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Gastric Cancer (GC) is a complex and heterogeneous disease, which represents a global health concern. Despite
advances in prevention, diagnosis, and therapy, GC is still a leading cause of cancer-related death. Over the last
decade, several clinical trials have tested novel agents for advanced GC with mostly disappointing results.
Heterogeneity, the absence of molecular selection in clinical trials and powerless predictive biomarkers may be
potential explanations. Different molecular classification proposals for GC based on the genetic, epigenetic, and
molecular signatures have been published. Molecular characterization of GC may offer new tools for more ef-
fective therapeutic strategies, such as the development of therapies for specifically well-defined sets of patients
as well as the use of new clinical trial designs, which will ultimately lead to an improvement of medical man-
agement of this disease. However, the possibilities of implementation of GC molecular classifications on daily
practice and their therapeutic implications remain challenging to date. In this review, we will describe and
compare these GC molecular classifications, focusing on their main characteristics as the basis for their potential

therapeutic implications and strategies for their clinical application.
Key Message: A better understanding of gastric cancer molecular characteristics may lead to further im-
provements in treatment and outcomes for patients with the disease.

Introduction

GC is a heterogeneous disease, which currently ranks as the fifth
most common cancer and the third leading cause of cancer-related
death worldwide [1]. Despite many efforts to improve treatment stra-
tegies in the last decade, gastric cancer (GC) still presents dismal out-
comes. Only 30% of GC are diagnosed at a local stage and the 5-year
survival for pTNM stage groups classified according to the 8th edition of
the Cancer staging manual of the American Joint Committee on Cancer
(AJCC) are between 80 and 68% for stage I, 60 and 46% for stage II, 30
and 8% for stage III and 5% for stage IV, based on data from NCDB
(National Cancer Database) Research Unit of the American College of
Surgeons [2].

The complexity and heterogeneity of GC emerge from multiple in-
teractions of genetic, environmental and host factors [3,4]. Historically,

epidemiologic and histopathologic differences, as well as disparities in
survival rates, have been reported in patients diagnosed with GC from
different regions, especially between Asian and non-Asian countries
[5,6]. More recently, different immunity signatures between Asian and
non-Asian population have also been described [7]. Whilst genetic,
environmental and other host factors may account for some of these
differences, the interpretation of different survival outcomes is even
more complicated due to variations in the staging systems, extent and
quality of surgery and heterogeneity of adjuvant and neoadjuvant
treatment regimens between Asian and Western countries.

GC has traditionally been classified into two major histological
subtypes according to Lauren’s classification: intestinal and diffuse [8].
Diffuse-type gastric adenocarcinoma is more aggressive, tends to affect
younger people and does not progress through distinct histological
stages, whereas intestinal-type gastric adenocarcinoma is characterized
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by histological progression from Helicobacter pylori-associated in-
flammatory cell invasion to atrophic gastritis, intestinal metaplasia,
dysplasia and ultimately adenocarcinoma [4]. Apart from Lauren’s
classification, other histopathological classifications for GC exist, such
as the World Health Organization (WHO) classification, which divides
GC into four main types based on the predominant histological patterns:
tubular adenocarcinoma, papillary adenocarcinoma, mucinous adeno-
carcinoma and poorly cohesive carcinoma [9]. Among these types, the
poorly cohesive carcinoma would correspond to the diffuse-type and
the tubular and papillary carcinomas would correspond to the in-
testinal-type. These histopathological classifications are widely used,
but they allow us neither to select patients who can benefit from a
specific chemotherapy or novel therapies, nor to precisely predict
prognosis. The description of different molecular classifications of GC
during the last years, among which that of The Cancer Genome Atlas
(TCGA) [10], could be more helpful in clinical practice.

