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ABSTRACT

Gastric cancer is a biologically heterogeneous disease. The advent of high-throughput multi-
omic technologies has revolutionized our understanding of gastric cancer by deconstructing
this heterogeneous entity into distinct and more homogeneous molecular subtypes.

Early classifications based on gene expression, methylation, and histology have laid the
groundwork for multi-omic frameworks proposed by The Cancer Genome Atlas and Asian
Cancer Research Group, which established the foundation of modern molecular taxonomy.
Subsequent integrative efforts, particularly the Consensus Genomic Subtypes (Super 6)
model, have unified this collected information into clinically relevant subtypes that bridge
prognostic stratification with treatment strategies. Established biomarkers such as human
epidermal growth factor receptor 2 amplification, microsatellite instability, and programmed
death-ligand 1 expression are now used clinically to guide treatment with targeted agents and
immune checkpoint inhibitors. Emerging single-cell and spatial transcriptomic analyses have
further refined this landscape by deconstructing tumor microenvironments and potential
evolutionary trajectories associated with disease progression. This review examines the
evolution of molecular classification systems for gastric cancer, highlights current consensus
frameworks, and discusses how subtype-based stratification will transform clinical trial
design and enable biomarker-driven precision therapy.

Keywords: Genomics; Classification; Diagnosis; Biomarkers

INTRODUCTION

Gastric cancer remains one of the most prevalent and lethal malignancies worldwide. Despite
declining incidence in some Western countries, gastric cancer continues to be the fifth most
common cancer and the fourth leading cause of cancer-related mortality globally, accounting
for over one million new cases and nearly 660,000 deaths annually [1,2]. This disease burden
is disproportionately concentrated in East Asia, particularly Korea, Japan, and China, where
standardized screening programs and endoscopic detection have enabled earlier diagnosis
and improved survival compared with Western populations [3,4]. However, in several low- and
middle-income regions, including Latin America, Eastern Europe, and parts of the Middle
East, most patients are still diagnosed at advanced stages, resulting in poor outcomes [5].
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Gastric cancer is a biologically diverse disease influenced by environmental exposures,
infection, and host genetics [6-8]. Chronic infection with Helicobacter pylori remains the
primary etiological factor, initiating a multistep cascade from chronic gastritis to atrophy,
intestinal metaplasia, dysplasia, and carcinoma [9,10]. In a subset of cases, Epstein—Barr
virus (EBV) infection contributes to gastric carcinogenesis through epigenetic silencing and
immune evasion mediated by programmed death-ligand 1/2 (PD-L1/2) activation [11,12].
Lifestyle factors such as high salt intake, smoking, alcohol consumption, and diets low in
fruits and vegetables further increase gastric cancer risk, whereas hereditary syndromes
(e.g., CDHI germline mutations and Lynch syndrome) account for a minority of cases
[13,14]. Collectively, these diverse etiological backgrounds generate substantial interpatient
variability in tumor site, morphology, molecular alterations, and clinical outcomes.

Historically, the classification of gastric cancer has relied on histopathological frameworks,
such as Lauren’s classification (intestinal and diffuse subtypes) and the World Health
Organization scheme [15,16]. The intestinal type often arises in the background of chronic
H. pyloriinfection and intestinal metaplasia, whereas the diffuse type frequently exhibits
aloss of E-cadherin-mediated adhesion and manifests as scattered signet-ring cells [6-8].
Although these morphological systems remain diagnostic cornerstones, they fail to predict
the prognosis or therapeutic response [17].

It is increasingly evident that gastric cancer represents not just a single disease but rather

a constellation of biologically distinct entities that differ in molecular pathways, tumor—
microenvironment interactions, and treatment sensitivity. Such biological heterogeneity
explains the broad variability in clinical behavior observed among patients with similar
tumor, node, metastasis (TNM) stages [18]. Some tumors exhibit rapid progression and
chemoresistance, whereas others show durable responses to chemotherapy or immune
checkpoint inhibitors (ICIs). This diversity stems from distinct genomic alterations, signaling
pathways, and stromal or immune contexts that shape tumor evolution and therapeutic
responsiveness. Over the past two decades, high-throughput multi-omic technologies have
revolutionized our understanding of gastric cancer by delineating its molecular architecture
and revealing that distinct oncogenic trajectories underlie molecular subtypes with unique
biological and clinical profiles [19,20]. These efforts have collectively underscored the
supposition that gastric cancer evolves through distinct molecular pathways, rather than

a single linear progression. Thus, the biological heterogeneity of gastric cancer directly
translates into differences in disease trajectory and treatment sensitivity.

