in GC. Six key miRINAs (miR-548d-
3p, miR-20b, miR-135b, miR-140-3p, miR-93 and miR-
192) in GC were also identified.

Epigenetic alterations
Epigenetic regulation is essential for the normal develop-
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ment and maintenance of tissue-specific gene expression
patterns 1 mamimals. Disruption of epigenetic regulation
can lead to altered gene function and malignant cellular
transformation'”. Recent cancer epigenetic studies have
revealed various alterations in the epigenetic machinery in
GC, including DNA methylation, histone modifications,
nucleosome positioning, noncoding RINAs and miR-
NAs"™* Aberrant DNA methylation in the promoter
CpG islands of genes results in inactivation of tumor
supptessot and other tumor-related genes in cancer cells
and is the most well-defined epigenetic hallmark in GC.
Methylation of a large number of genes with different
biological functions has been found to be correlated with
the clinicopathological characteristics and prognosis in
GCH™™, DNA methylation with its advantages as a bio-
marker for the detection of cancer in biopsy specimens
and body fluids that can be obtained non-invasively, such
as serum and gastric washes, may have a clinical applica-
tion in GC. Detection of aberrant DNA methylation of
genes, such as CDHT, DAPK, GSTPT, p15, p16, RARB,
RASSF1A, RUNX3 and TFPIZ2, in the serum may be a
useful biomarker for the detection of GC™. Studies of
DNA methylation and histone modification using NGS
technologies, such as whole-genome bisulfite sequencing
and tatgeted bisulfite sequencing, will lead to new discov-
erie;s“';md improve our knowledge of the epigenomics of
GC"

Assaociation of the aberrant methylation of RASGRF1
with an epigenetic field defect and an increased risk of
GC

Abertant DNA methylation is implicated in the epi-
genetic field defect seen 1n GC. Thus, it is impottant to
identify predictive biomartkers by screening for DNA
methylation in the noncancerous background gastric
mucosa of patients with GC. Using methylated-CpG
island amplification coupled with C/EG island microar-
ray (MCAM) analysis, Takamaru ¢ a 7 found 224 genes
that were methylated in the noncancerous gasttic mucosa
of patients with GC. Among them, RASGRF1 methyla-
tion was significantly elevated in the gastric mucosa from
patients with either intestinal- or diffuse-type GC, com-
pated with the mucosa from healthy individuals. RAS-
GRF1 methylation was independent of mucosal atrophy
and could be used to distinguish both setum pepsinogen
test-positive and -negative patients with GC from healthy
individuals. Ectopic expression of RASGRF1 suppressed
colony formation and Matrigel invasion by GC cells.
RASGRF1 methylation appears to be significantly in-
volved in the epigenetic field defect of the stomach and
to be a useful biomatker to identify individuals at high
sk for GC.

Association of aberrant methylation of miR-34b/c with
an epigenetic field defect and an increased risk of GC
The silencing of miRNAs is often associated with CpG
island hypermethylation. Thus, to identify epigeneti-
cally silenced miRNAs in GC, Suzuki ¢f o screened

[4'S
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for miRNAs that were induced by treatment of GC cells
with 5-aza-2’-deoxycytidine and 4-phenylbutyrate. Hypet-
methylation of the neighboring CpG island epigenetically
silenced miR-34b and miR-34¢c. Methylation of the miR-
34b/c CpG island was frequently observed in GC cell
lines (13/13, 100%) but not in normal gastric mucosa
from healthy H. pylori-negative individuals. Transfection
of the precursors of miR-34b and miR-34¢ into GC cells
suppressed growth and changed the gene expression
profile. Methylation of miR-34b/c was found in a majot-
ity of prmary GCs (83/118, 70%). Notably, analysis of
the non-cancerous gastric mucosae from GC patients
(n = 109) and healthy individuals (# = 85) revealed that
methylation levels were higher in the gastric mucosae of
patients with multiple GC lesions than in the mucosae
from those patients with single GC and the mucosae
from healthy H. pylori-positive individuals. These results
suggest that miR-34b and miR-34c are novel tumor sup-
pressors frequently silenced by DNA methylation in GC.
Methylation of miR-34b/c appears to be significantly in-
volved in an epigenetic field defect in the stomach and to
be a useful biomarker to identify individuals at high risk
for multiple GC.

Methylation of miR-34b/c in the mucosa of the
noncancerous gastric body may be a useful biomarker
for predicting the risk of metachronous GC
Metachronous GC can develop after endoscopic resec-
tion of GC and is not predictable based on the clinical
characteristics alone. Aberrant DNA methylation in
noncancerous gastric mucosa has been implicated in
gasttic catcinogenesis and may be a useful biomartker of
GC risk. Suzuki ¢/ a/*” evaluated the clinical utility of
DNA methylation as a biomatker of metachronous GC
risk. Scheduled follow-up endoscopy was petformed in
129 patients after curative endoscopic resection of early
GC. Biopsy specimens were collected from noncancer-
ous mucosa in the gastric antrum and body. A quantita-
tive methylation analysis of miR-34b/c, SFRP1, SFRP2,
SFRPS, DKK2 and DKK3 using bisulfite pyrosequenc-
ing was petformed on the collected biopsy specimens.
The utility of the methylation status for predicting the
dsk of developing metachronous GC was analyzed us-
ing Kaplan-Meiet and Cox ptoportional hazards models.
Duting the follow-up period, 17 patients (13%) devel-
oped metachronous GCs. The cumulative incidence
of metachronous GC was significantly higher among
patients with elevated miR-34b/c, SFRP2 and DKK2
methylation in the gasttic body. Elevated methylation of
miR-34b/c showed the most significant association with
the rsk of metachtonous GC; the cumulative incidence
of metachronous GC was much higher in the high miR-
34b/c-methylation group than in the low methylation
group. Multivariate analysis adjusted for age, sex, H.
pylori status and pathological findings showed that miR-
34b/c methylation in the gastric body was an indepen-
dent predictor of metachtonous GC risk. Methylation of
miR-34b/c in the mucosa of the noncancerous gastric
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Figure 3 Methylation levels of Sox17 before and after endoscopic submucosal dissection. Methylation levels of Sox17 were analyzed by pyrosequencing using

the DNA recovered from gastric washes before and after endoscopic submucosal dissection™.

body tmay be a useful biomarker for predicting the risk
of metachtonous GC. Finally, NGS technologies may
chatacterize an epigenetic field defect mote clearly and
highlight more useful biomarkers.