With regard to medical management, several new agents for the
treatment of advanced GC have been investigated in the last years, and
many good reviews on potential new treatments have been published
[11]. Studies in different disease settings with antiangiogenics, anti-
EGFR or anti-MET monoclonal antibodies have been negative. In con-
trast, trastuzumab, a monoclonal antibody against the HER2 receptor, is
approved in the first line treatment of patients with HER2 + tumors,
which accounts for 13-23% of the gastric cancer population [12]. Ra-
mucirumab, a monoclonal antibody against VEGFR2, is currently re-
commended in patients progressing after first-line treatment based on
fluoropyrimidine and platinum [13,14]. Likewise, apatinib, a tyrosine
kinase inhibitor (TKI) that selectively inhibits VEGFR2, has also been
approved in China in the same setting. Besides, emerging data from
early trials suggest that the use of immune checkpoint inhibitors may
result in durable remissions for a proportion of patients with advanced
GC [15,16].

The purpose of the present review is two-fold: first, to describe the
main molecular classifications of GC, and compare them to find dif-
ferences and similarities between the different subgroups. Second, we
want to define their therapeutic implications and potential clinical
applicability in daily medical practice.

Molecular classifications of GC

Initial studies to describe molecular GC subtypes were reported by
the “Singapore — Duke” Group [17,18]. These were followed by large-
scale efforts from the Asian Cancer Research Group (ACRG) [19] and
The Cancer Genome Atlas (TCGA) [20].

“Singapore — Duke” group proposal

Singapore-Duke Group was the first to describe GC molecular sub-
types. They used gene expression profiling to predict GC response to
drug treatments. Initially, they described a classification that divided
GC into two intrinsic genomic subtypes that had distinct patterns of
gene expression: G-INT (genomic intestinal) and G-DIF (genomic dif-
fuse). Although they named them G-INT and G-DIF due to similarities
with Lauren's histopathologic classification, the overall concordance
between these intrinsic subtypes and the Lauren's histopathologic
classification was only 64%. Compared with the G-DIF subtype, G-INT
subtype showed higher resistance to cisplatin, but sensitivity to 5-
fluorouracil and oxaliplatin. Interestingly, these two intrinsic subtypes,
as opposed to the subtypes based on Lauren's histopathologic classifi-
cation, have been shown to have prognostic value, based on univariate
and multivariate analyses in multiple patient cohorts [17].

Subsequently, the Singapore-Duke group reported a new proposal
that classified GC into three different subtypes: proliferative, metabolic
and mesenchymal [18]. The proliferative subtype, which was found to
be associated with the Lauren intestinal subtype, presented with high
activity for several oncogenic pathways and was characterized by
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increased TP53 mutations and high copy number alterations (CNA).
The mesenchymal subtype was associated with the Lauren diffuse
subtype and was characterized by high activity of the epithelial-me-
senchymal transition pathway as well as cancer stem cell pathways. A
critical issue of this new proposal is the emergence of metabolic subtype
as a new entity which showed high activity for a pathway related to
spasmolytic-polypeptide-expressing metaplasia (SPEM) [21,22]. Lei
et al. [18] described differences in response to therapy between pro-
liferative, metabolic and mesenchymal subtypes. In vitro studies in-
dicated that mesenchymal subtype was particularly sensitive to phos-
phatidylinositol 3-kinase (PI3K)-AKT-mTOR inhibitors and the
metabolic subtype was more sensitive to 5-fluorouracil.

Asian Cancer Research group (ACRG) proposal

The Asian Cancer Research Group (ACRG) categorizes GC into four
subtypes by applying gene expression data [19]. These subtypes are:
microsatellite instability (MSI), epithelial-to-mesenchymal transition
(EMT), MSS/TP53+ and MSS/TP53-. MSI group was characterized by
loss of MLH1 and was enriched by mutations in several oncogenic
genes. The microsatellite stable (MSS) and EMT group (MSS/EMT) was
characterized by loss of CDH1 and a gene expression signature that
correlated with that of EMT. Since TP53 is the most frequently mutated
gene in GC, the non-MSI and non-EMT tumors were grouped into MSS/
TP53+ (TP53-active) and MSS/TP53- (TP53-inactive). This was based
on a two-gene p53-activity signature (CDKNIA and MDM2) that scored
high in tumors with intact TP53 and low in tumors with functional loss
of TP53. The cohort of TP53-inactive samples presented the highest
prevalence of TP53 mutations, had higher aneuploidy and more am-
plifications of oncogenes, including ERBB2 (HER2). Infection with Ep-
stein-Barr virus (EBV) was more frequent in the MSS/TP53+ group.
The subgroups described by ACRG were found to be associated with
distinct genomic alterations, survival outcomes and recurrence patterns
after surgery [19]. In the survival analysis, the EMT group (which was
composed mostly of diffuse-type tumors) had the worst prognosis, fol-
lowed by TP53-inactive, TP53-active and finally microsatellite-unstable
tumors.

