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Highlights

What are the main findings?

• Many gastric cancer-targeted therapies that showed efficacy in animal models (e.g.,
EGFR, MET, FGFR2, and PI3K inhibition) failed to improve survival in clinical trials,
revealing major translational limitations.

• HER2- and CLDN18.2-targeted therapies represent rare successful examples of
bench-to-bedside translation, supported by clear oncogenic dependency and precise
biomarker-driven patient selection.

What are the implications of the main findings?

• True tumor dependency and functional biomarker accuracy are critical determinants
of successful clinical translation in gastric cancer.

• Advanced patient-relevant models, including PDX, organoids, and organ-on-a-chip
platforms, may improve target validation and reduce preclinical–clinical discrepancies.

Abstract

Gastric cancer remains a leading cause of cancer-related mortality worldwide and is marked
by pronounced molecular heterogeneity. Advances in genomic profiling have identified
key genetic alterations, including oncogenes (HER2, PIK3CA, and MYC), tumor suppressor
genes (TP53, CDH1, and ARID1A), and regulators of genome stability and cell architecture
(MLH1, RHOA, and CLDN18), which have driven the development of targeted therapeutic
strategies. Although genetically engineered mouse models and xenograft systems have
been indispensable for functional validation and preclinical drug testing, many approaches
that showed promising efficacy in animal models—such as inhibition of EGFR, MET, FGFR2,
and the PI3K pathway—failed to translate into overall survival benefits in clinical trials,
highlighting major translational limitations. In contrast, HER2- and CLDN18.2-targeted
therapies represent rare but notable clinical successes, underscoring the importance of true
oncogenic dependency, precise biomarker-driven patient selection, and robust preclinical
validation. In this review, we systematically categorize gastric cancer-associated genes
according to their biological functions, summarize representative animal models, and
critically examine key successes and failures in clinical translation, emphasizing the need
for biologically faithful models and precision-driven translational strategies.
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1. Introduction
Gastric cancer remains one of the leading causes of cancer-related mortality world-

wide and is characterized by pronounced molecular heterogeneity and an unfavorable
prognosis [1]. With advances in high-throughput sequencing technologies, numerous
genetic alterations closely associated with gastric carcinogenesis and disease progression
have been identified. These include oncogenes such as HER2 (ERBB2), PIK3CA, and MYC;
tumor suppressor genes such as TP53, adenomatous polyposis coli (APC), E-cadherin (CDH1),
and ARID1A; and genes involved in genomic stability and cellular architecture, including
MLH1, RHOA, and CLDN18. Collectively, these discoveries have substantially deepened
our understanding of the molecular mechanisms underlying gastric cancer and have facili-
tated the development of targeted and immunotherapeutic strategies, gradually ushering
gastric cancer management into the era of precision medicine [2].

In the course of anticancer drug development, animal models—particularly genetically
engineered mouse models (GEMMs) and xenograft systems—have long been employed to
validate oncogenic functions and evaluate therapeutic responses [3,4]. However, accumu-
lating clinical evidence indicates that several targeted therapies demonstrating promising
efficacy in preclinical animal studies, such as inhibitors targeting epidermal growth factor
receptor (EGFR), MET, fibroblast growth factor receptor 2 (FGFR2), or PI3K, have failed to
improve overall survival (OS) in large-scale clinical trials. These discrepancies underscore
the limitations of conventional animal models in faithfully recapitulating the biological
behavior of human gastric cancer. This translational gap—often described as “preclinical
success but clinical failure”—can be partly attributed to the marked intra- and intertumoral
heterogeneity of gastric cancer, as well as the inability of animal models to fully mimic the
human tumor microenvironment and immune interactions. To conceptually illustrate the
fundamental differences between successful and unsuccessful translational strategies in
gastric cancer, Figure 1 summarizes key determinants of therapeutic efficacy, including
true oncogenic dependency, relevance to tumor maintenance rather than tumor initiation,
and the distinction between driver and passenger or context-dependent signaling. This
framework provides a unifying perspective for understanding why certain targets, such
as HER2 and Claudin-18.2 (CLDN18.2), achieved clinical success, whereas others failed
despite promising preclinical results.

In recent years, patient-derived models have emerged as pivotal tools for bridging
this translational divide [5]. Among them, patient-derived xenograft (PDX) models pre-
serve the histological architecture and genetic landscape of the original tumors, whereas
patient-derived organoids (PDOs) and organ-on-a-chip (OoC) systems further integrate
three-dimensional organization, microenvironmental cues, and fluidic dynamics to better
approximate human physiological conditions. These advanced models have been success-
fully applied to the preclinical validation of specific therapeutic targets, such as HER2 and
CLDN18.2, and have contributed to the clinical translation and regulatory approval of
therapies including trastuzumab and zolbetuximab, highlighting their potential in precision
patient stratification and therapeutic response prediction [6].

Therefore, this review aims to systematically summarize the functional character-
ization of key gastric cancer–associated genes, findings from animal studies, and out-
comes of clinical trials. Furthermore, we discuss the limitations of traditional animal
models in translational research and explore how emerging platforms—such as PDX, PDOs,
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and OoC technologies-are reshaping the future of gastric cancer drug development and
precision oncology.

 

Figure 1. Conceptual framework illustrating determinants of successful versus failed translational
targeting in gastric cancer. Schematic comparison of successful (right) and unsuccessful (left) bench-
to-bedside translation pathways. Targeted therapies against EGFR, MET, FGFR2, and PI3K showed
efficacy in conventional animal models but failed in clinical trials due to passenger signaling, compen-
satory pathways, and inadequate biomarker selection. In contrast, HER2 and CLDN18.2 represent
true tumor maintenance dependencies validated using patient-relevant models, enabling successful
clinical translation and regulatory approval. This figure was created in BioRender.

2. Discovery of Gastric Cancer–Associated Genes
During the initiation and progression of gastric cancer, a series of critical genetic

alterations accumulate, exerting profound effects on tumor development, progression, and
clinical behavior. As early as 1991, Tamura, G. et al. and Yamada, Y. et al. independently
reported a high frequency of p53 (TP53) gene mutations in gastric cancer tissues, indicating
that loss of tumor suppressor function plays a central role in gastric carcinogenesis [7,8].
Subsequently, in 1992, Nakatsuru, S. et al. investigated sporadic gastric cancers and identi-
fied somatic mutations in the APC gene in approximately 30% of cases, implicating the Wnt
signaling pathway as a key contributor to intestinal-type gastric cancer development [9].

In 1998, Guilford, P. et al. first elucidated the molecular basis of hereditary diffuse
gastric cancer in a landmark study published in Nature [10]. Their findings demonstrated
germline mutations in the CDH1 gene—including point mutations and frameshift muta-
tions in exons 7, 13, and 15—in multiple familial gastric cancer cases, highlighting the
disruption of cell–cell adhesion as a fundamental pathogenic mechanism in diffuse-type
gastric cancer [10]. In addition, Oh, H.A. et al. reported that c-MYC protein expression
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was upregulated in approximately 64% of gastric cancer specimens and was significantly
correlated with TNM stage, suggesting that c-MYC promotes tumor progression [11].

With the advent of molecular targeted research, Tanner, M. et al. reported that
HER2/neu gene amplification was detected in 12.2% of gastric cancers and 24.0% of gastroe-
sophageal junction adenocarcinomas, providing a critical foundation for the subsequent
development of HER2-targeted therapies in gastric cancer [12]. Furthermore, in 2010,
Ling, Z.Q. et al. demonstrated that mismatch repair (MMR) genes, particularly MLH1, fre-
quently undergo promoter hypermethylation during gastric cancer development, leading
to gene silencing and the emergence of microsatellite instability (MSI). These molecular al-
terations have since become key determinants in gastric cancer molecular classification [13].

With the maturation of next-generation sequencing technologies, Wang, K. et al. per-
formed whole-exome sequencing on 22 gastric cancer samples and identified frequent
inactivating mutations or protein loss of ARID1A in 83% of MSI-type, 73% of Epstein–Barr
virus (EBV)-associated, and 11% of microsatellite-stable (MSS) gastric cancers, underscoring
the role of chromatin remodeling dysregulation in gastric tumorigenesis [14]. Consistently,
The Cancer Genome Atlas (TCGA) project identified recurrent PIK3CA mutations, which
encode the p110α catalytic subunit of phosphatidylinositol 3-kinase (PI3K), in EBV-positive
gastric cancers, further underscoring the critical role of PI3K/AKT signaling in the patho-
genesis of this molecular subtype [15]. Moreover, Kakiuchi, M. et al. conducted exome
sequencing of diffuse-type gastric cancers and identified nonsynonymous RHOA mutations
in approximately 25.3% of cases. These mutations were shown to exert gain-of-function
effects that promote tumorigenesis, thereby enriching the current understanding of the
molecular mechanisms driving diffuse-type gastric cancer [16].

3. Functional Classification of Gastric Cancer-Associated Genes
Gastric cancer does not arise from a single genetic alteration but rather results from

the cumulative dysregulation of multiple genes with distinct biological functions. Based on
their roles in cellular biology, gastric cancer–associated genes can be broadly categorized
into four major groups (Table 1 and Figure 2): (i) oncogenes, (ii) tumor suppressor genes,
(iii) genes involved in DNA repair and genomic stability, and (iv) genes regulating cellular
structure, adhesion, and cytoskeletal dynamics. Although these genes participate in differ-
ent functional pathways, they collectively influence cell proliferation, survival, genomic
integrity, and invasive behavior, thereby driving gastric tumor initiation and progression.

Table 1. Functional classification of gastric cancer–associated genes.