Sensitive and specific detection of early GC by DNA
methylation analysis of gastric washes

Because many mucosal cells can be found in the gastric
juice, the detection of molecular markers in the gastric
juice was a possible noninvasive approach to detect GC.
Howevet, the use of gasttic juice as a molecular diag-
nostic or predictive tool has been previously reported to
be impractical because the DNA is eastly degraded by
gastric acidity. In this regard, Watanabe ¢ 2/ have de-
veloped a new method for GC detection by DNA meth-
ylation in gastric washes but not in gastric juice. These
authors analyzed 51 candidate genes in 7 GC cell lines
and 24 GC samples (training set). They then selected 6
genes (MINT25, RORA, GDNF, ADAM?23, PRDM5
and MLFT) for further analyses. The methylation status
of these genes was analyzed in a test set consisting of
131 GCs at vatious stages. The 6 candidate genes were
validated in a different population of 40 primary GC
samples and 113 noncancerous gastric mucosa samples.
The 6 genes showed differential methylation in GC and
notmal mucosa in the training, test and validation sets.
GDNF and MINT25 were the most sensitive molecular
markers of eatly-stage GC, whereas PRDMS5 and MLF1
wete matkers of a field defect. A close correlation be-
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tween methylation levels in tumor biopsy samples and
gastric washes was noted. MINT25 methylation showed
the best sensitivity (90%) and specificity (96%), and it had
the greatest area under the receivet operating chatactet-
istic curve (0.961) in terms of tumor detection in gasttic
washes. MINT25 methylation in gastric washes may be a
sensitive and specific marker for the screening of GC.

Detection of early GC by DNA methylation analysis of
Sox17 in gastric washes

Although minimally invasive treatment is widely ac-
cepted for eatly-stage GC, appropriate risk markers to
detect residual cancer after endoscopic tesection and the
potential for recurrence ate not available. To find can-
didate genes that might be markets for the detection of
early GC, Oishi ¢z al”" performed methylated CpG island
amplification microatray analysis on 12 gastric washes
(from the pre- and post-endoscopic tteatment of six
patients). Among the candidate genes, the Sox77 gene
was selected for further analysis. The DNA methylation
status of Sox17 was examined in a validation set consist-
ing of 128 gastric wash samples (64 pre-treatment and 64
post-treatment) from cases of eatly GC. Sox17 showed
significant differential methylation in the pre- and post-
treatment gastric washes of eatly GC patients (Figure 3).
Moteovet, the treattment of GC cells that lacked Sox17
exptession with the methyltransferase inhibitor 5-aza-2'-
deoxycytidine restored the gene’s expression. Addition-
ally, the introduction of exogenous Sox17 into silenced
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Figure 4 Human epidermal growth receptor family members, the PI3K/Akt pathway, and targeted drugs. HER: Human epidermal growth receptor; NK: Natural
killer; IGF1R: a-insulin-like growth factor 1-receptor; EGFR: Epidermal growth factor receptor; PI3K: Phosphatidylinositol-3-kinase; PTEN: Phosphatase and tensin

homologue.

GC cells suppressed colony formation. The data suggest
that the silencing of Sox17 occuss frequently in early GC
and plays a key role in the disease. Gastric wash-based
DNA methylation analysis could be useful for the eatly
detection of recurrence following endoscopic resection
in early GC patients. Interestingly, the usefulness of gas-
tric wash-based molecular testing for antibiotic tesistance
in H. pylori has also been reported®™. It will be interesting
to analyze gastric washes using NGS.

Anti-HER2 antibody trastuzumab has led to an era of
personalized therapy in GC

Trastuzumab is an antibody that targets the HER2 extra-
cellular domain and induces antibody-dependent cellular
cytotoxicity and inhibition of the HER2 downstream
signals (Figure 4). In the ToGA study, standard chemo-
therapy regimens (capecitabine plus cisplatin or fluoro-
uracil plus cisplatin) combined with trastuzumab resulted
in a longer survival time than standard regimens without
trastuzumab in patients with HER2-positive GC*.
Thus, HER2 exptession has become a major concern
in GC™. HER2 overexpression is observed in 7%-34%
of GC cases. Mechanisms of resistance to trastuzumab
have been reported in breast cancer. There are various
mechanisms underlying trastuzumab resistance, such
as alterations of the HER2 structure ot surroundings,
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dysregulation of HER2 downstream signal effectors
and intetaction of HER2 with other membrane recep-
tors (Figure 4). The PI3K-Akt pathway is one of the
main downstream signaling pathways of HER2. It is well
known that PIK3CA mutations and PTEN inactivation
cause over-activation of a downstream signal without
activation of an upstream signal. The frequencies of
PIK3CA mutations and PTEN inactivation in GC have
been repozted to be 4%-25% and 16%-77%, tespectively.
However, little is known about the association between
HER2 exptession and PI3K-Akt pathway alterations in
GC. Sukawa ¢f a/*" have found that HER2 overexpres-
sion was significantly correlated with pAkt expression
in GC tissues. Furthetmore, pAkt exptession was cot-
related with poot prognosis. These results suggest that
the PI3K-Akt pathway plays an important role in HER2-
positive GC. Moteover, PIK3CA mutations and PTEN
inactivation could affect the effectiveness of HER2-
targeting therapy. Thus, it is necessary to clarify not only
HER2 alterations but also PI3K-Akt pathway alterations
to optimize HER2-targeting therapy in patients with GC.
In this regard, NGS will be useful for the identification
of complicated mechanisms of trastuzumab tesistance in
GC. The only approved targeted therapy for patients with
advanced GC is trastuzumab. It is hoped that NGS will re-
veal a driver gene alteration that will make other targeted
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therapies possible**".