The Cancer Genome Atlas (TCGA) proposal

The Cancer Genome Atlas (TCGA) research network reported the
most comprehensive identification of genetic alterations associated
with GC, combining data from six different platforms: array-based so-
matic copy number analysis, whole-exome and genome sequencing,
messenger RNA-sequencing, microRNA sequencing, and reverse-phase
protein array profiling, plus evaluation of microsatellite instability
[20]. Based on an integrative analysis of these data, a classification
system of GC into four subtypes was proposed: EBV-positive (EBV),
microsatellite-unstable (MSI), genomically stable (GS) and chromo-
somal instability (CIN).

EBV-positive (EBV) tumors presented extensive DNA promoter hy-
permethylation, as well as recurrent PIK3CA mutations and amplifica-
tions of JAK2, CD274 (also known as PD-L1) and PDCDILG2 (also
known as PD-L2); ARIDIA mutations were also present in more than
50% of EBV-positive tumors which, by contrast, had few TP53 muta-
tions. Microsatellite-unstable tumors (MSI) showed high mutation
burden and hypermethylation, particularly that of the MLHI1 promoter.
Genomically stable tumors (GS) were enriched for Lauren’s diffuse
histological type of GC and showed RHOA mutations or fusions invol-
ving Rho-family GTPase-activating proteins; CDHI and ARID1A somatic
mutations were also common in the GS subtype. Finally, tumors with
chromosomal instability (CIN) had marked aneuploidy and focal am-
plification of receptor tyrosine kinases and were enriched in TP53
mutations. As illustrated in Fig. 1, this classification also provides in-
formation about potential therapeutic implications and drug resistance.

In the TCGA study no analysis of survival outcome was performed.
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Fig. 1. Gastric cancer molecular subtypes. (A) Distribution of gastric cancer molecular subtypes by TCGA. (B) Main molecular features of each subtype and their
potential therapeutic implications according to the TCGA report. Potential drug resistance explained by the same molecular alterations are also indicated. CIN
chromosomal instability, EBV Epstein-Barr virus, MSI microsatellite instable, GS genomically stable. AURKA/B Aurora kinase, PLK polo-like kinase, CDK Cyclin-
dependent kinase, RTK receptor tyrosine kinase, FGFR2 fibroblast growth factor receptor 2, VEGF vascular endothelial growth factor, PD-L1/L1 programmed cell
death ligand, JAK2 janus kinase 2, PI3KCA phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha, ERBBI-3 receptor tyrosine-protein kinase erbB1-
3, HER2 human epidermal growth factor receptor 2, ARIDIA AT-rich interactive domain-containing protein 1A, CLDN18 Claudin18, CDH1 cadherinl and RHOA Ras

homolog gene family member A, FGFR2 fibroblast growth factor receptor 2.

Afterwards, there have been some reports showing that EBV-positive
and MSI GC have a better prognosis [23,24]. In addition, Li et al. [25]
have recently published a new classification of GC based on mutation
burden and mutation patterns, identifying some of the subgroups as
predictors of patient survival.

Comparison between molecular classifications: Similarities and
differences

The previously described substantial efforts to molecularly char-
acterize GC have some overlapping, but also distinct features which are
discussed in more detail in this section.