Functional Category Gene Primary Mechanism of Action Biological Impact in Gastric Cancer

Oncogenes
HER2 RTK activation;

MAPK/PI3K signaling Proliferation, anti-apoptosis

PIK3CA PI3K/AKT pathway activation Survival, metabolic reprogramming

c-MYC Transcriptional activation;
cell cycle control Malignant progression

Tumor suppressors
TP53 DNA damage checkpoint; apoptosis Genomic instability

APC Inhibition of Wnt/
β-catenin signaling Intestinal-type tumorigenesis

ARID1A Chromatin remodeling Epigenetic dysregulation

DNA repair-related MLH1 Mismatch repair Microsatellite instability

Structural genes CDH1 Cell–cell adhesion Invasion and metastasis
RHOA Cytoskeletal regulation Diffuse-type gastric cancer

RTK, Receptor tyrosine kinase; MAPK, Mitogen-activated protein kinase; PI3K, Phosphoinositide 3-kinase.
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Figure 2. Overview of major signaling pathways involved in gastric cancer, including EGFR/HER2,
FGFR2, c-MET, and downstream PI3K/AKT/mTOR and MAPK signaling, as well as alterations
in WNT signaling, tight junctions, adherens junctions, and focal adhesions, which collectively con-
tribute to tumor growth, invasion, and metastasis. Representative targeted therapies evaluated in
gastric cancer are shown, including trastuzumab, AZD4547, cetuximab, panitumumab, matuzumab,
rilotumumab, alpelisib, and zolbetuximab. While multiple pathways have demonstrated preclinical
relevance, only HER2 and CLDN18.2 targeting have translated into consistent clinical benefit, high-
lighting the importance of oncogenic dependency and biomarker-driven patient selection. This figure
was created in BioRender.

3.1. Oncogenes

Oncogenes normally regulate cell growth and signal transduction in physiological
conditions; however, upon mutation, amplification, or overexpression, they become consti-
tutively activated, allowing cells to escape normal growth control. In gastric cancer, HER2,
PIK3CA, and c-MYC are among the most representative oncogenes.

HER2 encodes a receptor tyrosine kinase whose gene amplification leads to persis-
tent activation of the downstream MAPK and PI3K/AKT signaling pathways, thereby
promoting tumor cell proliferation and resistance to apoptosis [17]. Activating mutations
in PIK3CA directly stimulate the PI3K/AKT/mTOR signaling cascade and are particu-
larly prevalent in EBV-associated gastric cancer [18,19]. c-MYC, a transcription factor,
drives rapid tumor cell proliferation by regulating genes involved in cell cycle progression,
metabolism, and ribosome biogenesis. Its overexpression has been strongly associated with
aggressive tumor behavior and poor prognosis in gastric cancer [20,21].

HER2 amplification induces ligand-independent receptor dimerization and persistent
activation of MAPK and PI3K/AKT signaling, whereas PIK3CA mutations constitutively
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activate the PI3K/AKT/mTOR axis. These signaling dependencies define critical nodes
within proliferative and survival pathways in gastric cancer [22–24].

3.2. Tumor Suppressor Genes

Tumor suppressor genes function to restrain cell proliferation, facilitate DNA damage
repair, and induce apoptosis. Loss of their function predisposes cells to mutation accumu-
lation and malignant transformation. TP53, APC, and ARID1A are key tumor suppressor
genes frequently altered in gastric cancer.

TP53, often referred to as the “guardian of the genome”, plays a central role in main-
taining genomic integrity. Mutations in TP53 impair cellular responses to DNA damage,
leading to chromosomal instability and tumor progression [25,26]. APC is a negative
regulator of the Wnt/β-catenin signaling pathway, and its inactivation results in nuclear
accumulation of β-catenin, thereby promoting tumorigenesis, particularly in intestinal-type
gastric cancer [27,28]. ARID1A, a core component of the SWI/SNF chromatin remodeling
complex, regulates chromatin accessibility and gene transcription. Loss of ARID1A func-
tion disrupts epigenetic regulation and is strongly associated with MSI and EBV-positive
gastric cancer [29,30].

The loss of TP53, APC, and ARID1A collectively disrupts genome surveillance, Wnt
signaling control, and chromatin remodeling, reshaping transcriptional and DNA repair
networks in gastric tumorigenesis [31,32].

3.3. Genes Involved in DNA Repair and Genomic Stability

Genomic stability is fundamental to the maintenance of normal cellular function. MMR
genes, such as MLH1, play a critical role in correcting DNA replication errors. Epigenetic
silencing of MLH1 through promoter hypermethylation leads to MSI, markedly increasing
the mutation rate and thereby promoting gastric carcinogenesis. MSI-high gastric cancers
are characterized by a high mutational burden and exhibit distinct molecular and clinical
features [33,34]. Epigenetic silencing of MLH1 via promoter hypermethylation leads to
microsatellite instability, increased mutation burden, and contributes to chemoresistance,
emphasizing its relevance for treatment response prediction [35,36].

Epigenetic silencing of MLH1 impairs mismatch repair, resulting in microsatellite
instability, increased insertion–deletion mutations, and elevated neoantigen load. This
genomic instability alters tumor–immune interactions and defines a distinct molecular
subtype of gastric cancer [37,38].

3.4. Genes Regulating Cellular Structure, Adhesion, and the Cytoskeleton

Recent studies have highlighted the importance of genes involved in cellular architec-
ture and morphology, particularly in diffuse-type gastric cancer. Among these, CDH1 and
RHOA are representative examples.

CDH1, which encodes E-cadherin, is essential for maintaining cell–cell adhesion and
epithelial integrity. Mutations in CDH1 disrupt intercellular junctions, facilitating tumor cell
detachment, invasion, and dissemination [39,40]. RHOA regulates cytoskeletal organization
and cell motility. Gain-of-function mutations in RHOA alter cellular morphology and
mechanical properties, thereby promoting the infiltrative growth pattern characteristic of
diffuse-type gastric cancer [41,42].

CDH1 mutations disrupt E-cadherin–mediated adhesion and epithelial polarity, facili-
tating invasion and β-catenin–dependent transcription. Gain-of-function RHOA mutations
alter actin dynamics and ROCK signaling, promoting the infiltrative growth characteristic
of diffuse-type gastric cancer [43,44].
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3.5. Epigenetic Alterations and Chemoresistance in Gastric Cancer

Beyond genetic mutations, epigenetic dysregulation—including DNA methylation,
histone modifications, and non-coding RNA-mediated regulation—plays a central role in
gastric cancer progression and therapeutic response. These alterations can modify chro-
matin structure and gene expression without changing the underlying DNA sequence,
contributing to tumor heterogeneity and adaptive resistance to therapies, including cyto-
toxic chemotherapy and targeted agents [45].

DNA methyltransferases, histone deacetylases, and histone methyltransferases reg-
ulate gene expression programs controlling apoptosis, stemness, DNA repair, and drug
metabolism. Aberrant activation or repression of these enzymes can reprogram oncogenic
signaling pathways such as PI3K/AKT, Wnt/β-catenin, and EMT-associated networks,
thereby reducing chemosensitivity and promoting acquired resistance to platinum-based
agents, fluoropyrimidines, and targeted therapies [46].

MicroRNAs further contribute to epigenetic regulation by post-transcriptionally modulat-
ing oncogenes and tumor suppressor genes. Through coordinated regulation of multiple targets
involved in apoptosis signaling, EMT, and drug efflux transporters, dysregulated microRNAs
may enhance phenotypic plasticity and directly mediate chemoresistance in gastric cancer [47].

Collectively, these epigenetic alterations not only shape tumor evolution but also func-
tion as dynamic regulators of therapeutic response. By modulating DNA damage repair
capacity, apoptotic thresholds, cancer stemness, and tumor microenvironment interactions,
epigenetic mechanisms create a permissive landscape for chemotherapy resistance. This in-
tegrated molecular framework highlights critical nodes within MAPK, PI3K/AKT/mTOR,
Wnt/β-catenin, DNA repair, and chromatin remodeling pathways that may be thera-
peutically exploitable. A mechanistic understanding of these interconnected networks
provides the biological foundation for rational pathway-directed strategies and epigenetic
combination approaches aimed at overcoming chemoresistance in gastric cancer.

4. Animal Models for Gastric Cancer–Associated Genes
Animal models have played a central role in elucidating the functional significance of

gastric cancer-associated genes and in evaluating therapeutic vulnerabilities. Unlike certain
cancers in which single-driver GEMMs faithfully recapitulate tumorigenesis, gastric cancer
GEMMs are less frequently driven by individual gene alterations. Instead, most established
models rely on combinatorial genetic perturbations to mimic the molecular subtypes and
multistep evolution observed in human gastric cancer. These compound models integrate
alterations in tumor suppressor genes, oncogenes, and signaling pathways, thereby more
accurately reflecting disease complexity (Table 2).

Table 2. Summary of animal models for gastric cancer-associated genes.

Gene(s) Animal Model Model System Key Findings

Cdh1/Trp53/Kras Cdh1 KO + Trp53 KO +
KrasG12D (C57BL/6) GEMMs

CDH1 loss accelerates diffuse-type
gastric cancer, promotes immune
evasion, and cooperates with
EZH2-driven oncogenic pathways

Cldn18
Cldn18−/− mice Germline knockout

Spontaneous gastritis, glandular
hyperplasia, and preneoplastic lesions;
CLDN18 functions as a gastric
tumor suppressor

Tumor progression models Murine gastric cancer models Lgr5+ stem cell–like tumor populations
sustain advanced gastric cancer
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Table 2. Cont.

Gene(s) Animal Model Model System Key Findings

Arid1a/Pik3ca Arid1aflox + Pik3caH1047R Stomach-specific GEMMs
ARID1A loss alone causes hyperplasia;
combination with PIK3CA activation
drives tumorigenesis

Myc/Trp53 Myc-driven/Trp53−/− Electroporation-based GEMMs Progression from adenoma to invasive
carcinoma with high metastatic potential

RhoA Mutant RhoA xenografts Immunodeficient mice
Gain-of-function RHOA mutations
enhance tumor growth and induce
FAK-dependent oncogenic addiction

GEMMs, genetically engineered mouse models.