Monoclonal antibodies targeting VEGF (AVAGAST trial)
and VEGFR-2 (REGARD trial) in advanced GC

Several vascular endothelial growth factor (VEGF)-tat-
geted agents have been developed, including neutralizing
monoclonal antibodies (MoAbs) to VEGF/VEGFRs,
soluble VEGF receptors and tytosine kinase inhibitors
(TKIs). The anti-VEGF MoAb bevacizumab has been
approved for colorectal cancers. VEGF and VEGF
receptot-2 (VEGFR-2)-mediated signaling and angio-
genesis contribute to the pathogenesis and progression
of GC. The Avastin in Gastric Cancer (AVAGAST) trial
was a multinational, randomized, placebo-controlled trial
designed to evaluate the efficacy of adding bevacizumab
to capecitabine-cisplatin in the first-line treatment of
advanced GC. The study showed that adding beva-
cizumab to the chemotherapy tegimen in patients with
advanced GC improved the progression-free survival and
tumor response rate but not the overall survival. A fol-
lowing biomarker evaluation analysis revealed that plasma
VEGF-A and tumor neuropilin-1 ate strong biomarket
candidates for predicting the clinical cutcome in patients
with advanced GC treated with bevacizumab'®. In this
regard, NGS will be a powetful method fot the identifica-
tion of predictive biomarkers.

To analyze whether ramucirumab, a2 monoclonal an-
tibody targeting VEGFR-2, prolongs survival in patients
with advanced GC, an international, randomized, double-
blind, placebo-controlled, phase 3 trial was conducted in
29 countries®®. In total, 355 patients with advanced gas-
tric or gastro-esophageal junction adenocatcinoma and
disease progression after first-line chemotherapy were
randomly assigned (2:1) to receive best supportive care
plus either ramucirumab 8 mg/kg (» = 238) or placebo
(n = 117), intravenously once every 2 wk. The primary
endpoint was overall survival. The median overall sut-
vival was 5.2 mo in the ramucitrumab group and 3.8 mo
in the placebo group (HR = 0.776, 95%CI: 0.603-0.998,
P = 0.047). The survival benefit with ramucirumab re-
mained unchanged after multivariate adjustment for other
prognostic factors (multivatiate HR = 0.774, 95%CI:
0.605-0.991, P = 0.042). Thus, ramucirumab is the first
biological treatment given as a single drug that showed
survival benefits in patients with advanced gasttic ot gas-
tro-esophageal junction adenocarcinoma who progtressed
after first-line chemotherapy. The findings also validate
VEGFR-2 signaling as an important therapeutic target in
advanced GC.

Potential targeted drugs for GC

Using NGS to target a subset of druggable genes be-
comes a more effective way to discover therapeutic
targets'**!L There are several potentia] targeted drugs,
either MoAb ot small-molecule TKIs, that are being
investigated either in synergy with, ot in place of, es-
tablished treatments. These drugs include inhibitors of
growth factors and their receptors [i.e, VEGE, epidermal
growth factor receptor, HER2, insulin-like growth factor
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1 (IGF1) receptot, c-MET], MEK inhibitors and drugs
targeting the Hedgehog pathway[(’sl

Dystegulation of the IGF1 and IGF2/IGF1R system
has been implicated in the pathogenesis of GC***\. The
expression levels of both IGFs and IGFIR are increased
m GC. IGF1R is also involved in angiogenesis and lym-
phangiogenesis through the modulation of VEGF expres-
sion in a GC cell line™. IGF1R blockade reduced tumor
angiogenesis and enhanced the effects of bevacizumab
in a GC cell line. Thus, tatgeting IGFIR in combina-
tion with agents that block the VEGF pathway may have
therapeutic utility in GC. Moteovet, targeting the novel
miR-7/IGF1R/Snail axis has been reported to be useful
as a therapeutic approach to block GC metastasis”".

CONCLUSION

The genetic and epigenetic alterations in GCs continue
to inspite biological and clinical implications. Recent ad-
vances in the molecular study of GC have brought new
diagnostic and therapeutic strategies into clinical settings.
The advantages of using DNA methylation as a biomark-
er for the detection of GC in biopsy specimens and non-
invasive body fluids such as serum and gastric washes
may have a possible clinical application in GC. Further
analysis is required to gain a deeper insight into GC carci-
nogenesis, a better understanding of disease pathogenesis
and the development of new diagnostic and therapeutic
approaches tatgeting essential pathogenic alterations. In
this regard, the rapid advances in NGS technologies will
hopefully continue to reveal driver alterations of GC,
further our understanding of gastric catcinogenesis and
improve the therapy for each individual tumor. The chat-
acterization of genes that wete discovered by NGS rather
than by laboratory and clinical research is also necessary.