Type of analysis and samples

DNA somatic mutation and MSI characterization were not available
in the Singapore-Duke set. The molecular analysis in TCGA and ACRG
sets was broader. Singapore-Duke and ACRG classifications were based
on mRNA expression that in ACRG was complemented with genome-
wide copy number data and targeted gene sequencing, whereas TCGA
analysis was based on an integration of six distinct molecular platforms.
TCGA and ACRG analyzed surgical specimens of primary tumors that
had not previously been treated with chemotherapy or radiotherapy,
whereas the Singapore-Duke cohort analysis was based on gastric
cancer cell lines, which may have prevented from capturing the cellular
heterogeneity of the tumor.

Data collection

The ACRG study accrued patients from a single referral hospital in
South Korea, with valuable clinical information available, while the
TCGA study collected samples from several institutions around the
world without data on survival outcomes or recurrence patterns after
surgery. Thus, the ACRG study represents a more homogeneously
treated cohort.

Table 1 shows the main patient characteristics and relevant in-
formation about data collection and analysis in the TCGA and ACRG
cohorts. This table does not include information from the Singapore-
Duke study due to lack of availability of some data.

Table 1
Main characteristics of the analyzed patients, tumor samples and type of ana-
lysis in the TCGA and ACRG studies.

TCGA ACRG
Ethnicity 25% East Asian 100% Korean
Histology 23% diffuse 45% diffuse
Stage 31% III/IV 57% III/1IV
Location 19% GEJ 11% GEJ
Type of sample Primary tumor Primary tumor
Molecular analysis Comprehensive More limited
Clinical data Limited Extensive

Survival data
Accrual

No survival analysis
Several centers

Long-term follow up-data
Single referral hospital

TCGA The Cancer Genome Atlas, ACRG Asian Cancer Research Group, GEJ
gastroesophageal junction.
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Resulting molecular subgroups and equivalences between molecular subtypes

The TCGA and ACRG projects developed a four-group classification
for GC, whereas the Singapore-Duke study divided GC in a three-group
classification. Microsatellite instability (MSI) was identified as a sub-
group by the TCGA as well as the ACRG studies, but not by the
Singapore-Duke study. However, in TCGA, the EBV-positive tumors
emerged as a distinct entity. GS from TCGA and MSS/EMT from ACRG
were subgroups enriched by Lauren’s diffuse subtype. In turn, CIN from
TCGA and MSS/TP53- from ACRG were subgroups with marked aneu-
ploidy and focal amplification of receptor tyrosine kinases.

Therefore, two questions arise:

1. Is the GS group from TCGA similar to the EMT group from ACRG?

Although both GS and EMT tumors were mostly of the diffuse type
(75% and 80% respectively), the distribution of diffuse type in the other
subgroups is different in TCGA and ACRG cohorts. There are more
diffuse tumors among non-EMT subgroups in the ACRG set (30-46%)
than among non-GS subgroups in the TCGA set (< 25%) [19,20].
Moreover, CDH1 mutations were highly prevalent in the TCGA GS
subgroup (37%), but they were infrequent in the ACRG EMT subgroup
(2.8%). RHOA mutations, characteristic of the TCGA GS subgroup, were
also infrequent in ACRG EMT subgroup being more prevalent in other
ACRG subgroups. Kwon et al. [26] have recently described the lack of
RHOA mutations in signet ring cell -predominant tumors in comparison
to other types of poorly cohesive carcinomas.

2. Are the CIN group from TCGA and the TP53-inactive (MSS/TP53-)
group from ACRG, the same?

Both CIN and MSS/TP53- subgroups have a high degree of structural
genomic alterations, leading to a high frequency of genomic amplifi-
cations. The CIN subgroup is much more frequent than the MSS/TP53-
subgroup. This difference may reflect not only the different classifica-
tion system but also differences in the populations studied. CIN tumors
were more prevalent in the proximal stomach, and the incidence of
proximal GC cases in Western populations has risen in recent years.
Furthermore, in the ACRG cohort, the percentage of Lauren's diffuse
subtype was higher, and the frequency of proximal GC was lower, than
in the TCGA study.