4.1. CDH1

Cdh1 (E-cadherin) is one of the most representative tumor suppressor genes in diffuse-
type gastric cancer. Using gastric epithelium-specific GEMMs and complementary organoid
systems, Zou, G. et al. systematically dissected the functional role of Cdh1 loss in gastric
tumorigenesis [48]. Their study demonstrated that loss of Cdh1 alone is insufficient to im-
mediately induce invasive tumors, but when combined with oncogenic KrasG12D activation
or Trp53 deletion, it markedly accelerates the development and progression of diffuse-type
gastric cancer.

Mechanistically, Cdh1 loss not only disrupts epithelial cell–cell adhesion but also
induces epigenetic reprogramming, particularly through EZH2-mediated chromatin regu-
lation, leading to the activation of tumor-promoting gene networks. In addition, tumors
arising in this model exhibit an immunosuppressive tumor microenvironment, indicating
that CDH1 deficiency contributes to immune evasion. Collectively, these findings establish
Cdh1 loss as a driver event in diffuse-type gastric cancer rather than a passive consequence
of tumor progression.

4.2. CLDN18

Claudin-18.2 (CLDN18.2), a gastric lineage-restricted isoform of CLDN18, is a tight
junction protein essential for maintaining gastric mucosal barrier integrity. Using Cldn18
knockout mice, Hagen, S.J. et al. provided the first direct in vivo evidence that loss of Cldn18
alone is sufficient to initiate gastric tumor-associated pathology [49]. Aging Cldn18−/− mice
developed progressive disruption of the gastric epithelial barrier, chronic inflammation,
glandular hyperplasia, and preneoplastic lesions, ultimately giving rise to adenocarcinoma-
like changes.

Mechanistic analyses revealed that Cldn18 deficiency impairs gastric acid barrier
function, triggering inflammatory responses and proliferative signaling cascades that
promote tumorigenesis. Subsequent studies further demonstrated that during tumor
progression, a distinct population of Lgr5+ stem cell-like tumor cells emerges within gastric
tumors [50]. These cells exhibit high proliferative and self-renewal capacity and are thought
to drive tumor maintenance and progression. Together, these animal studies firmly establish
CLDN18 as a gastric tumor suppressor, whose loss contributes to both tumor initiation and
malignant progression.

4.3. ARID1A and PIK3CA

Animal studies have shown that conditional deletion of Arid1a in gastric epithelial cells
results only in mild mucosal hyperplasia and inflammation. However, when Arid1a loss
is combined with activating mutations in PIK3CA, gastric tumorigenesis is dramatically
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enhanced [51]. This genetic cooperation leads to pronounced mucosal hyperplasia, tumor
formation, and disease progression.

Analysis of the tumor microenvironment revealed that ARID1A deficiency reshapes
immune composition, inducing a type 2 immune-dominant microenvironment charac-
terized by T helper 2 cells, M2 macrophages, and elevated IL-4/IL-13 signaling. Mecha-
nistically, ARID1A loss promotes epigenetic dysregulation and activation of PI3K/AKT
signaling, thereby enhancing the expression of immunosuppressive cytokines. These find-
ings demonstrate that ARID1A mutations not only directly drive gastric tumorigenesis but
also accelerate disease progression by orchestrating a protumorigenic immune landscape.

4.4. MYC and p53

Recent studies employing somatic engineering-based mouse models have systemati-
cally examined the cooperative roles of MYC overexpression and p53 loss (Trp53−/−) in
gastric cancer development and metastasis. In these models, Leibold, J. et al. induced
MYC activation alongside Trp53 inactivation in gastric epithelial cells using viral deliv-
ery or genome-editing approaches [52]. This genetic combination efficiently drove the
formation of highly invasive gastric tumors and significantly increased the incidence of
distant metastases.

Pathological and molecular analyses revealed that MYC enhances tumor cell prolifera-
tion and metabolic reprogramming, while p53 loss compromises DNA damage checkpoints
and apoptotic responses, resulting in strong oncogenic synergy. Notably, these tumors
exhibited genotype-specific metastatic behaviors, including increased hematogenous dis-
semination and enhanced adaptability to diverse microenvironments. Overall, this model
demonstrates that MYC and p53 co-alterations not only promote gastric cancer initiation
but also critically determine tumor invasiveness and metastatic potential.

4.5. RHOA

Unlike classical tumor suppressor mutations, RhoA mutations in diffuse-type gastric
cancer function are predominantly gain-of-function alterations. Haisheng Zhang, H. et al.
generated xenograft mouse models using gastric cancer cells harboring DGC-specific
RHOA mutations (e.g., Y42C and G17E) [53]. Compared with wild-type RHOA, mutant
RHOA significantly enhanced tumor growth and survival in vivo.

Mechanistic studies revealed that these RHOA mutations aberrantly activate focal
adhesion kinase (FAK) signaling, strengthening cell–extracellular matrix adhesion and
mechanotransduction. As a result, tumor cells become highly dependent on FAK signaling
for survival. Importantly, pharmacological inhibition of FAK selectively suppressed the
growth of RHOA-mutant tumors in vivo. These findings establish RHOA gain-of-function
mutations as oncogenic drivers in diffuse gastric cancer and highlight the RHOA–FAK axis
as a therapeutically actionable vulnerability.

5. Translational Progress from Animal Models to Clinical Application in
Gastric Cancer

Despite the rapid expansion of genomic knowledge in gastric cancer, only a limited
number of molecular targets have successfully progressed from preclinical validation to ef-
fective clinical application. While numerous oncogenic alterations demonstrate compelling
tumor-suppressive effects in animal models, many fail to translate into meaningful clinical
benefit, underscoring the complexity of gastric cancer biology and its pronounced molecu-
lar heterogeneity. To date, HER2-directed therapy remains the most successful paradigm,
representing a rare example in which robust preclinical evidence, biomarker-driven patient
selection, and well-designed clinical trials converged to establish a new standard of care.
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Other targets, including the PI3K pathway, MET, and FGFR2, have shown variable and of-
ten context-dependent efficacy and remain under active clinical investigation. A summary
of representative targeted therapies and their translational status is provided in Table 3.

Table 3. Representative targeted therapies in gastric cancer: from molecular targeting to clini-
cal development.

Molecular
Target

Representative
Agent Patient Selection Trial Phase Primary Endpoints Current Status/Key Outcomes

HER2 (ERBB2)

Trastuzumab HER2 amplification/
IHC 3+ Phase III OS, PFS, ORR

Significantly improved OS;
established as standard
therapy (ToGA trial)

T-DM1
(trastuzumab
emtansine)

HER2-positive GC Phase I/II ORR, safety
Demonstrated antitumor
activity but did not
surpass trastuzumab

Pertuzumab +
trastuzumab HER2-positive GC Phase II/III OS, PFS Combination explored;

limited incremental benefit

PIK3CA/PI3K
pathway

Alpelisib +
paclitaxel

PIK3CA mutation/
pathway activation Phase I/II ORR, PFS, safety

Acceptable safety; efficacy
enriched in molecularly
selected subgroups

Capivasertib +
paclitaxel

PIK3CA muta-
tion/amplification Phase II ORR No definitive breakthrough

to date

MET (c-MET)

AMG 337 MET amplification Phase I/II ORR, safety Partial responses in
small cohorts

Savolitinib MET amplifica-
tion/overexpression Phase II ORR, PFS Limited single-agent activity

Savolitinib +
durvalumab MET-positive GC Phase I/II ORR, safety Combination strategies

under evaluation

FGFR2

Futibatinib
(TAS-120)

FGFR2 amplifica-
tion/fusion Phase I/II ORR, safety Early signs of activity

Infigratinib FGFR2-altered
GC/GEJ Phase II ORR Tumor shrinkage in

selected cases

Bemarituzumab
(FGFR2b mAb)

FGFR2b
overexpression Phase II/III OS, PFS

Survival benefit with
chemotherapy; most
promising FGFR2 strategy

IHC, immunohistochemistry; GC, gastric cancer; OS, overall survival; PFS, progression-free; ORR, objective
response rate.

5.1. HER2 (ERBB2)

In contrast to tumor-initiating alterations such as CDH1 or ARID1A loss, HER2 ampli-
fication primarily functions as a tumor maintenance driver in gastric cancer. Consequently,
HER2 has not been extensively modeled in gastric-specific GEMMs for tumor initiation.
Instead, its oncogenic dependency has been robustly validated using xenograft and PDX
models, which provided the critical preclinical rationale for the successful clinical develop-
ment of trastuzumab in HER2-positive gastric cancer.

Multiple preclinical studies have demonstrated that trastuzumab monotherapy sig-
nificantly suppresses tumor growth in HER2-amplified gastric cancer cell line–derived
xenografts and PDX models, with antitumor efficacy closely correlating with HER2 copy
number and protein expression levels [54]. Subsequent studies further showed that combin-
ing trastuzumab with conventional chemotherapy produced additive or synergistic effects,
resulting in more durable tumor control [55]. In addition, the antibody–drug conjugate
T-DM1 (trastuzumab emtansine) exhibited enhanced antitumor activity in HER2-positive
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gastric cancer xenografts, confirming that HER2-mediated internalization can be exploited
for efficient intracellular delivery of cytotoxic payloads [56].

Collectively, these animal studies established HER2 as a critical dependency for tu-
mor maintenance and provided a strong preclinical foundation for the successful clinical
translation of trastuzumab and its derivatives. Indeed, the HER2 pathway represents the
most complete success story in gastric cancer, spanning molecular discovery, animal valida-
tion, biomarker-guided clinical trials, and regulatory approval [57]. Beyond trastuzumab,
trastuzumab deruxtecan (Enhertu) has recently been approved as a standard therapy
and expanded to multiple solid tumors (https://www.reuters.com/business/healthcare-
pharmaceuticals/us-fda-approves-daiichi-astrazeneca-drug-treatment-solid-tumors-2024
-04-05/, accessed on 17 December 2025), including gastric cancer, further reinforcing HER2
as a clinically actionable target.