REFERENCES

1 Wadhwa R, Song S, Lee JS, Yao Y, Wei Q, Ajani JA. Gastric
cancer-molecular and clinical dimensions. Nat Rev Clin
Oncol 2013; 10: 643-655 [PMID: 24061039 DOI: 10.1038/ nrcli-
nonc.2013.170]

2 Akhavan-Niaki H, Samadani AA. Molecular Insight in
Gastric Cancer Induction: An Overview of Cancer Stemness
Genes. Cell Biochem Biophys 2013 Sep 28; Epub ahead of print
[PMID: 24078401]

3 Figueiredo C, Garcia-Gonzalez MA, Machado JC. Molecular
pathogenesis of gastric cancer. Helicobacter 2013; 18 Suppl 1:
28-33 [PMID: 24011242 DOI: 10.1111 /hel.12083]

4  Conteduca V, Sansonno D, Lauletta G, Russi S, Ingravallo G,
Dammacco F. H. pylori infection and gastric cancer: state of
the art (review). Int | Oncol 2013; 42: 5-18 [PMID: 23165522
DOI: 10.3892/1j0.2012.1701]

5 Yamamoto E, Suzuki H, Takamaru H, Yamamoto H, Toyota
M, Shinomura Y. Role of DNA methylation in the devel-
opment of diffuse-type gastric cancer. Digestion 2011; 83:
241-249 [PMID: 21273772 DOT: 10.1159/000320453]

6 Baker AM, Graham TA, Wright NA. Pre-tumour clones,
periodic selection and clonal interference in the origin and
progression of gastrointestinal cancer: potential for bio-
marker development. | Pathol 2013; 229: 502-514 [PMID:
23288692 DOI: 10.1002/ path.4157]

7 Meyerson M, Gabriel S, Getz G. Advances in understanding

April 14, 2014 | Volume 20 | Issue 14 |



10

1

12

13

14

15

16

17

18

19

20

21

22

23

Yamamoto H et a/. Gastric cancer in the next-generation sequencing era

cancer genomes through second-generation sequencing. Nal
Rev Genet 2010; 11: 685-696 [PMID: 20847746 DOI: 10.1038/
nrg2841}

Mardis ER. A decade’s perspective on DNA sequencing
technology. Nature 2011; 470: 198-203 [PMID: 21307932 DOL:
10.1038/ nature09796]

Patel LR, Nykter M, Chen K, Zhang W. Cancer genome
sequencing: understanding malignancy as a disease of
the genome, its conformation, and its evolution. Cancer
Lett 2013; 340: 152-160 [PMID: 23111104 DOI: 10.1016/
jeanlet.2012.10.018]

Lawrence MS, Stojanov P, Mermel CH, Robinson JT, Gar-
raway LA, Golub TR, Meyerson M, Gabriel 5B, Lander ES,
Getz G. Discovery and saturation analysis of cancer genes
across 21 tumour types. Nature 2014; 505: 495-501 [PMID:
24390350 DOI: 10,1038/ nature12912]

Lee EJ, Luo ], Wilson JM, Shi H. Analyzing the cancer
methylome through targeted bisulfite sequencing. Cancer
Lett 2013; 340: 171-178 [PMID: 23200671 DOI: 10.1016/
j.canlet,2012.10.040]

Martens-Uzunova ES, Olvedy M, Jenster G. Beyond
microRNA--novel RNAs derived from small non-coding
RNA and their implication in cancer. Cancer Lett 2013; 340:
201-211 [PMID: 23376637 DOI: 10.1016/j.canlet.2012.11.058]
Xuan J, Yu Y, Qing T, Guo L, Shi L. Next-generation se-
quencing in the clinic: promises and challenges. Cancer
Lett 2013; 340: 284-295 [PMID: 23174106 DOI: 10.1016/
j.canlet.2012.11.025]

Ulahannan D, Kovac MB, Mulholland PJ, Cazier JB, Tom-
linson 1. Technical and implementation issues in using next-
generation sequencing of cancers in clinical practice. Br |
Cancer 2013; 109: 827-835 [PMID: 23887607 DOI: 10.1038/
bjc.2013.416]

Gerlinger M, Rowan AJ, Horswell S, Larkin ], Endesfelder
D, Gronroos E, Martinez P, Matthews N, Stewart A, Tarpey
P, Varela I, Phillimore B, Begum 5, McDonald NQ, Butler
A, Jones D, Raine K, Latimer C, Santos CR, Nohadani M,
Eklund AC, Spencer-Dene B, Clark G, Pickering L, Stamp
G, Gore M, Szallasi Z, Downward ], Futreal PA, Swanton C.
Intratumor heterogeneity and branched evolution revealed
by multiregion sequencing. N Engl | Med 2012; 366: 883-892
[PMID: 22397650 DOI: 10.1056 /NEJMoa1113205]

Meacham CE, Morrison SJ]. Tumour heterogeneity and can-
cer cell plasticity. Nature 2013; 501: 328-337 [PMID: 24048065
DOI: 10.1038/nature12624]

Horswell S, Matthews N, Swanton C. Cancer heterogeneity
and “the struggle for existence”: diagnostic and analytical
challenges. Cancer Lett 2013; 340: 220-226 [PMID: 23142290
DOI: 10.1016/j.canlet.2012.10.031]

Liang H, Kim YH. Identifying molecular drivers of gas-
tric cancer through next-generation sequencing. Cancer
Lett 2013; 340: 241-246 [PMID: 23178814 DOI: 10.1016/
j.canlet.2012.11.029]

Yamamoto H, Imai K, Perucho M. Gastrointestinal cancer of
the microsatellite mutator phenotype pathway. | Gastroen-
terol 2002; 37: 153-163 [PMID: 11931527]

Perucho M. Tumors with microsatellite instability: many
mutations, targets and paradoxes. Oncogene 2003; 22:
2223-2225 [PMID: 12700658 DOI: 10.1038/ sj.onc.1206580]
Imai K, Yamamoto H. Carcinogenesis and microsatellite
instability: the interrelationship between genetics and epi-
genetics. Carcinogenesis 2008; 29: 673-680 [PMID: 17942460
DOI: 10.1093 / carcin/ bgm228]