Thus, there is no precise correspondence of Lauren’s diffuse type to
GS or EMT subgroups. In addition, despite some overlap, the differences
related to CDH1 and RHOA mutations suggest that GS and EMT sub-
groups are not the same. CIN subgroup and MSS/TP53- match quite
closely by sharing a high degree of structural genomic aberrations as a
crucial feature. The distribution of TCGA gastric data set tumors using
ACRG subtypes and compared to TCGA subtypes shows that the cor-
respondence between GS and EMT as well as between CIN and MSS/
TP53- was about 50% and 85%, respectively [27]. Despite difficulties in
comparing the different classifications due to differences in the popu-
lations analyzed and the molecular analyses performed, equivalences
between them are shown in Table 2.

Predictive value of molecular classifications

Sohn et al. [28] have recently published the validation of a model
for subtype allocation, based on gene expression data from the TCGA
cohortin two independent cohorts. They retrospectively analyzed the
association of each subtype with both, survival and benefit from ad-
juvant chemotherapy. The prognosis analysis is similar to previous re-
sults. Patients with the CIN subtype derived the most significant benefit
from adjuvant chemotherapy and those with the GS subtype had the
least benefit from adjuvant chemotherapy. However, the retrospective
design of the study and the non-randomized assignment to adjuvant
chemotherapy, limits the interpretation of these results.
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Table 2
Equivalences between gastric cancer molecular subtypes among the different
proposals of molecular classifications.

Study Equivalent molecular subtypes
Singapore- Mesenchymal | Proliferative Metabolic
Duke (Lauren’s diffuse | (Lauren’s intestinal
type) type)
ACRG MSS/EMT MSS/TP53- *MSS/TP53+ MsI
TCGA GS CIN MsI EBV
Setia/Ahn Aberrant Aberrant Normal TP53 MSI-H EBV
E-cadherin TP53

In pink approximative equivalences. In grey cost-effective classifications. (*) In
ACRG cohort, EBV infection occurred more frequently in the MSS/TP53+
group than in the other groups.

CIN chromosomal instability, EBV Epstein-Barr virus, MSI microsatellite in-
stable, GS genomically stable, MSS Microsatellite Stable, EMT epithelial-to-
mesenchymal transition, TP53 — TP53 inactive, TP53 + TP53 active, MSI-H MSI-
high status.

Moreover, recently published results from an exploratory analysis of
the MAGIC trial [29] show that patients with operable gastro-
esophageal cancer with MSI-low or MSS tumors experienced improved
survival compared with patients with MSI-high tumors when treated
with perioperative chemotherapy plus surgery, which suggests that
high-MSI subgroup does not benefit from perioperative chemotherapy.
Analysis of the effect of MSI on survival in the CLASSIC trial showed a
similar lack of benefit from adjuvant chemotherapy in this subset of
patients [30]. Nevertheless, independent validation of these results is
needed to know if MSI or mismatch repair (MMR) deficiency (MMRD)
could help for treatment decision-making. In the advanced setting, Kim
et al. reported dramatic responses to anti-PD-1 therapy for MSI and EBV
positive tumors, with 85% and 100% overall response rates, respec-
tively [31].

Molecular classifications in routine practice: Cost-effective
classifications

The identification of different molecular subtypes has expanded our
insight into the complex nature of GC and may provide useful in-
formation for treatment decisions in the future. Nevertheless, the cost
and complexity of the technologies used in these classifications are still
significant obstacles to their practical application.