5.2. PIK3CA/PI3K Pathway

Activating mutations in PIK3CA lead to aberrant activation of the PI3K/AKT/mTOR
signaling cascade in gastric cancer. However, despite strong biological rationale, PI3K-
targeted therapies have not yet received Food and Drug Administration (FDA) ap-
proval for gastric cancer. Early-phase clinical trials, such as NCT01613950 (https://
clinicaltrials.gov/study/NCT01613950, accessed on 18 December 2025), primarily fo-
cused on evaluating the safety, tolerability, and preliminary efficacy of the PI3Kα-specific
inhibitor alpelisib (BYL719) in patients with PIK3CA-altered gastric cancer, including
combination strategies with HSP90 inhibitors. Another ongoing trial (NCT04526470)
(https://clinicaltrials.gov/study/NCT04526470, accessed on 18 December 2025) is in-
vestigating alpelisib in combination with chemotherapy to enhance therapeutic benefit in
molecularly selected patients.

Although these studies have not yet resulted in regulatory approval, early data suggest
that PI3K pathway inhibition may provide clinical benefit in carefully selected molecular
subgroups, with acceptable tolerability and increasingly refined dosing strategies. Impor-
tantly, the successful approval of alpelisib in PIK3CA-mutant HR+/HER2− breast cancer
highlights the potential of this pathway when precise patient selection is applied, sug-
gesting that PI3K-targeted therapy in gastric cancer may still be feasible under optimized
biomarker-driven strategies.

5.3. MET and FGFR2

Aberrant activation or amplification of MET (hepatocyte growth factor receptor)
occurs in a subset of gastric cancers and has been associated with aggressive disease and
therapeutic resistance. Several MET inhibitors have been evaluated in early- to mid-phase
clinical trials. For example, AMG 337 was assessed in NCT02344810 to determine its safety
and efficacy in MET-amplified gastric cancer, both as monotherapy and in combination
with chemotherapy. Additional trials, such as NCT04923932, are evaluating savolitinib
as a single agent, while NCT05620628 explores combination therapy with the immune
checkpoint inhibitor durvalumab. These studies typically assess the objective response rate
(ORR), progression-free survival (PFS), and safety, aiming to identify molecularly defined
populations most likely to benefit. Although MET inhibitors have demonstrated antitumor
activity in select patients, they have not yet established a new standard of care.

The FGFR2 pathway represents another promising therapeutic target in gastric can-
cer. Early-phase studies have evaluated FGFR2-targeted agents in molecularly defined
populations. For example, a phase II study of futibatinib (TAS-120) in patients with FGFR2-
amplified gastric or gastroesophageal junction cancer demonstrated modest antitumor
activity with an objective response rate of 17.9% and a manageable safety profile, providing
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rationale for further investigation [58]. In addition, infigratinib has been assessed in a
phase II trial (NCT05019794) in advanced FGFR2-altered gastric cancer, demonstrating
an approximate 25% ORR and high disease control rate, including cases of significant
tumor shrinkage [59].

Importantly, the FGFR2b-specific monoclonal antibody bemarituzumab has shown
encouraging clinical outcomes: in the randomized phase II FIGHT trial (NCT03694522),
bemarituzumab plus mFOLFOX6 improved progression-free and OS compared with
placebo plus chemotherapy in FGFR2b-positive advanced gastric or gastroesophageal
junction adenocarcinoma [60]. Moreover, recent top-line results from the phase III
FORTITUDE-101 study demonstrate a significant OS benefit with bemarituzumab plus
chemotherapy in patients with FGFR2b overexpression, further positioning FGFR2b-
directed therapy as one of the most promising non-HER2 targeted strategies to
date (https://www.amgen.com/newsroom/press-releases/2025/06/amgen-announces-
positive-topline-phase-3-results-for-bemarituzumab-in-fibroblast-growth-factor-receptor-2b-
fgfr2b-positive-firstline-gastric-cancer, accessed on 5 January 2026).

Among currently investigated molecular targets in gastric cancer, HER2 remains the
only pathway with firmly established clinical benefit, while FGFR2b-targeted therapy
appears to be the most promising emerging strategy. Other pathways, including PI3K and
MET, continue to be explored within the framework of precision oncology and biomarker-
guided clinical trial design.

6. Limited Translatability of Preclinical Models to Clinical Outcomes:
Lessons from Failed Targeted Therapies in Gastric and Gastroesophageal
Adenocarcinoma

Despite substantial advances in molecular characterization and preclinical drug devel-
opment, the successful translation of animal study findings into effective clinical therapies
remains a major challenge in oncology. A large-scale integrative analysis has estimated
that only approximately 5% of therapeutic strategies demonstrating efficacy in animal
models ultimately receive approval for human use [61]. This translational gap is partic-
ularly evident in gastric cancer research. Although a wide range of GEMMs, xenograft
systems, and PDX have been employed for drug testing, intrinsic limitations—such as
incomplete recapitulation of disease progression, differences in tumor microenvironment,
and profound inter- and intratumoral heterogeneity—have contributed to the frequent
failure of promising candidates in late-stage clinical trials [62]. To provide an overview of
these translational failures, representative targeted therapies that demonstrated preclinical
efficacy but failed to achieve clinical benefit in gastric or gastroesophageal adenocarcinoma
are summarized in Table 4.

Table 4. Representative examples of targeted therapies in gastric or gastroesophageal adenocarcinoma
that demonstrated preclinical efficacy but failed to achieve clinical benefit.

Target
Gene/Pathway

Representative
Drug/Trial Preclinical Evidence Key Clinical Trial

(Reference)
Clinical
Outcome

Major Cause of
Translational Failure

EGFR

Cetuximab Suppressed gastric cancer
xenograft growth EXPAND [63] No improvement in OS

or PFS
Lack of EGFR dependency;
compensatory signaling

Panitumumab Inhibited cell proliferation REAL3 [64] Significantly reduced OS Inappropriate patient
selection; toxicity

Matuzumab Xenograft tumor regression Phase II [65] No significant
clinical benefit

EGFR not a
dominant driver
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Table 4. Cont.

Target
Gene/Pathway

Representative
Drug/Trial Preclinical Evidence Key Clinical Trial

(Reference)
Clinical
Outcome

Major Cause of
Translational Failure

MET/HGF Rilotumumab Inhibited MET-driven
tumor growth RILOMET-1 [66] No OS benefit; trial

terminated early
MET IHC not a
functional biomarker

FGFR2 AZD4547, others High sensitivity in
FGFR2-amplified models [67] Partial responses; OS

not confirmed Intratumoral heterogeneity

OS, overall survival; PFS, progression-free; IHC, immunohistochemistry.

6.1. EGFR-Targeted Therapies (Matuzumab, Cetuximab, and Panitumumab)

Although EGFR overexpression is observed in a subset of gastric cancers and pre-
clinical xenograft models demonstrated tumor growth inhibition upon EGFR blockade,
these findings did not translate into clinical survival benefits in large randomized trials.
The landmark EXPAND trial was a randomized, open-label phase III study evaluating the
addition of cetuximab to capecitabine and cisplatin as first-line therapy in advanced gastric
cancer. The results showed no improvement in PFS or OS, while treatment-related toxicity
was increased [63]. Similarly, the UK-led REAL3 trial compared standard chemotherapy
with or without panitumumab and failed to demonstrate an OS benefit, instead revealing a
detrimental survival trend in the experimental arm [64]. Furthermore, the anti-EGFR mon-
oclonal antibody matuzumab, when combined with epirubicin, cisplatin, and capecitabine
(ECX) chemotherapy in a phase II trial, did not confer any clinical advantage [65]. Col-
lectively, these studies indicate that EGFR expression or activation alone is insufficient
to define therapeutic dependency in gastric cancer, highlighting the impact of molecular
heterogeneity and compensatory signaling pathways on treatment resistance.

Taken together, the disappointing outcomes of EGFR-targeted strategies in gastric
cancer highlight a critical disconnect between preclinical efficacy and clinical benefit. These
experiences underscore that overexpression by IHC alone does not necessarily equate
to oncogenic addiction or pathway dependency. Unlike tumor types such as colorectal
or lung cancer—where EGFR-driven biology is more clearly defined—gastric cancer is
characterized by substantial molecular heterogeneity, co-activation of parallel signaling
networks, and dynamic pathway cross-talk. Consequently, therapeutic targeting based
solely on receptor abundance without functional validation or robust genomic stratifica-
tion may be insufficient. These lessons emphasize the importance of refined biomarker
strategies, deeper biological context, and mechanism-based patient selection in future drug
development efforts.

6.2. MET/HGF Pathway: Rilotumumab (RILOMET-1)

Aberrant activation of the MET pathway has been associated with aggressive tu-
mor behavior and poor prognosis in a subset of gastric cancers, and preclinical models
supported the inhibition of the HGF–MET axis as a therapeutic strategy. Based on this
rationale, the RILOMET-1 trial was a large, randomized, double-blind phase III study
evaluating the addition of the anti-HGF antibody rilotumumab to ECX chemotherapy in
MET-positive advanced gastric cancer. Despite biomarker-based patient selection, the trial
failed to demonstrate an OS benefit and even showed unfavorable outcomes in certain
analyses, leading to early termination [66]. Subsequent evaluations suggested that immuno-
histochemistry (IHC)-based assessment of MET expression did not adequately identify
tumors truly dependent on MET signaling, underscoring the limitations of non-functional
biomarkers in translational oncology.