Yamamoto H, Adachi Y, Taniguchi H, Kunimoto H, Nosho
K, Suzuki H, Shinomura Y. Interrelationship between micro-
satellite instability and microRNA in gastrointestinal cancer.
World | Gastroenterol 2012; 18: 2745-2755 [PMID: 22719182
DOI: 10.3748 / wjg.v18.i22.2745)

Ropero S, Fraga MF, Ballestar E, Hamelin R, Yamamoto
H, Boix-Chornet M, Caballero R, Alaminos M, Setien F,

[ ¢

hE X 3
Baishidong®

WIJG | www.wjgnet.com

24

25

26

o
oo

30

31

32

33

Paz MF, Herranz M, Palacios ], Arango D, Orntoft TF, Aal-
tonen LA, Schwartz S, Esteller M. A truncating mutation
of HDAC2 in human cancers confers resistance to histone
deacetylase inhibition. Nat Genet 2006; 38: 566-569 [PMID:
16642021 DOIL: 101038/ ngl1773)

Melo SA, Ropero S, Moutinho C, Aaltonen LA, Yamamoto
H, Calin GA, Rossi S, Fernandez AF, Carneiro F, Oliveira
C, Ferreira B, Liu CG, Villanueva A, Capella G, Schwartz
S, Shiekhattar R, Esteller M. A TARBP2 mutation in human
cancer impairs microRNA processing and DICERT function.
Nat Genei 2009; 41: 365-370 [PMID: 19219043 DOI: 10.1038/
ng.317]

Melo SA, Moutinho C, Ropero 5, Calin GA, Rossi 5, Spizzo
R, Fernandez AF, Davalos V, Villanueva A, Montoya G,
Yamamoto H, Schwartz S, Esteller M. A genetic defect in
exportin-5 traps precursor microRNAs in the nucleus of
cancer cells. Cancer Cell 2010; 18: 303-315 [PMID: 20951941
DOI: 10.1016/}.ccr.2010.09.007]

Kim TM, Laird PW, Park PJ. The landscape of microsatellite
instability in colorectal and endometrial cancer genomes.
Cell 2013; 155: 858-868 [PMID: 24209623 DOI: 10.1016/
j.cell.2013.10.015]

Wang K, Kan J, Yuen ST, Shi ST, Chu KM, Law S, Chan TL,
Kan Z, Chan AS, Tsui WY, Lee 5P, Ho SL, Chan AK, Cheng
GH, Roberts PC, Rejto PA, Gibson NW, Pocalyko DJ, Mao M,
Xu ], Leung SY, Exome sequencing identifies frequent muta-
tion of ARID1A in molecular subtypes of gastric cancer. Nat
Genet 2011; 43: 1219-1223 [PMID: 22037554 DOIL: 10.1038/
ng.982]

Zang ZJ, Cutcutache I, Poon SL, Zhang SL, McPherson JR,
Tao |, Rajasegaran V, Heng HL, Deng N, Gan A, Lim KH,
Ong CK, Huang D, Chin 5Y, Tan IB, Ng CC, Yu W, Wu Y,
Lee M, Wu |, Poh D, Wan WK, Rha SY, So J, Salto-Tellez M,
Yeoh KG, Wong WK, Zhu Y], Futreal PA, Pang B, Ruan Y,
Hillmer AM, Bertrand D, Nagarajan N, Rozen S, Teh BT,
Tan P. Exome sequencing of gastric adenocarcinoma identi-
fies recurrent somatic mutations in cell adhesion and chro-
matin remodeling genes. Nat Genel 2012; 44: 570-574 [PMID:
22484628 DOI: 10.1038/ ng.2246)

Sukawa Y, Yamamoto H, Nosho K, Kunimoto H, Suzuki H,
Adachi 'Y, Nakazawa M, Nobuoka T, Kawayama M, Mikami
M, Matsuno T, Hasegawa T, Hirata K, Imai K, Shinomura Y.
Alterations in the human epidermal growth factor receptor
2-phosphatidylinositol 3-kinase-v-Akt pathway in gastric
cancer. World | Gastroenterol 2012; 18: 6577-6586 [PMID:
23236232 DOI: 10.3748/ wig.v18.i45.6577]

Sukawa Y, Yamamoto H, Nosho K, Ito M, Igarashi H, Naito
T, Mitsuhashi K, Matsunaga Y, Takahashi T, Mikami M,
Adachi Y, Suzuki H, Shinomura Y. HER2 expression and
PI3K-Akt pathway alterations in gastric cancer. Digestion
2014; 89: 12-17 [PMID: 24458107 DOI: 10.1159/000356201]
Holbrook JD, Parker JS, Gallagher KT, Halsey WS, Hughes
AM, Weigman V], Lebowitz PF, Kumar R. Deep sequenc-
ing of gastric carcinoma reveals somatic mutations relevant
to personalized medicine. | Trans! Med 2011; 9: 119 [PMID:
21781349 DOI: 10.1186/1479-5876-9-119]

Lei Z, Tan IB, Das K, Deng N, Zouridis H, Pattison S, Chua
C, Feng Z, Guan YK, Ooi CH, Ivanova T, Zhang S, Lee M,
WuJ, Ngo A, Manesh S, Tan E, Teh BT, So JB, Goh LK,
Boussioutas A, Lim TK, Flotow H, Tan P, Rozen SG. Iden-
tification of molecular subtypes of gastric cancer with dif-
ferent responses to PI3-kinase inhibitors and S-fluorouracil.
Gastroenterology 2013; 145: 554-565 [PMID: 23684942 DOI:
10.1053/j.gastro.2013.05.010]