This review summarizes the current landscape of molecular subtyping in gastric cancer, from
early gene expression-based systems to multi-omic consensus frameworks and discusses
how these classifications inform therapeutic stratification and development of precision
treatment strategies.

TREATMENTS OF GASTRIC CANCER

Curative treatment for resectable gastric cancer is based on complete surgical resection with
negative margins and adequate lymphadenectomy, with D2 dissection established as the
surgical standard [21,22]. However, surgery alone is rarely sufficient, and multimodal therapy
has become essential in reducing recurrence and improving long-term survival. Regional
variations in clinical practice largely reflect differences in stage distribution and screening.
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In Western countries, perioperative chemotherapy is the standard treatment, whereas in East
Asia, adjuvant chemotherapy following D2 gastrectomy remains the preferred strategy [23-
27]. Postoperative chemoradiation provides no additional survival advantage after optimal
D2 dissection and is generally reserved for patients with inadequate lymphadenectomy
(DO/D1) or positive margins [28-30]. Nevertheless, selected subgroups—particularly those
with high chromosomal instability—may benefit from adjunctive radiation, a hypothesis
supported by recent biomarker-driven analyses but requiring prospective validation [31].

Molecular subtypes are increasingly shaping perioperative and postoperative therapeutic
decisions. Tumors with deficient mismatch repair or microsatellite instability-high (dAMMR/
MSI-H) occur more frequently among resectable tumors and exhibit excellent prognoses
following surgery yet derive limited benefit from conventional fluoropyrimidine—platinum
chemotherapy [32,33]. Given their strong immunogenicity, these tumors respond well to
immune checkpoint blockade, and ongoing trials are exploring neoadjuvant or non-operative
management strategies using ICIs [34,35].

For advanced or metastatic gastric cancer, systemic therapy remains the cornerstone

of management, aimed at extending survival and maintaining quality of life [8,27,36].

A platinum-fluoropyrimidine doublet constitutes the standard backbone [36,37] to

which biomarker-directed agents are increasingly added. Molecular profiling can guide
regimen selection by identifying actionable subgroups, most prominently human
epidermal growth factor receptor 2 (HER2) amplification, PD-L1 expression, or dMMR/
MSI-H status. The integration of ICIs such as nivolumab or pembrolizumab with first-

line chemotherapy has significantly improved outcomes, particularly in PD-L1-high or
MSI-H tumors, with consistent benefits demonstrated across multiple phase III trials
[38-42]. Comparable efficacy has been observed with other programmed cell death protein
1 (PD-1)/PD-L1 antibodies including tislelizumab, sintilimab, and sugemalimab [43-45].
Despite these advances, the variability in PD-L1 testing assays and scoring remains a
limitation, underscoring the need for comprehensive upfront biomarker profiling to guide
individualized immunochemotherapy combinations aligned with molecular subtypes.

Targeted therapies have further expanded treatment options for biomarker-defined subsets
of gastric cancer. HER2-positive tumors benefit from HER2-directed antibodies such as
trastuzumab and trastuzumab deruxtecan, often in combination with immunotherapy [46-
48]. Similarly, CLDN18.2-positive cancers represent an emerging entity that is responsive
to zolbetuximab in combination with chemotherapy [49,50]. These advances illustrate

a paradigm shift from stage-based to subtype-based management, wherein therapeutic
strategies are tailored to the molecular and immunological contexts of each tumor.

The integration of surgery, systemic therapy, and molecular stratification has redefined
gastric cancer treatment. The transition toward biomarker-driven and subtype-specific

precision therapy establishes the clinical foundation for the molecular taxonomies discussed
in subsequent sections.

MOLECULAR SUBTYPES OF GASTRIC CANCER

The molecular taxonomy of gastric cancer has evolved through successive efforts to dissect
its biological heterogeneity using diverse genomic, epigenomic, and transcriptomic
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approaches. These studies have progressively refined our understanding of gastric cancer
pathogenesis by revealing distinct oncogenic pathways, microenvironmental contexts, and
therapeutic vulnerabilities.