Collectively, the RILOMET-1 failure illustrates a central principle in precision oncology:
pathway expression is not equivalent to pathway addiction. Without stringent enrichment
for genomically amplified or functionally MET-dependent tumors, targeted inhibition may
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dilute potential benefit within a largely non-dependent population. This case underscores
that biomarker precision—particularly the distinction between functional dependency and
context-dependent signaling—is pivotal for overcoming translational failure in gastric
cancer drug development.

6.3. FGFR2 and PI3K Pathways: Strong Preclinical Rationale but Modest Clinical Benefit

FGFR2 amplification and activation of the PI3K/AKT/mTOR pathway represent
oncogenic drivers in subsets of gastric cancer, and inhibition of these pathways effec-
tively suppresses tumor growth in cell-based and animal models. However, clinical
outcomes have generally been modest. For FGFR2 inhibitors, partial tumor regression
has been observed in FGFR2-amplified patients, but phase II trials failed to demon-
strate consistent and durable survival benefits [67]. Similarly, PI3K pathway inhibitors
in gastric cancer have largely remained in early-phase trials, showing disease stabiliza-
tion rather than significant OS improvement, often limited by toxicity and intratumoral
heterogeneity [68,69]. These findings suggest that single-pathway inhibition may be insuf-
ficient to overcome the molecular complexity of gastric cancer.

Collectively, these observations highlight a recurrent challenge in precision oncology:
the presence of a genomic alteration does not necessarily guarantee sustained therapeutic
dependency. Although high-level clonal FGFR2 amplification has been associated with
meaningful responses in selected cases, such events are relatively rare and often coex-
ist with substantial intra-tumoral heterogeneity. Moreover, adaptive feedback activation
and parallel pathway signaling—particularly involving MAPK or alternative receptor
tyrosine kinases—may attenuate the durability of single-agent inhibition. The limited
efficacy observed with PI3K pathway inhibitors further reinforces the notion that targeting
a single downstream node may be insufficient within a highly interconnected signaling
network. These clinical experiences emphasize the need for more refined molecular stratifi-
cation, functional validation of pathway addiction, and rational combination strategies to
overcome adaptive resistance mechanisms in gastric cancer.

In summary, although multiple oncogenic pathways—including EGFR, MET, and
FGFR2—have demonstrated compelling activity in preclinical gastric cancer models, most
corresponding clinical trials failed to translate these findings into meaningful OS benefits.
These recurring disappointments suggest that the central challenge is not merely target
identification, but the accurate determination of true tumor dependency within a highly het-
erogeneous and dynamically adaptive disease. Overreliance on static biomarkers, coupled
with preclinical systems that incompletely recapitulate human tumor–microenvironment
interactions, has contributed to this translational gap.

Consequently, future therapeutic development must move beyond single-pathway
inhibition and simplistic biomarker stratification toward integrated, functionally validated,
and context-aware strategies. In this regard, the recent policy shift by the U.S. FDA in
April 2025 to gradually phase out traditional animal testing requirements for certain drug
classes and promote “human-relevant” New Approach Methodologies (NAMs)—including
organoids, organ-on-chip platforms, and AI-based predictive modeling—reflects a broader
recognition that next-generation translational platforms are essential for improving clinical
predictability (https://www.fda.gov/news-events/press-announcements/fda-announces-
plan-phase-out-animal-testing-requirement-monoclonal-antibodies-and-other-drugs, ac-
cessed on 18 December 2025). Together, these developments underscore a paradigm shift
in gastric cancer drug development: from genomic identification to functional precision.
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7. From Patient-Derived Models to Clinical Translation: PDX and
Organoid-Based Approaches in Gastric Cancer

The repeated failure of promising targeted therapies to translate from animal mod-
els to clinical benefit has prompted the search for more human-relevant preclinical sys-
tems. In this context, PDX and PDOs have emerged as powerful platforms that more
faithfully recapitulate the genetic heterogeneity, histopathological features, and drug re-
sponse profiles of individual gastric tumors. Accumulating evidence indicates that drug
sensitivity patterns observed in gastric cancer organoids correlate strongly with patient
clinical responses, supporting their utility in personalized drug screening and resistance
mechanism studies [70].

Despite these advantages, large-scale regulatory approvals in gastric cancer that rely
directly on PDX or organoid data as pivotal evidence remain limited. To date, CLDN18.2-
targeted therapy represents one of the few notable exceptions in which extensive validation
using patient-derived models contributed meaningfully to successful clinical translation.
CLDN18.2 is a tight junction protein selectively expressed in gastric mucosal epithelial
cells and represents the gastric-specific isoform of the CLDN18 gene, whereas CLDN18.1
is predominantly expressed in lung epithelium. In normal tissue, CLDN18.2 is largely
sequestered within intercellular junctions and is therefore poorly accessible to antibody-
based therapies. During malignant transformation, however, loss of epithelial polarity and
disruption of tight junction architecture lead to aberrant surface exposure of CLDN18.2 on
tumor cells, rendering it an attractive and tumor-selective therapeutic target [71].

Zolbetuximab (IMAB362) is a humanized IgG1 monoclonal antibody that specifically
binds CLDN18.2 and induces tumor cell death primarily through antibody-dependent
cellular cytotoxicity [72]. Owing to the lineage-restricted expression of CLDN18.2 in gastric
tissue and its minimal accessibility in normal organs, CLDN18.2-directed therapy offers a
favorable therapeutic window and avoids off-target effects associated with the lung-specific
CLDN18.1 isoform.

The clinical efficacy of zolbetuximab has been confirmed in two international, mul-
ticenter phase III trials: the SPOTLIGHT trial (zolbetuximab plus mFOLFOX6) [73] and
the GLOW trial (zolbetuximab plus CAPOX) [74]. Both studies demonstrated signifi-
cant improvements in PFS and OS compared with chemotherapy alone in patients with
CLDN18.2–high advanced gastric or gastroesophageal junction adenocarcinoma, with an
acceptable safety profile [74]. Based on these results, zolbetuximab received regulatory
approval in multiple countries in 2024 for the treatment of selected CLDN18.2-positive
gastric cancer patients.

Importantly, during its preclinical development, extensive use of PDX and patient-
derived organoid models was instrumental in validating antibody binding, tumor de-
pendency, and immune-mediated effector mechanisms. These studies provided strong
translational confidence that CLDN18.2 represents a biologically relevant and therapeuti-
cally actionable target. As such, zolbetuximab stands as one of the rare examples in gastric
cancer in which a therapy successfully completed the full trajectory from patient-derived
preclinical models to clinical approval.

8. Comparative Lessons from Translational Successes and Failures: HER2
and CLDN18.2 Versus EGFR, MET, and Related Targets

In contrast to the repeated clinical failures observed with EGFR, MET, FGFR2, or
PI3K pathway inhibition in gastric cancer, HER2 and CLDN18.2 represent two of the few
targets that have successfully completed the full translational continuum from preclinical
validation to regulatory approval. The critical distinctions between these successful and
unsuccessful cases lie in tumor dependency, biomarker precision, and mechanistic clarity.
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HER2 amplification constitutes a well-defined oncogenic driver event in gastric cancer,
characterized by stable and reproducible gene amplification and protein overexpression.
This dependency can be reliably assessed using standardized IHC and fluorescence in situ
hybridization (FISH), enabling accurate patient selection. Preclinical studies consistently
demonstrated strong trastuzumab dependency in HER2-overexpressing gastric cancer
models, and the landmark ToGA trial confirmed that HER2-targeted therapy significantly
improves OS when administered to rigorously selected HER2-positive patients [22].

CLDN18.2 exemplifies a distinct but equally successful translational paradigm. Its
expression is highly gastric-specific, and in normal tissue, its localization within tight junc-
tions limits antibody accessibility. Malignant transformation results in widespread surface
exposure of CLDN18.2, creating an ideal target for antibody-mediated cytotoxicity [75,76].
Genetic deletion or functional loss of CLDN18 in mouse models leads to gastric mucosal
barrier disruption and tumor progression, further supporting its biological relevance. Clin-
ically, zolbetuximab trials have demonstrated significant improvements in both PFS and
OS in patients with high CLDN18.2 expression [73,74].

By contrast, EGFR and MET are frequently overexpressed or activated in subsets of
gastric cancer but often represent “passenger” or context-dependent alterations rather
than true oncogenic drivers [63,64]. The lack of robust functional biomarkers for defining
pathway dependency, combined with profound molecular heterogeneity and compensatory
signaling networks, has limited the clinical efficacy of single-pathway inhibition strategies
targeting these pathways (Figure 1).

Beyond individual trial outcomes, the distinguishing feature of HER2- and CLDN18.2-
directed therapies appears to be the presence of biologically meaningful tumor dependency
coupled with stable and spatially consistent target expression. In HER2-positive gas-
tric cancer, gene amplification represents a clonal oncogenic driver event rather than a
secondary or context-dependent alteration, enabling sustained pathway addiction and ther-
apeutic vulnerability. Similarly, CLDN18.2 benefits from lineage-restricted and relatively
homogeneous expression, as well as tumor-specific surface exposure following malignant
transformation, facilitating effective antibody-mediated targeting.

In contrast, EGFR and MET alterations in gastric cancer are frequently heterogeneous,
dynamically regulated, or embedded within redundant signaling networks, limiting true
pathway dependency. Therefore, the critical determinant of clinical success may not be
target expression per se, but whether the tumor exhibits functional and sustained reliance on
that target, supported by robust and reproducible biomarker-driven stratification. Among
these factors, true oncogenic dependency and stable target expression likely represent the
most fundamental requirements, while precise patient stratification serves as the enabling
translational tool. The key conceptual distinctions are summarized in Table 5.

Table 5. Comparative features underlying translational success and failure of targeted therapies in
gastric cancer.