Abe H, Maeda D, Hino R, Otake Y, Isogai M, Ushiku AS,
Matsusaka K, Kunita A, Ushiku T, Uozaki H, Tateishi Y,
Hishima T, Iwasaki Y, Ishikawa S, Fukayama M. ARIDIA
expression loss in gastric cancer: pathway-dependent roles
with and without Epstein-Barr virus infection and micro-
satellite instability. Virchows Arch 2012; 461: 367-377 [PMID:

April 14,2014 | Volume 20 | Issue 14 |



34

35

36

37

38

39

40

41

42

43

44

45

46

Yamamoto H et a/. Gastric cancer in the next-generation sequencing era

22915242 DOI: 10.1007 /s00428-012-1303-2]

Nagarajan N, Bertrand D, Hillmer AM, Zang Z], Yao F,
Jacques PE, Teo AS, Cutcutache I, Zhang Z, Lee WH, Sia YY,
Gao S, Ariyaratne PN, Ho A, Woo XY, Veeravali L, Ong CK,
Deng N, Desai KV, Khor CC, Hibberd ML, Shahab A, Rao
J, Wu M, Teh M, Zhu F, Chin SY, Pang B, So JB, Bourque G,
Soong R, Sung WK, Tean Teh B, Rozen S, Ruan X, Yeoh KG,
Tan PB, Ruan Y. Whole-genome reconstruction and mu-
tational signatures in gastric cancer. Genome Biol 2012; 13:
R115 [PMID: 23237666 DOI: 10.1186/ gb-2012-13-12-r115]
Deng N, Goh LK, Wang H, Das K, Tao J, Tan IB, Zhang S,
Lee M, Wu J, Lim KH, Lei Z, Goh G, Lim QY, Tan AL, Sin
Poh DY, Riahi G, Bell S, Shi MM, Linnartz R, Zhu F, Yeoh
KG, Toh HC, Yong WP, Cheong HC, Rha SY, Boussioutas
A, Grabsch H, Rozen S, Tan P. A comprehensive survey
of genomic alterations in gastric cancer reveals systematic
patterns of molecular exclusivity and co-occurrence among
distinct therapeutic targets. Gut 2012; 61: 673-684 [PMID:
22315472 DOI: 10.1136/ gutjnl-2011-301839)

Melo SA, Esteller M. Dysregulation of microRNAs in can-
cer: playing with fire. FEBS Lett 2011; 585: 2087-2099 [PMID:
20708002 DOI: 10.1016/j.febslet.2010.08.009]

Cortez MA, Bueso-Ramos C, Ferdin ], Lopez-Berestein G,
Sood AK, Calin GA. MicroRNAs in body fluids--the mix
of hormones and biomarkers. Nat Rev Clin Oncol 2011; 8:
467-477 [PMID: 21647195 DOI: 10.1038 / nrclinonc.2011.76]
van Kouwenhove M, Kedde M, Agami R. MicroRNA regu-
lation by RNA-binding proteins and its implications for
cancer. Nat Rev Cancer 2011; 11: 644-656 [PMID: 21822212
DOI: 10.1038/nrc3107)

Lopez-Serra P, Esteller M. DNA methylation-associated
silencing of tumor-suppressor microRNAs in cancer. On-
cogene 2012; 31: 1609-1622 [PMID: 21860412 DOI: 10.1038/
onc.2011.354]

Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK,
Pogosova-Agadjanyan EL, Peterson A, Noteboom ], O’Bri-
ant KC, Allen A, Lin DW, Urban N, Drescher CW, Knudsen
BS, Stirewalt DL, Gentleman R, Vessella RL, Nelson PS,
Martin DB, Tewari M. Circulating microRNAs as stable
blood-based markers for cancer detection. Proc Natl Acad Sci
USA 2008; 105: 10513-10518 [PMID: 18663219 DOI: 10.1073/
pnas.0804549105]

Ueda T, Volinia S, Okumura H, Shimizu M, Taccioli C, Ros-
si S, Alder H, Liu CG, Oue N, Yasui W, Yoshida K, Sasaki
H, Nomura S, Seto Y, Kaminishi M, Calin GA, Croce CM.
Relation between microRNA expression and progression
and prognosis of gastric cancer: a microRNA expression
analysis. Lancet Oncol 2010; 11: 136-146 [PMID: 20022810
DOI: 10.1016/51470-2045(09)70343-2]

Tong F, Cao P, Yin Y, Xia S, Lai R, Liu S. MicroRNAs in gas-
tric cancer: from benchtop to bedside. Dig Dis Sci 2014; 59:
24-30 {PMID: 24114043]

Pan HW, Li SC, Tsai KW. MicroRNA dysregulation in
gastric cancer. Curr Pharm Des 2013; 19: 1273-1284 [PMID:
23092346 DOIL: 10.2174/138161213804805621]

Albulescu R, Neagu M, Albulescu L, Tanase C. Tissular and
soluble miRNAs for diagnostic and therapy improvement
in digestive tract cancers. Expert Rev Mol Diagn 2011; 11:
101-120 [PMID: 21171925 DOI: 10.1586/ erm.10.106]

Li SC, Liao YL, Ho MR, Tsai KW, Lai CH, Lin WC. miRNA
arm selection and isomiR distribution in gastric cancer.
BMC Genomics 2012; 13 Suppl 1: S13 [PMID: 22369582 DOI:
10.1186/1471-2164-13-51-513]

Kim YH, Liang H, Liu X, Lee JS, Cho JY, Cheong JH, Kim
H, Li M, Downey TJ, Dyer MD, Sun Y, Sun J, Beasley EM,
Chung HC, Noh SH, Weinstein JN, Liu CG, Powis G.
AMPKa modulation in cancer progression: multilayer inte-
grative analysis of the whole transcriptome in Asian gastric
cancer. Cancer Res 2012; 72: 2512-2521 [PMID: 22434430 DOIL:
10.1158/0008-5472.CAN-11-3870]