Two investigator teams have recently published their proposals for
molecular classifications of GC using more straightforward techniques,
which may facilitate their application on daily practice. Setia et al. [32]
reported a protein and mRNA expression-based molecular classification
of GC in a cohort of Western patients (n = 146), using widely available
techniques of immunohistochemistry (IHC) and in situ hybridization
(ISH). Five subgroups were identified with relevance to -clin-
icopathologic features and trends in clinical outcome: EBV (Epstein-
Barr virus) tumors, MSI-H tumors, aberrant E-cadherin tumors (GC with
aberrant E-cadherin expression), aberrant p53 tumors (GC with aber-
rant p53 expression), and normal p53 (GC with normal p53 expression).
As shown in Table 2, Setia classification results in an interesting com-
bination of the three large-scale efforts of molecular classifications in
GC. The results of this study were validated by Ahn et al. [33] in a large-
scale Asian cohort (n = 349), in which substantial differences in overall
survival were observed between these five subtypes.

Setia and Ahn studies confirm previously known geographical dif-
ferences in subtype prevalences between Asian and Western cohorts.
For example, prevalence of MSI GC was higher in Western (16%) than
in Asian population (6.9%). Furthermore, both studies confirm that a
molecular classification of GC can be achieved using commercially
available biomarkers and Tissue Microarray (TMA) technology showing
a proper correspondence with survival analysis in TCGA and ACRG
projects.
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Despite not yet developed, an alternative to perform a molecular
classification in a routine clinical setting could be the use of qRT-PCR to
determine the expression of a selected group of genes representative of
the subtype prediction model, as the ones described by Sohn et al. [28].

Limitations of cost-effective classifications

The use of TMA from endoscopic biopsy material, which is usually
the only diagnostic source in routine practice, is relatively unexplored
and only a few groups have used this approach [34]. A limitation of this
technique is that the small size of the tissue sample used in a TMA
(0.6-1 mm core biopsies) cannot be representative of the actual range
of intratumor and intrapatient heterogeneous protein expression in GC.
All major molecular classifications have been developed based on
analyses of primary tumors, which may not reflect the real scenario of
advanced disease [35]. Recently, Pectasides et al. have reported a high
level of discordance, up to 87% for targetable alterations, between
primary and metastatic lesions [36]. The lower prevalence of HER2
overexpression observed by Setia (2.3%) [32], and Ahn (3.2%) [33] as
compared to the screening data from the ToGA trial (22%) [12] may be
attributed to this limitation. Moreover, some subtypes such as MSI and
EBV account for a much lower frequency in patients with advanced
disease than in non-advanced disease, because of their inherent positive
prognostic value. Finally, the biomarkers used in the IHC/ISH panels
may not always reflect the complexity of the molecular alterations
underlying an altered gene or protein expression and may not correctly
distribute all samples over the different GC subtypes. For instance, it
has been shown that altered E-cadherin expression by IHC is quite often
not related to CDHI molecular alterations but to alterations in other
regulatory mechanisms [37].

Future directions and therapeutic implications

Based on the potential therapeutic implications, testing for MSI and
EBV may be informative in routine practice. Further improvement in
predictive and therapeutic biomarkers for other subtypes is still re-
quired for a better GC stratification. For instance, in CIN subtype, a
molecular group enriched by a wide range of tyrosine kinase receptor
amplifications, a refinement of biomarkers is required, and future stu-
dies should not be focused on a unique biomarker in these tumors. A
better characterization of molecular subtypes can guide us in the se-
lection of more specific biomarkers for each subtype.

Methods for GC stratification based on protein and mRNA expres-
sion by IHC/ISH or qRT-PCR analysis could be a useful and cost-ef-
fective tool in daily practice. However, further development of the
prediction model is warranted, and more validations are required,
especially in non-Asian populations. The addition of next-generation
sequencing analysis of specific gene panels covering the most common
and confirmed actionable gene alterations in the different molecular
subtypes of GC may help to overcome the limitations of these IHC/ISH
methods [38,39].

To conclude, emerging data from molecular classifications is pow-
erful and promising. All this new information should help in the design
of future clinical trials and in the development of new drugs for tailored
therapies in GC, improving patient outcomes. Furthermore, it should
also help to redefine biomarkers to distinguish those patients who
would benefit from specific treatments from those who would not. This
would increase cost-efficiency of the newly developed drugs and would
avoid unnecessary toxicities.
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