Factor HER2 CLDN18.2 EGFR/MET

True driver
dependency

Yes (oncogenic addiction in
amplified tumors)

Not classical oncogenic driver;
lineage-restricted target

Amplification-driven in
subset; otherwise
context-dependent

Stable expression Gene amplification (stable) Lineage-restricted,
relatively stable Heterogeneous, dynamic

Biomarker precision IHC + FISH standardized IHC threshold defined Variable; no universally
standardized algorithm
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Table 5. Cont.

Factor HER2 CLDN18.2 EGFR/MET

Intratumoral uniformity Moderate; often dominant
clone but heterogeneous Often diffuse Frequently patchy

Resistance bypass Emergent bypass via parallel
RTKs

Non–signaling structural target;
immune-
mediated mechanism

Extensive pathway
redundancy

IHC, immunohistochemistry; FISH, fluorescence in situ hybridization; RTK; receptor tyrosine kinase.

9. Conclusions and Future Perspectives
Over the past decades, substantial progress has been made in dissecting the molecular

underpinnings of gastric cancer, and targeted therapies such as HER2 and CLDN18.2
inhibitors have demonstrated that precision oncology can significantly improve patient
outcomes. However, the high rate of clinical failure for many promising agents—despite
robust efficacy in traditional in vitro and animal models—underscores a critical transla-
tional gap. This gap is driven by multiple factors, including the limitations of conventional
animal models in capturing human tumor complexity, differences in tumor microenvi-
ronment and immune contexture, and the lack of highly predictive biomarkers for true
oncogenic dependency. These challenges highlight the need for more human-relevant
preclinical systems that can better inform clinical responsiveness and reduce attrition in
late-stage trials.

In response to these limitations, patient-derived models such as organoids and PDXs
have gained traction as complementary tools that maintain the genetic heterogeneity and, in
many cases, drug response profiles of primary tumors. Gastric cancer organoids established
from endoscopic biopsy specimens retain histopathological and molecular features of the
original tumors, providing a platform for drug screening and mechanistic studies that
more closely reflect human disease biology [77,78]. Despite these advancements, regulatory
approvals based directly on organoid or PDX evidence are still rare, with the CLDN18.2-
targeted therapy zolbetuximab being one of the few success stories where these models
contributed critically to the translational pipeline [79,80].

To further improve translational success, future studies should integrate biomarker-
guided trial designs and molecular stratification criteria. For example, patient selection
based on validated functional biomarkers—such as HER2 amplification or CLDN18.2
surface expression—can enrich for populations truly dependent on the target pathway.
Complementary preclinical approaches should prioritize model selection strategies that
preserve tumor heterogeneity and recapitulate human microenvironmental context, such as
using organoids, PDX, or hybrid organoid-on-chip platforms. Together, these approaches
can inform more predictive dose schedules, combination strategies, and endpoint selection,
ultimately bridging the gap between preclinical promise and clinical efficacy.

Advances in microphysiological systems, particularly OoC and organoid-on-chip
technologies, promise to further reshape preclinical modeling by integrating human cells
within microengineered environments capable of simulating key aspects of organ function,
dynamic physiological flow, multicellular interactions, and mechanical forces that are not
recapitulated in static cultures or animal models [81,82]. These systems have demonstrated
utility in oncology research by more accurately capturing tumor–stroma interactions,
vascularization processes, and therapeutic responses compared to traditional models,
thereby enhancing human-relevant data generation for drug discovery and toxicity testing.

Importantly, specific gastric cancer molecular subtypes—such as EBV-positive and
MSI-high tumors—exhibit distinct immunogenic profiles and treatment sensitivities. Fail-
ure to consider these subtypes in past clinical trials likely contributed to the modest efficacy
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observed for many targeted agents, as patients without true oncogenic dependency or
with immune-inflamed tumors may not respond to single-pathway inhibition. Incorpo-
rating molecular stratification criteria, including MSI status, EBV positivity, and immune
biomarkers (e.g., PD-L1, tumor mutational burden), into trial design—combined with
patient-derived models that recapitulate both tumor genomics and microenvironmental
context—offers a practical strategy to improve translational success and guide rational
combination therapies.

Concurrently, regulatory landscapes are evolving to support these innovations.
The FDA has explicitly embraced the use of New Approach Methodologies—including
organoids, OoC platforms, computational models, and other human-based systems—to
reduce reliance on animal testing, improve the predictive accuracy of preclinical testing,
and accelerate drug development timelines [83]. The FDA’s 2025 “Roadmap to Reducing
Animal Testing” outlines a strategic, phased plan to integrate New Approach Method-
ologies into regulatory decision making, with pilot programs allowing human-relevant
data—including from OoC systems—to inform safety and efficacy evaluations tradition-
ally supported by animal studies (https://www.fda.gov/files/newsroom/published/
roadmap_to_reducing_animal_testing_in_preclinical_safety_studies.pdf, accessed on 18
December 2025). Such initiatives reflect a paradigm shift that positions human-derived
models at the forefront of translational oncology.

Looking forward, the convergence of advanced in vitro platforms, AI-based modeling,
and harmonized regulatory frameworks will be essential for realizing a new era of precision
preclinical research in gastric cancer. Hybrid systems that combine organoids or OoC
data with AI-driven predictive analytics hold particular promise for addressing tumor
heterogeneity and therapeutic resistance, potentially improving the success rate of clinical
translation while reducing ethical and practical burdens associated with animal studies [84].
Nevertheless, challenges remain in standardizing model protocols, ensuring reproducibility,
and establishing robust validation pathways across diverse therapeutic contexts.

Author Contributions: Conceptualization, L.-K.W. and F.-M.T.; writing—original draft preparation,
R.-Y.S. and F.-M.T.; writing—review and editing, R.-Y.S. and F.-M.T.; supervision, L.-K.W. and F.-M.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Taipei Tzu Chi Hospital through the Buddhist Tzu Chi
Medical Foundation, Taipei, Taiwan, under grant number TCRD-TPE-113-20(3/3) (F.-M.T.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

APC Adenomatous polyposis coli
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FGFR2 Fibroblast growth factor receptor 2
OS Overall survival
CLDN18.2 Claudin-18.2
PDX Patient-derived xenograft
PDOs Patient-derived organoids
OoC Organ-on-a-chip

https://doi.org/10.3390/cells15040365

https://www.fda.gov/files/newsroom/published/roadmap_to_reducing_animal_testing_in_preclinical_safety_studies.pdf
https://www.fda.gov/files/newsroom/published/roadmap_to_reducing_animal_testing_in_preclinical_safety_studies.pdf
https://doi.org/10.3390/cells15040365


Cells 2026, 15, 365 19 of 23

MMR Mismatch repair
MSI Microsatellite instability
MSS Microsatellite-stable
PI3K Phosphatidylinositol 3-kinase
EBV Epstein–Barr virus
RTK Receptor tyrosine kinase
MAPK Mitogen-activated protein kinase
FAK Focal adhesion kinase
IHC Immunohistochemistry
PFS Progression-free
OSS Objective response rate
FDA Food and Drug Administration
ECX Epirubicin, cisplatin and capecitabine
NAMs New Approach Methodologies
AI Artificial intelligence

References
1. Yang, P.; Huang, W.; Xu, Y.; Teng, Y.; Shu, P. Trends and projections of the burden of gastric cancer in China and G20 countries: A

comparative study based on the global burden of disease database 2021. Int. J. Surg. 2025, 111, 4854–4865. [CrossRef]
2. Lei, Z.N.; Teng, Q.X.; Tian, Q.; Chen, W.; Xie, Y.; Wu, K.; Zeng, Q.; Zeng, L.; Pan, Y.; Chen, Z.S.; et al. Signaling pathways and

therapeutic interventions in gastric cancer. Signal Transduct. Target. Ther. 2022, 7, 358. [CrossRef]
3. Li, Z.; Zheng, W.; Wang, H.; Cheng, Y.; Fang, Y.; Wu, F.; Sun, G.; Sun, G.; Lv, C.; Hui, B. Application of Animal Models in Cancer

Research: Recent Progress and Future Prospects. Cancer Manag. Res. 2021, 13, 2455–2475. [CrossRef]
4. Guo, H.; Xu, X.; Zhang, J.; Du, Y.; Yang, X.; He, Z.; Zhao, L.; Liang, T.; Guo, L. The Pivotal Role of Preclinical Animal Models in

Anti-Cancer Drug Discovery and Personalized Cancer Therapy Strategies. Pharmaceuticals 2024, 17, 1048. [CrossRef]
5. Wang, E.; Xiang, K.; Zhang, Y.; Wang, X.F. Patient-derived organoids (PDOs) and PDO-derived xenografts (PDOXs): New

opportunities in establishing faithful pre-clinical cancer models. J. Natl. Cancer Cent. 2022, 2, 263–276. [CrossRef]
6. Gao, J.; Lan, J.; Liao, H.; Yang, F.; Qiu, P.; Jin, F.; Wang, S.; Shen, L.; Chao, T.; Zhang, C.; et al. Promising preclinical patient-derived

organoid (PDO) and xenograft (PDX) models in upper gastrointestinal cancers: Progress and challenges. BMC Cancer 2023,
23, 1205. [CrossRef] [PubMed]

7. Tamura, G.; Kihana, T.; Nomura, K.; Terada, M.; Sugimura, T.; Hirohashi, S. Detection of frequent p53 gene mutations in primary
gastric cancer by cell sorting and polymerase chain reaction single-strand conformation polymorphism analysis. Cancer Res. 1991,
51, 3056–3058. [PubMed]

8. Yamada, Y.; Yoshida, T.; Hayashi, K.; Sekiya, T.; Yokota, J.; Hirohashi, S.; Nakatani, K.; Nakano, H.; Sugimura, T.; Terada, M.
p53 gene mutations in gastric cancer metastases and in gastric cancer cell lines derived from metastases. Cancer Res. 1991, 51,
5800–5805. [PubMed]