In one of the earliest systematic efforts to classify gastric cancer, Kusano et al. applied
methylation profiling across methylated-in-tumor loci and tumor-related genes in primary
gastric tumors [51]. This analysis delineated three distinct epigenetic categories: CpG island
methylator phenotype-high (CIMP-H), CIMP-low, and CIMP-negative. Each subtype
exhibited unique genetic, viral, and clinicopathological characteristics. CIMP-H tumors
demonstrated extensive promoter hypermethylation, lacked mutations in TP53 and KRAS,
were often proximal or diffuse in type, and showed a strong association with EBV infection,
whereas CIMP-negative tumors were associated with poorer outcomes. This work provided
the first evidence that gastric cancer could arise through distinct epigenetic trajectories,
foreshadowing later multi-omic classifications that integrated genomic and transcriptomic
data for deeper biological insights.

Tan et al. introduced intrinsic subtypes of gastric cancer through gene expression profiling
of gastric cancer cell lines [52]. Two core transcriptomic subtypes were identified, namely
genomic intestinal and genomic diffuse, which captured tumor-intrinsic molecular programs
beyond histologic boundaries. These molecular classes were shown to predict prognosis and
chemotherapeutic response. The intrinsic subtypes correlated with differential sensitivity to
standard agents such as 5-fluorouracil, oxaliplatin, and cisplatin, providing early evidence
of subtype-specific therapeutic vulnerabilities. Importantly, this transcriptome-based
system outperformed Lauren’s classification in prognostic relevance and clinical utility.
Furthermore, immunohistochemical surrogates (LGALS4 and CDH17) enabled practical
subtype identification in clinical samples. However, this approach was limited by its reliance
on cell line—derived signatures and the lack of integrated genomic and epigenetic data.

Lei et al. [53] further advanced gastric cancer molecular taxonomy through a comprehensive
transcriptome-based analysis, delineating three molecular subtypes with distinct biological
and clinical characteristics. Unsupervised clustering of large patient cohorts revealed

the proliferative, metabolic, and mesenchymal subtypes. The proliferative subtype was
characterized by genomic instability, frequent TP53 mutations, and activation of cell cycle
and receptor tyrosine kinase pathways. The metabolic subtype exhibited stable genomes
with enrichment of metabolic gene expression. The mesenchymal subtype demonstrated
epithelial-mesenchymal transition (EMT) and stem-like features linked to poor prognosis
and therapeutic resistance. These subtypes were associated with differential drug
sensitivities, highlighting their potential for patient stratification. This study provided the
first transcriptome-based framework for classifying primary gastric tumors, connecting
molecular heterogeneity to clinical behavior.

A major advance in gastric cancer classification emerged from The Cancer Genome

Atlas (TCGA), which provided the first integrative multi-omic characterization of gastric
adenocarcinoma [54]. Through an integrative analysis of 295 treatment-naive primary tumors
across 6 platforms—including exome, RNA, and miRNA sequencing, DNA methylation,
copy-number, and proteomic profiling—the study established 4 major molecular subtypes: 1)
EBV-positive, characterized by PIK3CA mutations, extensive EBV-CIMP, and JAK2/PD-L1/PD-
L2 amplification, suggesting potential sensitivity to PI3K or immune checkpoint blockade; 2)
MSI-H, with MLH]I silencing and hypermutation involving PIK3CA, ERBB3, ARIDIA, and KRAS;
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(3) Genomically stable (GS), enriched for diffuse-type tumors harboring RHOA mutations and
CLDNI8-ARHGAP fusions; and (4) Chromosomal instability (CIN), composed predominantly
of intestinal-type cancers with TP53 mutations and RTK-RAS pathway amplifications (ERBB2,
EGFR, MET, and VEGFA). Notably, the CIN subtype exhibited the highest heterogeneity,
indicating its potential for further subclassification. Although the TCGA study primarily
focused on molecular characterization rather than therapeutic outcomes, subsequent clinical
analyses using TCGA-derived gene signatures demonstrated clear prognostic and predictive
relevance [55]. EBV-positive tumors showed the most favorable outcomes, GS tumors
demonstrated the poorest outcomes, and MSI/CIN subtypes had intermediate survival.
Moreover, CIN tumors derived the greatest benefit from adjuvant chemotherapy, whereas

GS tumors were largely chemoresistant. The investigators further developed the TCGA Risk
Score (TRS) by integrating the probabilities across all four subtypes to independently predict
recurrence risk and overall survival, outperforming conventional clinicopathologic variables.
Collectively, the TCGA classification established a foundational framework for biologically
grounded gastric cancer stratification and remains the benchmark for subsequent systems.