&K

TR
Beishidmg®

WJG | www.wjgnet.com

293
3936

47

48

49

50

51

52

53

54

55

56

57

58

Azad N, Zahnow CA, Rudin CM, Baylin SB. The future of
epigenetic therapy in solid tumours--lessons from the past.
Nat Rev Clin Oncol 2013; 10: 256-266 [PMID: 23546521 DOI:
10.1038/nrclinonc.2013.42]

Zouridis H, Deng N, Ivanova T, Zhu Y, Wong B, Huang D,
Wu YH, Wu Y, Tan IB, Liem N, Gopalakrishnan V, Luo Q,
Wu J, Lee M, Yong WP, Goh LK, Teh BT, Rozen S, Tan P.
Methylation subtypes and large-scale epigenetic alterations
in gastric cancer. Sci Transl Med 2012; 4: 156ra140 [PMID:
23076357 DOI: 10.1126/ scitranslmed.3004504]

Gigek CO, Chen ES, Calcagno DQ, Wisnieski F, Burbano
RR, Smith MA. Epigenetic mechanisms in gastric cancer.
Epigenomics 2012; 4: 279-294 [PMID: 22690664 DOL: 10.2217/
epi.12.22]

Qu Y, Dang S, Hou P. Gene methylation in gastric can-
cer. Clin Chim Acta 2013; 424: 53-65 [PMID: 23669186 DOL:
10.1016/j.cca.2013.05.002]

Calcagno DQ, Gigek CO, Chen ES, Burbano RR, Smith Mde
A. DNA and histone methylation in gastric carcinogenesis.
World | Gastroenterol 2013; 19: 1182-1192 [PMID: 23482412
DOI: 10.3748/wjg.v19.i8.1182]

Otani K, Li X, Arakawa T, Chan FK, Yu J. Epigenetic-me-
diated tumor suppressor genes as diagnostic or prognostic
biomarkers in gastric cancer. Expert Rev Mol Diagn 2013; 13:
445-455 [PMID: 23782252 DOI: 10.1586/ erm.13.32]
Takamaru H, Yamamoto E, Suzuki H, Nojima M, Maruyama
R, Yamano HO, Yoshikawa K, Kimura T, Harada T, Ashida
M, Suzuki R, Yamamoto H, Kai M, Tokino T, Sugai T, Imai K,
Toyota M, Shinomura Y. Aberrant methylation of RASGRF1
is associated with an epigenetic field defect and increased risk
of gastric cancer. Cancer Prev Res (Phila) 2012; 5: 1203-1212
[PMID: 22961779 DOL: 10.1158/1940-6207.CAPR-12-0056]
Suzuki H, Yamamoto E, Nojima M, Kai M, Yamano HO,
Yoshikawa K, Kimura T, Kudo T, Harada E, Sugai T, Taka-
maru H, Niinuma T, Maruyama R, Yamamoto H, Tokino
T, Imai K, Toyota M, Shinomura Y. Methylation-associated
silencing of microRNA-34b/c in gastric cancer and its
involvement in an epigenetic field defect. Carcinogenesis
2010; 31: 2066-2073 [PMID: 20924086 DOIL: 10.1093/ carcin/
bgq203]

Suzuki R, Yamamoto E, Nojima M, Maruyama R, Ya-
mano HO, Yoshikawa K, Kimura T, Harada T, Ashida M,
Niinuma T, Sato A, Nosho K, Yamamoto H, Kai M, Sugai
T, Imai K, Suzuki H, Shinomura Y. Aberrant methylation of
microRNA-34b/c is a predictive marker of metachronous
gastric cancer risk. | Gastroenterol 2013 Aug 13; Epub ahead
of print [PMID: 23942619}

Watanabe Y, Kim HS, Castoro R], Chung W, Estecio MR,
Kondo K, Guo Y, Ahmed S5, Toyota M, Itoh F, Suk KT, Cho
MY, Shen L, Jelinek J, Issa JP. Sensitive and specific detec-
tion of early gastric cancer with DNA methylation analysis
of gastric washes. Gastroenterology 2009; 136: 2149-2158
[PMID: 19375421 DOI: 10.1053 /j.gastro.2009.02.085]

Oishi Y, Watanabe Y, Yoshida Y, Sato Y, Hiraishi T, Oikawa
R, Maehata T, Suzuki H, Toyota M, Niwa H, Suzuki M, Itoh
F. Hypermethylation of Sox17 gene is useful as a molecular
diagnostic application in early gastric cancer. Tumour Biol
2012; 33: 383-393 [PMID: 22161215 DOI: 10.1007/s13277-011-
0278-y]

Baba S, Oishi Y, Watanabe Y, Oikawa R, Morita R, Yoshida
Y, Hiraishi T, Maehata T, Nagase Y, Fukuda Y, Nakazawa
M, Ishigouoka S, Hattori N, Suzuki H, Toyota M, Niwa H,
Suzuki M, Itoh F. Gastric wash-based molecular testing for
antibiotic resistance in Helicobacter pylori. Digestion 2011;
84: 299-305 [PMID: 22057261 DOI: 10.1159/000332570]

Bang YJ, Van Cutsem E, Feyereislova A, Chung HC, Shen L,
Sawaki A, Lordick F, Ohtsu A, Omuro Y, Satoh T, Aprile G,
Kulikov E, Hill J, Lehle M, Riischoff J, Kang YK. Trastuzum-
ab in combination with chemotherapy versus chemotherapy
alone for treatment of HER2-positive advanced gastric or