9. Nakatsuru, S.; Yanagisawa, A.; Ichii, S.; Tahara, E.; Kato, Y.; Nakamura, Y.; Horii, A. Somatic mutation of the APC gene in gastric
cancer: Frequent mutations in very well differentiated adenocarcinoma and signet-ring cell carcinoma. Hum. Mol. Genet. 1992, 1,
559–563. [CrossRef]

10. Guilford, P.; Hopkins, J.; Harraway, J.; McLeod, M.; McLeod, N.; Harawira, P.; Taite, H.; Scoular, R.; Miller, A.; Reeve, A.E.
E-cadherin germline mutations in familial gastric cancer. Nature 1998, 392, 402–405. [CrossRef]

11. Oh, H.A.; Lee, G.; Kang, H.J.; Kim, Y.G.; Bae, S.H.; Lee, J.L.; Lee, K.H.; Hyun, M.S.; Kim, D.S. Overexpression of c-met Protein in
Gastric Cancer and Role of uPAR as a Therapeutic Target. Cancer Res. Treat. 2003, 35, 9–15. [CrossRef]

12. Tanner, M.; Hollmen, M.; Junttila, T.T.; Kapanen, A.I.; Tommola, S.; Soini, Y.; Helin, H.; Salo, J.; Joensuu, H.; Sihvo, E.; et al.
Amplification of HER-2 in gastric carcinoma: Association with Topoisomerase IIalpha gene amplification, intestinal type, poor
prognosis and sensitivity to trastuzumab. Ann. Oncol. 2005, 16, 273–278. [CrossRef]

13. Ling, Z.Q.; Tanaka, A.; Li, P.; Nakayama, T.; Fujiyama, Y.; Hattori, T.; Sugihara, H. Microsatellite instability with promoter
methylation and silencing of hMLH1 can regionally occur during progression of gastric carcinoma. Cancer Lett. 2010, 297, 244–251.
[CrossRef]

14. Wang, K.; Kan, J.; Yuen, S.T.; Shi, S.T.; Chu, K.M.; Law, S.; Chan, T.L.; Kan, Z.; Chan, A.S.; Tsui, W.Y.; et al. Exome sequencing
identifies frequent mutation of ARID1A in molecular subtypes of gastric cancer. Nat. Genet. 2011, 43, 1219–1223. [CrossRef]
[PubMed]

15. Cancer Genome Atlas Research, N. Comprehensive molecular characterization of gastric adenocarcinoma. Nature 2014, 513,
202–209. [CrossRef]

https://doi.org/10.3390/cells15040365

https://doi.org/10.1097/JS9.0000000000002464
https://doi.org/10.1038/s41392-022-01190-w
https://doi.org/10.2147/CMAR.S302565
https://doi.org/10.3390/ph17081048
https://doi.org/10.1016/j.jncc.2022.10.001
https://doi.org/10.1186/s12885-023-11434-9
https://www.ncbi.nlm.nih.gov/pubmed/38062430
https://www.ncbi.nlm.nih.gov/pubmed/2032245
https://www.ncbi.nlm.nih.gov/pubmed/1933850
https://doi.org/10.1093/hmg/1.8.559
https://doi.org/10.1038/32918
https://doi.org/10.4143/crt.2003.35.1.9
https://doi.org/10.1093/annonc/mdi064
https://doi.org/10.1016/j.canlet.2010.05.017
https://doi.org/10.1038/ng.982
https://www.ncbi.nlm.nih.gov/pubmed/22037554
https://doi.org/10.1038/nature13480
https://doi.org/10.3390/cells15040365


Cells 2026, 15, 365 20 of 23

16. Kakiuchi, M.; Nishizawa, T.; Ueda, H.; Gotoh, K.; Tanaka, A.; Hayashi, A.; Yamamoto, S.; Tatsuno, K.; Katoh, H.; Watanabe, Y.; et al.
Recurrent gain-of-function mutations of RHOA in diffuse-type gastric carcinoma. Nat. Genet. 2014, 46, 583–587. [CrossRef]
[PubMed]

17. Hou, F.; Shi, D.B.; Chen, Y.Q.; Gao, P. Human Epidermal Growth Factor Receptor-2 Promotes Invasion and Metastasis in Gastric
Cancer by Activating Mitogen-activated Protein Kinase Signaling. Appl. Immunohistochem. Mol. Morphol. 2019, 27, 529–534.
[CrossRef]

18. Kim, J.W.; Lee, H.S.; Nam, K.H.; Ahn, S.; Kim, J.W.; Ahn, S.H.; Park, D.J.; Kim, H.H.; Lee, K.W. PIK3CA mutations are associated
with increased tumor aggressiveness and Akt activation in gastric cancer. Oncotarget 2017, 8, 90948–90958. [CrossRef] [PubMed]

19. Zhou, H.; Tan, S.; Li, H.; Lin, X. Expression and significance of EBV, ARID1A and PIK3CA in gastric carcinoma. Mol. Med. Rep.
2019, 19, 2125–2136. [CrossRef]

20. Zhang, L.; Hou, Y.; Ashktorab, H.; Gao, L.; Xu, Y.; Wu, K.; Zhai, J.; Zhang, L. The impact of C-MYC gene expression on gastric
cancer cell. Mol. Cell. Biochem. 2010, 344, 125–135. [CrossRef]

21. Choi, J.S.; Seo, J.; Jung, E.J.; Kim, E.J.; Lee, G.K.; Kim, W.H. c-MYC amplification in mucinous gastric carcinoma: A possible
genetic alteration leading to deeply invasive tumors. Anticancer. Res. 2012, 32, 5031–5037. [PubMed]

22. Bang, Y.J.; Van Cutsem, E.; Feyereislova, A.; Chung, H.C.; Shen, L.; Sawaki, A.; Lordick, F.; Ohtsu, A.; Omuro, Y.; Satoh, T.; et al.
Trastuzumab in combination with chemotherapy versus chemotherapy alone for treatment of HER2-positive advanced gastric
or gastro-oesophageal junction cancer (ToGA): A phase 3, open-label, randomised controlled trial. Lancet 2010, 376, 687–697.
[CrossRef] [PubMed]

23. Yarden, Y.; Sliwkowski, M.X. Untangling the ErbB signalling network. Nat. Rev. Mol. Cell Biol. 2001, 2, 127–137. [CrossRef]
[PubMed]

24. Yuan, T.L.; Cantley, L.C. PI3K pathway alterations in cancer: Variations on a theme. Oncogene 2008, 27, 5497–5510. [CrossRef]
25. An, L.; Han, Y.; Jiao, S.; Zhou, Z. Road of no return—Loss of TP53 paves a defined evolution path from gastric preneoplasia-to-

cancer. Cancer Biol. Med. 2024, 20, 885–890. [CrossRef]
26. Tahara, T.; Shibata, T.; Okamoto, Y.; Yamazaki, J.; Kawamura, T.; Horiguchi, N.; Okubo, M.; Nakano, N.; Ishizuka, T.;

Nagasaka, M.; et al. Mutation spectrum of TP53 gene predicts clinicopathological features and survival of gastric cancer.
Oncotarget 2016, 7, 42252–42260. [CrossRef]

27. Tomita, H.; Yamada, Y.; Oyama, T.; Hata, K.; Hirose, Y.; Hara, A.; Kunisada, T.; Sugiyama, Y.; Adachi, Y.; Linhart, H.; et al.
Development of gastric tumors in ApcMin/+ mice by the activation of the beta-catenin/Tcf signaling pathway. Cancer Res. 2007,
67, 4079–4087. [CrossRef]

28. Radulescu, S.; Ridgway, R.A.; Cordero, J.; Athineos, D.; Salgueiro, P.; Poulsom, R.; Neumann, J.; Jung, A.; Patel, S.; Woodgett, J.; et al.
Acute WNT signalling activation perturbs differentiation within the adult stomach and rapidly leads to tumour formation.
Oncogene 2013, 32, 2048–2057. [CrossRef]

29. Han, N.; Kim, M.A.; Lee, H.S.; Kim, W.H. Loss of ARID1A Expression is Related to Gastric Cancer Progression, Epstein-Barr
Virus Infection, and Mismatch Repair Deficiency. Appl. Immunohistochem. Mol. Morphol. 2016, 24, 320–325. [CrossRef]

30. Abe, H.; Kunita, A.; Otake, Y.; Kanda, T.; Kaneda, A.; Ushiku, T.; Fukayama, M. Virus-host interactions in carcinogenesis of
Epstein-Barr virus-associated gastric carcinoma: Potential roles of lost ARID1A expression in its early stage. PLoS ONE 2021,
16, e0256440. [CrossRef]

31. Liu, J.; Xiao, Q.; Xiao, J.; Niu, C.; Li, Y.; Zhang, X.; Zhou, Z.; Shu, G.; Yin, G. Wnt/beta-catenin signalling: Function, biological
mechanisms, and therapeutic opportunities. Signal Transduct. Target. Ther. 2022, 7, 3. [CrossRef] [PubMed]

32. Mandal, J.; Mandal, P.; Wang, T.L.; Shih, I.M. Treating ARID1A mutated cancers by harnessing synthetic lethality and DNA
damage response. J. Biomed. Sci. 2022, 29, 71. [CrossRef] [PubMed]

33. Haron, N.H.; Mohamad Hanif, E.A.; Abdul Manaf, M.R.; Yaakub, J.A.; Harun, R.; Mohamed, R.; Mohamed Rose, I. Microsatellite
Instability and Altered Expressions of MLH1 and MSH2 in Gastric Cancer. Asian Pac. J. Cancer Prev. 2019, 20, 509–517. [CrossRef]
[PubMed]

34. Shigeyasu, K.; Nagasaka, T.; Mori, Y.; Yokomichi, N.; Kawai, T.; Fuji, T.; Kimura, K.; Umeda, Y.; Kagawa, S.; Goel, A.; et al. Clinical
Significance of MLH1 Methylation and CpG Island Methylator Phenotype as Prognostic Markers in Patients with Gastric Cancer.
PLoS ONE 2015, 10, e0130409. [CrossRef]

35. Fleisher, A.S.; Esteller, M.; Wang, S.; Tamura, G.; Suzuki, H.; Yin, J.; Zou, T.T.; Abraham, J.M.; Kong, D.; Smolinski, K.N.; et al.
Hypermethylation of the hMLH1 gene promoter in human gastric cancers with microsatellite instability. Cancer Res. 1999, 59,
1090–1095.