The Asian Cancer Research Group (ACRG) introduced another clinically relevant molecular
classification of gastric cancer through an integrative analysis of gene expression, copy-
number variations, and targeted sequencing in 300 primary tumors [56]. This framework
defined 4 molecular subtypes with distinct biological and clinical characteristics: 1) EMT,
diffuse-type tumors characterized by CDHI loss, early onset, high recurrence frequency,
and the poorest prognosis, typically relapsing via peritoneal dissemination; 2) MSI,
hypermutated, intestinal-type, antral cancers with MLH1 silencing and frequent PIK3CA,
ARIDIA, and KRAS mutations, showing the most favorable survival and lowest recurrence;
3) Microsatellite stable (MSS)/TP53-positive, enriched for EBV-positive and ARID1A/
PIK3CA-mutated tumors, and associated with relatively favorable outcomes; and 4) MSS/
TP53-negative, characterized by TP53 mutations and RTK/RAS amplifications (ERBB2,
EGFR, CCND1, and MYC), showing intermediate survival and potential therapeutic relevance.
These molecular subtypes partially overlapped with TCGA categories such as MSI and EMT,
corresponding to the GS subtype.

Subsequent transcriptomic studies further refined these molecular paradigms. Lee et al. [57]
identified YAP1 activation as a major driver of recurrence in gastric cancer and developed a
6-gene recurrence risk score (RRS) for clinical prognostication [57]. Using transcriptomic
data from 267 resected tumors in a training cohort and 317 independent cases for validation,
the investigators derived the RRS based on IGFBP4, SFRP4, SPOCK1, SULF1, THBS, and
GADD45B, reflecting YAPI-mediated signaling, stress response, and microenvironmental
interactions. The RRS stratified patients into low-, intermediate-, and high-risk groups and
independently predicted recurrence and overall survival after curative gastrectomy, including
in stage II disease. Mechanistically, YAP1 activation was strongly associated with invasive
phenotypes, EMT enrichment, and poor prognosis, implicating Hippo pathway dysregulation
as a determinant of tumor aggressiveness and recurrence. This study was the first to establish
a YAPI-centered prognostic signature in gastric cancer, providing a biologically grounded and
clinically practical tool to identify patients who may benefit from intensified adjuvant therapy
or novel interventions targeting the YAPI-TEAD axis [58,59]. Recent clinical investigations
have further validated this approach, demonstrating the therapeutic potential of small-
molecule inhibitors that disrupt YAP-TEAD interactions, such as VI3989 [60,61].
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Oh et al. [62] conducted an extensive clinical and multi-omic characterization of gastric
cancer with mesenchymal features, a subtype strongly associated with poor prognosis and
therapeutic resistance. Using integrated transcriptomic and proteomic analyses across large
patient cohorts, they identified two distinct biological classes: mesenchymal phenotype
(MP) and epithelial phenotype (EP). MP tumors exhibited hallmark EMT signatures, genomic
stability, low mutational burden, microsatellite stability, and pronounced resistance to
adjuvant chemotherapy, whereas EP tumors demonstrated higher genomic instability and
better treatment responsiveness. Mechanistically, the MP subtype was driven by activation of
transforming growth factor-f, Hedgehog, and insulin-like growth factor 1 (IGF1/insulin-like
growth factor 1 receptor (IGF1R) signaling pathways, with IGF1 upregulation arising from
gene amplification or promoter hypomethylation. Functionally, MP-derived cell lines and
xenografts were uniquely sensitive to IGFIR inhibition, indicating a potential therapeutic
vulnerability. This study defined a biologically and clinically distinct mesenchymal subtype,
refining TCGA and ACRG taxonomies and highlighting IGF1/IGF1R signaling as a promising
target in chemoresistant gastric cancer.