April 14, 2014 § Volume 20 | Issue 14 |



60

61

64

65

Yamamoto H et a/. Gastric cancer in the next-generation sequencing era

gastro-oesophageal junction cancer (ToGA): a phase 3, open-
label, randomised controlled trial. Lancet 2010; 376: 687-697
[PMID: 20728210 DOL: 10.1016/50140-6736(10)61121-X]

de Mello RA, Marques AM, Aratdjo A, HER2 therapies and
gastric cancer: a step forward, World | Gastroenterol 2013; 19:
6165-6169 [PMID: 24115812]

Meric-Bernstam F, Mills GB. Overcoming implementation
challenges of personalized cancer therapy. Nat Rev Clin
Oneol 2012; 9: 542-548 [PMID: 22850751 DOIL: 10.1038 / nrcli-
none.2012.127)

Ohtsu A, Shah MA, Van Cutsem E, Rha §Y, Sawaki A, Park
SR, Lim HY, Yamada Y, Wu ], Langer B, Starnawski M,
Kang YK. Bevacizumab in combination with chemotherapy
as first-line therapy in advanced gastric cancer: a random-
ized, double-blind, placebo-controlled phase I1I study. | Clin
Omncol 2011; 29: 3968-3976 [PMID: 21844504 DOIL: 10.1200/
JCO.2011.36.2236]

Van Cutsem E, de Haas 5, Kang YK, Ohtsu A, Tebbutt NC,
Ming Xu ], Peng Yong W, Langer B, Delmar P, Scherer SJ,
Shah MA. Bevacizumab in combination with chemotherapy
as first-line therapy in advanced gastric cancer: a biomarker
evaluation from the AVAGAST randomized phase III trial.
] Clin Oncol 2012; 30: 2119-2127 [PMID: 22565005 DOI:
10.1200/]C0O.2011.39.9824]

Fuchs CS, Tomasek ], Yong CJ, Dumitru F, Passalacqua
R, Goswami C, Safran H, dos Santos LV, Aprile G, Ferry
DR, Melichar B, Tehfe M, Topuzov E, Zalcberg JR, Chau
I, Campbell W, Sivanandan C, Pikiel ], Koshiji M, Hsu Y,
Liepa AM, Gao L, Schwartz JD, Tabernero J. Ramucirumab
monotherapy for previously treated advanced gastric or
gastro-oesophageal junction adenocarcinoma (REGARD): an
international, randomised, multicentre, placebo-controlled,
phase 3 trial. Lancet 2014; 383: 31-39 [PMID: 24094768 DOI:
10.1016/50140-6736(13)61719-5]

Matsubara J, Yamada Y, Hirashima Y, Takahari D, Okita

&

T4
J3nishideng®

WIG | www.wjgnet.com

66

68

69

70

71

294
3937

NT, Kato K, Hamaguchi T, Shirao K, Shimada Y, Shimoda T.
Impact of insulin-like growth factor type 1 receptor, epider-
mal growth factor receptor, and HER2 expressions on out-
comes of patients with gastric cancer. Clin Cancer Res 2008;
14; 3022-3029 [PMID: 18483367 DOT: 10.1158/1078-0432.
CCR-07-1898]

Adachi Y, Li R, Yamamoto H, Min Y, Piao W, Wang Y, Im-
sumran A, Li H, Arimura Y, Lee CT, Imai K, Carbone DP,
Shinomura Y. Insulin-like growth factor-I receptor blockade
reduces the invasiveness of gastrointestinal cancers via
blocking production of matrilysin. Carcinogenesis 2009; 30:
1305-1313 [PMID: 19493905 DOIL: 10,1093 / carcin/bgp134]
Adachi Y, Yamamoto H, Ohashi H, Endo T, Carbone DP,
Imai K, Shinomura Y. A candidate targeting molecule of
insulin-like growth factor-l receptor for gastrointestinal
cancers. World | Gastroenterol 2010; 16: 5779-5789 [PMID:
21154998 DOI: 10,3748 / wig.v16.i46.5779]

Popa EC, Shah MA. Met, IGFIR, and other new targets in
upper Gl malignancies. Curr Treat Options Oncol 2013; 14:
321-336 [PMID: 23873272 DOI: 10,1007 /511864-013-0245-5]
Singh P, Alex JM, Bast F. Insulin receptor (IR) and insulin-
like growth factor receptor 1 (IGF-1R) signaling systems:
novel treatment strategies for cancer. Med Oncol 2014; 31:
805 [PMID: 24338270 DOI: 10,1007 /512032-013-0805-3]

Li H, Adachi Y, Yamamoto H, Min Y, Ohashi H, i M,
Arimura Y, Endo T, Lee CT, Carbone DP, Imai K, Shinomu-
ra Y. Insulin-like growth factor-I receptor blockade reduces
tumor angiogenesis and enhances the effects of bevacizum-
ab for a human gastric cancer cell line, MKN45. Carncer 2011;
117: 3135-3147 [PMID: 21264842 DOIL: 10.1002/ ener.25893]
Zhao X, Dou W, He L, Liang S, Tie ], Liu C, Li T, Lu Y, Mo
P, Shi Y, Wu K, Nie Y, Fan D. MicroRNA-7 functions as an
anti-metastatic microRNA in gastric cancer by targeting
insulin-like growth factor-1 receptor. Oncogene 2013; 32:
1363-1372 [PMID: 22614005 DOL 10,1038/ onc.2012.156]

P- Reviewers: Deng SL, Reim D, Sperti C  S- Editor: Qi Y
L- Editor: A E- Editor: Ma S

April 14, 2014 | Volume 20 [ Issue 14 §



TR
Jenishideng®

Published by Baishideng Publishing Group Co., Limited
Flat C, 23/F., Lucky Plaza,
315-321 Lockhart Road, Wan Chai, Hong Kong, China
Fax: +852-65557188
Telephone: +852-31779906
E-mail: bpgoffice@wjgnet.com
http://www.wjgnet.com

ISSN1007-9327

]

Il

|