Cheong et al. [63] defined 5 transcriptomic subtypes of gastric cancer through a large-scale
integrative analysis of transcriptomic data. The following subtypes reflected both biological
heterogeneity and differential chemotherapy responsiveness: 1) Inflammatory (INF) subtype,
enriched for immune-related signatures and EBV-positive and MSI-H tumors, showing the
best prognosis and strong immune activation; 2) Intestinal (INT) subtype, characterized

by intestinal epithelial differentiation and proliferative genes, showing moderate
chemosensitivity; 3) Gastric (GST) subtype, expressing gastric mucosa-specific genes,

with an intermediate prognosis; 4) Mixed-stromal (MXD) subtype, exhibiting proliferative
and transit-amplifying features, with an intermediate prognosis; and 5) Stem-like (STL)
subtype, defined by EMT and stem-like signatures, demonstrating the worst survival and
chemoresistance. These 5 subtypes integrated and expanded on previous classifications,
providing a clinically applicable quantitative reverse transcription polymerase chain reaction-
based predictive assay (nProfiler I) for stratifying patients by adjuvant chemotherapy benefit
and prognosis.

Shin et al. [64] defined 6 long non-coding RNA (IncRNA)-based molecular subtypes (L6A-
LGF) of gastric cancer using transcriptomic profiling of over 1,900 cases. These subtypes
showed distinct prognostic and therapeutic patterns: LOA and LOF were associated with
poor outcomes, L6B and L6D with intermediate outcomes, and L6C and L6E with favorable
survival. L6B tumors benefited the most from adjuvant chemotherapy, whereas L6C (MSI-
enriched) tumors responded better to ICIs; L6F (mesenchymal-like) tumors exhibited
resistance to both chemotherapy and immunotherapy. Mechanistically, the IncRNA ZNF667-
AS1 promoted EMT and drug resistance in L6F tumors. This study expanded gastric cancer
molecular taxonomy by incorporating IncRNA expression as a predictive layer for prognosis
and treatment response.

CONSENSUS AND FUTURE PERSPECTIVE

Despite major advances in genomic studies such as TCGA and ACRG, a unified and clinically
actionable consensus for gastric cancer subtyping remains elusive. Divergence among
identified subtypes stems from differences in cohort composition, assay platforms, and
bioinformatics pipelines. Moreover, most classifications were derived from bulk tumor
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transcriptomics data, which inadequately capture non-tumor components, such as immune,
stromal, and fibroblast populations. These components substantially shape tumor biology,
which inevitably contributes to prognosis therapeutic response. These limitations have
hindered cross-cohort reproducibility and clinical translation.

To address this gap, Jeong et al. [31] performed a large-scale meta-integration of

8 independent molecular classification systems encompassing more than 2,500 gastric
cancer samples, leading to the identification of 6 consensus genomic subtypes (CGS1-
CGS06), referred to as the Super 6 model [31]. CGS1 (Stem-like) tumors were enriched for
EMT and YAP1/TAZ activation and aligned with GS, EMT, MP, STL, and LGF subtypes. These
tumors exhibited immune exclusion, chemoresistance, and poor prognosis. CGS2 (Canonical
epithelial) maintained stable epithelial lineage features, showed intermediate outcomes, and
paralleled the GST and metabolic subtypes. CGS3 (CIN-HER2 amplified) displayed marked
chromosomal instability, frequent HER2 amplification, and active ferroptosis signaling,
corresponding to a subset of TCGA-CIN. CGS3 was validated in the ARTIST clinical trial
cohort [28,29], in which patients derived significant benefits from adjuvant chemoradiation,
confirming its predictive relevance for therapy response. CGS4 (KRAS/SALL4-driven
proliferative) was characterized by strong RTK-RAS pathway activation, enhanced cell-cycle
signaling, and poor prognosis. CGS5 (MSI-H) represented mutation-rich, immune-inflamed
tumors associated with excellent prognoses and high sensitivity to immunotherapy, whereas
CGS6 (EBV-positive) exhibited EBV-CIMP methylation, PD-L1/PD-L2 expression, and
pronounced responsiveness to immune checkpoint inhibitors.

Collectively, this consensus framework integrates genomic, transcriptomic, and
immunological features, harmonizing previous classification systems into a unified,
reproducible model with robust prognostic and therapeutic significance.

Fig. 1 summarizes how this integrative framework refines the classical TCGA taxonomy.

The Sankey plot (Fig. 1A) shows that the TCGA-CIN group is subdivided into three
consensus subtypes, CGS2, CGS3, and CGS4, demonstrating the enhanced resolution of
the CGS classification. The accompanying boxplots (Fig. 1B) reveal that HER2 expression
and copy-number amplification are the most enriched in the CGS3 subset, defining a
distinct CIN-derived population driven by HER2 activation and suggesting that HER2-
targeted therapies may be most effective within this molecular context. Building upon

this foundation, Fig. 2 provides an integrative map tracing the evolution of gastric cancer
subtypes across major classification systems, from CIMP to CGS, illustrating hierarchical
continuity in molecular taxonomy. This diagram highlights how successive studies have
converged toward a unified consensus that links genomic instability, immune activation, and
stemness programs. The mesenchymal or stem-like subtype (GS/EMT/YAPl-active/STL/LGF/
CGS1) has consistently emerged as the most conserved and biologically robust phenotype
across independent studies, whereas the MSI-H subtype has remained reliably recognizable.
Collectively, these integrated analyses offer a comprehensive perspective on gastric cancer
heterogeneity and evolution, demonstrating how earlier frameworks coalesced into a
cohesive CGS-based consensus.

Recent single-cell and spatial transcriptomic analyses have refined understanding of the

cellular and evolutionary foundations of gastric cancer subtypes. Kumar et al. [65] identified
a distinct tumor microenvironment signature in diffuse-type tumors that closely aligned with
the GS/CGS1 (Stem-like) subtype. These tumors showed pronounced plasma cell enrichment
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Fig. 1. Relationship between TCGA and CGS (Super 6) molecular subtypes and distribution of HER2 expression and amplification.

(A) Sankey diagram depicting the correspondence between TCGA subtypes (EBV, MSI, CIN, and GS) and the CGS (Super 6) subtypes (CGS1-CGS6). The TCGA-CIN
group is distributed across 3 Super 6 categories, highlighting its underlying molecular heterogeneity. All gastric cancer cases included in the CGS study (n=2,527)
were analyzed for this comparison. (B) Boxplots displaying HER2 expression (top) and HER2 copy number amplification (bottom) across TCGA (left) and Super

6 (right) subtypes. Both HER2 expression and amplification are markedly elevated in the TCGA-CIN subtype, with the CGS3 subgroup showing the highest

levels among the CGS classes. These findings suggest that CIN-related tumors can be further resolved into three CGS subsets, with CGS3 representing the most
strongly HER2-activated population. Super 6 subtypes derived from the CIN subtype are highlighted in orange.

TCGA = The Cancer Genome Atlas; CGS = consensus genomic subtypes (CGS1-CGS6); HER2 = human epidermal growth factor receptor 2; GS = genomically
stable; MSI = microsatellite instability; EBV = Epstein-Barr virus; CIN = chromosomal instability.

https://jgc-online.org

linked to a tumor-intrinsic program driven by high expression of the transcription factor
KLF2 within the EpiC (chief cell-like) epithelial subcluster. This KLF2-driven epithelial-
immune crosstalk promoted the recruitment of plasma cells, although the mechanisms

by which these infiltrating plasma cells contributed to immune suppression remain
unclear. In contrast, intestinal-type tumors, largely corresponding to CIN-related CGS2-
CGS4 subtypes, were enriched for malignant intestinal-type epithelial (Epilnt) cells. Within
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Fig. 2. Integrative landscape of molecular subtype classifications in gastric cancer.

Schematic overview illustrating the concordance and evolution of major molecular subtype frameworks derived from genomic and transcriptomic profiling
studies. The TCGA classification (GS, MSI, EBV, and CIN) serves as the genomic foundation upon which subsequent expression-based and functionally defined
subtypes were developed. Later cohorts and pathway-oriented classifiers are positioned according to their biological correspondence and hierarchical
relationships. Arrows denote predominant molecular or transcriptomic transitions between subtype systems (for example, Mesenchymal - GS/EMT/YAP1-active/
STL/L6F/CGST1). Subtypes highlighted in red indicate the most conserved and biologically consistent phenotypes across independent classification systems,
whereas subtypes with MSI-related features are highlighted in blue. Each study is labeled according to its representative organization, theme, or author.

ACRG = Asian Cancer Research Group; EMT = epithelial-mesenchymal transition; MSI = microsatellite instability; MSS = microsatellite stable; CGS = consensus
genomic subtypes (CGS1-CGS6); CIMP = CpG island methylator phenotype; Hippo = Hippo pathway subtype; G-DIF = genomically differentiated; G-INT =
genomically intestinal; IncRNA = long non-coding RNA (L6A-L6F); MP = mesenchymal phenotype; EP = epithelial phenotype; TCGA = The Cancer Genome Atlas;
GS = genomically stable; EBV = Epstein-Barr virus; CIN = chromosomal instability; TRS = TCGA Risk Score; Yonsei-5 = Yonsei University cohort; STL = stem-like;
MXD = mixed; INT = intestinal; GST = gastric; INF = inflammatory.

this lineage, the Epilntl subcluster exhibited the highest oncogene expression (e.g., KRAS and
MET) and extensive copy-number alterations, consistent with a malignant population derived
from intestinal metaplasia. The study also delineated cancer-associated fibroblast (CAF)
heterogeneity, identifying a distinct INHBA-FAP co-expressing CAF population whose
accumulation increased with tumor stage and was correlated with poor prognosis, although it
was not associated with specific histological or molecular subtypes.

Complementary work by Ma et al. extended these insights by reconstructing tumor
phylogenies from single-cell RNA-seq-derived somatic copy-number alterations, revealing

2 principal evolutionary trajectories [66]. The first, a branched evolution pattern, represented
gradual clonal diversification from a diploid ancestor and was commonly observed in GS and
MSI-H tumors. The second, termed internal diaspora evolution [67], involved rapid and

early diversification into multiple subclones with distinct copy-number alteration profiles
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typical of the CIN molecular subtype and was associated with aggressive clinical behavior.
This dichotomy highlights that evolutionary mode, whether gradual branching or rapid
diversification, serves as an additional determinant of tumor biology within established
molecular subtypes.

Overall, these studies illustrate how single-cell and spatial analyses deconstruct bulk-
defined subtypes, revealing the distinct epithelial, stromal, and immune ecosystems

that drive subtype-specific biology. Integrating these high-resolution datasets with the
molecular subtype frameworks will enable a next-generation taxonomy that incorporates
gene expression, evolutionary trajectory, and microenvironmental architecture, laying the
groundwork for precision therapeutic stratification and predictive biomarker development in
gastric cancer.

THERAPEUTIC IMPLICATIONS OF MOLECULAR
SUBTYPING AND CHALLENGES

Despite major advances in molecular characterization, current genomic classifications still
have notable limitations. Most studies were based on surgically resected primary tumors,
with limited data from premalignant lesions or metastatic sites, which are often more
clinically relevant to treatment response. In addition, bulk sequencing analyses typically
selected samples with high tumor purity, thereby underrepresenting stromal and immune
cell populations, which are now recognized as central determinants of tumor progression,
immune evasion, and therapeutic resistance. Consequently, Lauren’s histopathological
classification remains the prevailing framework in clinical trials, whereas the prognostic and
predictive significance of most molecular subtypes, except for MSI-H and HER2-positive
tumors, is yet to be confirmed in prospective studies.

Recognition of gastric cancer as a molecularly heterogeneous disease has reshaped
prognostic assessment. Although traditional TNM staging remains indispensable, it lacks
biological depth and does not reliably predict therapeutic response. In contrast, molecular
subtyping offers biologically informed stratification that correlates closely with patient
outcomes. MSI-H (CGS5) and EBV-positive (CGS6) tumors consistently exhibit favorable
prognoses owing to their high immunogenicity. CIN/HER2-amplified (CGS3) subtypes have
an intermediate prognosis but demonstrate responsiveness to HER2-targeted regimens.
EMT or GS/Stem-like (CGS1) tumors show the poorest survival and are characterized by
chemoresistance, immune exclusion, and stromal activation. Analysis of TCGA data showed
that KLF2, a transcription factor linked to plasma cell infiltration, has elevated expression

in the CGS1, CGS2, and CGS5 subtypes, whereas FAP and INHBA (canonical CAF markers)
were the most highly expressed in the CGS1 (Stem-like/mesenchymal) subtype (Fig. 3). These
findings underscore the supposition that molecular subtypes capture distinct biological and
microenvironmental programs, providing a more precise framework for prognostic modeling
and therapeutic stratification than conventional clinicopathological classifications.

Molecular subtyping is increasingly shaping the development and clinical application of
targeted and immunotherapeutic strategies. HER2-amplified (CIN/CGS3) tumors benefit
from the use of anti-HER?2 agents, such as trastuzumab, trastuzumab deruxtecan, and
emerging antibody-drug conjugates. Emerging evidence suggests a potential benefit of
adjuvant chemoradiation in this subgroup, although further validation in independent

https://doi.org/10.5230/jgc.2026.26.€12 25



Molecular Subtypes of Gastric Cancer

Journal
, ‘ of
Gastric

Cancer

https://jgc-online.org

CLDN18 KLF2
N o
oo jsly]
L =
c c
.2 .2
a A
o o
S o . )
> >
L i s .
2+ T T T — T T
CGS1 CGS2 CGS3 CGS4 CGS5 CGSe
FAP INHBA
8 +
~ o
oo o0
2 2
c c
2 R
a @
I o
o o
> >
w w

CGS1 CGS2 CGS3 CGS4 CGS5 CGSe CGS1 CGS2 CGS3 CGS4 CGS5 CGSe

Fig. 3. Association of key molecular markers and therapeutic targets with CGS (Super 6) molecular subtypes in
TCGA-STAD.

Expression patterns of CLDN18, KLF2, FAP, and INHBA are displayed across the CGS (Super 6) subtypes. CLDN18
shows the highest expression in CGS2 and CGS6, whereas KLF2 expression is elevated in CGS1, CGS2, and

CGS5. Both FAP and INHBA are most highly expressed in CGS1. CLDN18 represents the therapeutic target of the
CLDN18.2-directed antibody zolbetuximab; KLF2 serves as a marker of plasma cell infiltration; and FAP and INHBA
are established markers of CAFs.

CGS = consensus genomic subtypes (CGS1-CGS6); TCGA = The Cancer Genome Atlas; CAF = cancer-associated
fibroblast.

cohorts is required. MSI-H and EBV-positive (CGS5-CGS6) tumors are characterized by high
PD-L1 expression, elevated neoantigen load, and dense T-cell infiltration, consistent with
their strong response to PD-1 blockade using agents such as nivolumab and pembrolizumab.
An analysis of TCGA data demonstrated high expression of CLDN18, the target of the
CLDN18.2-directed antibody zolbetuximab, in the CGS2 and CGS6 subtypes (Fig. 3),
providing a molecular basis for patient selection and genomic rationale for the efficacy

of CLDN18.2-targeted therapy. In contrast, GS- or EMT-enriched (CGS1) tumors remain
largely refractory to existing therapies. Molecular profiling supports the investigation

of novel agents targeting YAP/TEAD signaling (e.g., VT3989) [61] and strategies aimed

at reprogramming the tumor microenvironment to overcome immune exclusion and
therapeutic resistance.

Beyond individual therapies, molecular subtyping provides a framework for biomarker-driven
clinical trial design and cross-study harmonization. This framework enables rational patient
selection for precision agents, reduces biological heterogeneity in trial cohorts, and enhances
the identification of predictive biomarkers. The Super 6 (CGS1-CGS6) consensus taxonomy
has unified prior classification systems into a robust, multi-ethnic framework, setting

the stage for molecular diagnostics in routine clinical practice. Integration of established
biomarkers, such as HER2, PD-1/PD-L1, and MSI, with transcriptome-based tools, such as
the Gastric Cancer Predictor of Integrated Consensus Subtype with 120 genes (GPICS120)
[31], provides an formalin-fixed paraffin-embedded-compatible platform that translates
multi-omic signatures into clinically actionable assays for prognosis and treatment selection.
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CONCLUSION

Over the past 2 decades, the molecular dissection of gastric cancer has transformed our
understanding of this complex disease from a histological to a genomic and transcriptomic
continuum. Multiple studies, including TCGA and ACRG, together with subsequent Super

6 subtyping have established a biologically coherent framework that links molecular
alterations, immune contexts, and clinical behaviors. This integrative taxonomy now
underpins biomarker-driven therapy, enabling rational use of HER2-targeted agents for CIN-
HER2 (CGS3) tumors, ICIs for MSI-H and EBV-positive (CGS5-CGS6) tumors, and emerging
pathway inhibitors for EMT/Stem-like (CGS1) tumors.

Despite these advances, translation into routine clinical practice remains incomplete. Most
classifications rely on primary resection specimens and bulk data that overlook tumor-stroma-
immune dynamics, metastatic evolution, and spatial heterogeneity. Future research will
require integration of single-cell, spatial, and liquid biopsy-based profiling to capture tumor
plasticity and microenvironmental ecosystems. The convergence of these technologies with
consensus subtyping will foster a next-generation clinically deployable taxonomy that aligns
molecular identity with therapeutic vulnerability. Ultimately, realization of precision therapy
for gastric cancer depends on embedding these molecular insights into clinical decision-
making and prospective biomarker-guided trials to improve patient outcomes worldwide.
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