36. Ishiguro, K.; Kawakami, K.; Maeda, K.; Ishida, Y.; Omura, K.; Watanabe, G. Microsatellite instability in gastric cancer is closely
associated with hMLH1 hypermethylation at the proximal region of the promoter. Int. J. Mol. Med. 2003, 12, 603–608. [CrossRef]

37. Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, L.K.; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S.; et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 2017, 357, 409–413. [CrossRef]

https://doi.org/10.3390/cells15040365

https://doi.org/10.1038/ng.2984
https://www.ncbi.nlm.nih.gov/pubmed/24816255
https://doi.org/10.1097/PAI.0000000000000672
https://doi.org/10.18632/oncotarget.18770
https://www.ncbi.nlm.nih.gov/pubmed/29207615
https://doi.org/10.3892/mmr.2019.9886
https://doi.org/10.1007/s11010-010-0536-0
https://www.ncbi.nlm.nih.gov/pubmed/23155275
https://doi.org/10.1016/S0140-6736(10)61121-X
https://www.ncbi.nlm.nih.gov/pubmed/20728210
https://doi.org/10.1038/35052073
https://www.ncbi.nlm.nih.gov/pubmed/11252954
https://doi.org/10.1038/onc.2008.245
https://doi.org/10.20892/j.issn.2095-3941.2023.0435
https://doi.org/10.18632/oncotarget.9770
https://doi.org/10.1158/0008-5472.CAN-06-4025
https://doi.org/10.1038/onc.2012.224
https://doi.org/10.1097/PAI.0000000000000199
https://doi.org/10.1371/journal.pone.0256440
https://doi.org/10.1038/s41392-021-00762-6
https://www.ncbi.nlm.nih.gov/pubmed/34980884
https://doi.org/10.1186/s12929-022-00856-5
https://www.ncbi.nlm.nih.gov/pubmed/36123603
https://doi.org/10.31557/APJCP.2019.20.2.509
https://www.ncbi.nlm.nih.gov/pubmed/30803214
https://doi.org/10.1371/journal.pone.0130409
https://doi.org/10.3892/ijmm.12.4.603
https://doi.org/10.1126/science.aan6733
https://doi.org/10.3390/cells15040365


Cells 2026, 15, 365 21 of 23

38. Kavun, A.; Veselovsky, E.; Lebedeva, A.; Belova, E.; Kuznetsova, O.; Yakushina, V.; Grigoreva, T.; Mileyko, V.; Fedyanin, M.;
Ivanov, M. Microsatellite Instability: A Review of Molecular Epidemiology and Implications for Immune Checkpoint Inhibitor
Therapy. Cancers 2023, 15, 2288. [CrossRef]

39. Gregory, S.N.; Davis, J.L. CDH1 and hereditary diffuse gastric cancer: A narrative review. Chin. Clin. Oncol. 2023, 12, 25.
[CrossRef]

40. Hansford, S.; Kaurah, P.; Li-Chang, H.; Woo, M.; Senz, J.; Pinheiro, H.; Schrader, K.A.; Schaeffer, D.F.; Shumansky, K.;
Zogopoulos, G.; et al. Hereditary Diffuse Gastric Cancer Syndrome: CDH1 Mutations and Beyond. JAMA Oncol. 2015, 1,
23–32. [CrossRef]

41. Zhou, J.; Hayakawa, Y.; Wang, T.C.; Bass, A.J. RhoA mutations identified in diffuse gastric cancer. Cancer Cell 2014, 26, 9–11.
[CrossRef]

42. Nam, S.; Kim, J.H.; Lee, D.H. RHOA in Gastric Cancer: Functional Roles and Therapeutic Potential. Front. Genet. 2019, 10, 438.
[CrossRef] [PubMed]

43. Tian, X.; Liu, Z.; Niu, B.; Zhang, J.; Tan, T.K.; Lee, S.R.; Zhao, Y.; Harris, D.C.; Zheng, G. E-cadherin/beta-catenin complex and the
epithelial barrier. J. Biomed. Biotechnol. 2011, 2011, 567305. [CrossRef] [PubMed]

44. Ushiku, T.; Ishikawa, S.; Kakiuchi, M.; Tanaka, A.; Katoh, H.; Aburatani, H.; Lauwers, G.Y.; Fukayama, M. RHOA mutation in
diffuse-type gastric cancer: A comparative clinicopathology analysis of 87 cases. Gastric Cancer 2016, 19, 403–411. [CrossRef]
[PubMed]

45. Ebrahimi, V.; Soleimanian, A.; Ebrahimi, T.; Azargun, R.; Yazdani, P.; Eyvazi, S.; Tarhriz, V. Epigenetic modifications in gastric
cancer: Focus on DNA methylation. Gene 2020, 742, 144577. [CrossRef]

46. Yang, Q.; Chen, Y.; Guo, R.; Dai, Y.; Tang, L.; Zhao, Y.; Wu, X.; Li, M.; Du, F.; Shen, J.; et al. Interaction of ncRNA and Epigenetic
Modifications in Gastric Cancer: Focus on Histone Modification. Front. Oncol. 2021, 11, 822745. [CrossRef]

47. Attathikhun, M.; Jurj, A.; Calin, G.A. MicroRNAs as key regulators of cancer drug resistance: Insights and future directions in
chemotherapy, targeted-therapy, radiotherapy, and immunotherapy. Cancer Drug Resist. 2025, 8, 64. [CrossRef]

48. Zou, G.; Huang, Y.; Zhang, S.; Ko, K.P.; Kim, B.; Zhang, J.; Venkatesan, V.; Pizzi, M.P.; Fan, Y.; Jun, S.; et al. E-cadherin loss drives
diffuse-type gastric tumorigenesis via EZH2-mediated reprogramming. J. Exp. Med. 2024, 221, e20230561. [CrossRef]

49. Hagen, S.J.; Ang, L.H.; Zheng, Y.; Karahan, S.N.; Wu, J.; Wang, Y.E.; Caron, T.J.; Gad, A.P.; Muthupalani, S.; Fox, J.G. Loss of
Tight Junction Protein Claudin 18 Promotes Progressive Neoplasia Development in Mouse Stomach. Gastroenterology 2018, 155,
1852–1867. [CrossRef]

50. Fatehullah, A.; Terakado, Y.; Sagiraju, S.; Tan, T.L.; Sheng, T.; Tan, S.H.; Murakami, K.; Swathi, Y.; Ang, N.; Rajarethinam, R.; et al.
A tumour-resident Lgr5+ stem-cell-like pool drives the establishment and progression of advanced gastric cancers. Nat. Cell Biol.
2021, 23, 1299–1313. [CrossRef]

51. Arai, J.; Hayakawa, Y.; Suzuki, N.; Kinoshita, H.; Hata, M.; Kurokawa, K.; Matsushita, Y.; Abe, S.; Oya, Y.; Tsuboi, M.; et al.
ARID1A mutation drives gastric tumorigenesis via activating type 2 immune dominant microenvironment. iScience 2025, 28,
113117. [CrossRef]

52. Leibold, J.; Tsanov, K.M.; Amor, C.; Ho, Y.J.; Sanchez-Rivera, F.J.; Feucht, J.; Baslan, T.; Chen, H.A.; Tian, S.; Simon, J.; et al. Somatic
mouse models of gastric cancer reveal genotype-specific features of metastatic disease. Nat. Cancer 2024, 5, 315–329. [CrossRef]
[PubMed]

53. Zhang, H.; Schaefer, A.; Wang, Y.; Hodge, R.G.; Blake, D.R.; Diehl, J.N.; Papageorge, A.G.; Stachler, M.D.; Liao, J.; Zhou, J.; et al.
Gain-of-Function RHOA Mutations Promote Focal Adhesion Kinase Activation and Dependency in Diffuse Gastric Cancer. Cancer
Discov. 2020, 10, 288–305. [CrossRef] [PubMed]

54. Chen, H.; Ye, Q.; Lv, J.; Ye, P.; Sun, Y.; Fan, S.; Su, X.; Gavine, P.; Yin, X. Evaluation of Trastuzumab Anti-Tumor Efficacy and
its Correlation with HER-2 Status in Patient-Derived Gastric Adenocarcinoma Xenograft Models. Pathol. Oncol. Res. 2015, 21,
947–955. [CrossRef] [PubMed]

55. Guo, X.; Zhu, H.; Zhou, N.; Chen, Z.; Liu, T.; Liu, F.; Xu, X.; Jin, H.; Shen, L.; Gao, J.; et al. Noninvasive Detection of HER2
Expression in Gastric Cancer by 64Cu-NOTA-Trastuzumab in PDX Mouse Model and in Patients. Mol. Pharm. 2018, 15, 5174–5182.
[CrossRef]

56. Yamashita-Kashima, Y.; Shu, S.; Harada, N.; Fujimoto-Ouchi, K. Enhanced antitumor activity of trastuzumab emtansine (T-DM1)
in combination with pertuzumab in a HER2-positive gastric cancer model. Oncol. Rep. 2013, 30, 1087–1093. [CrossRef]

57. Zhu, Y.; Zhu, X.; Wei, X.; Tang, C.; Zhang, W. HER2-targeted therapies in gastric cancer. Biochim. Biophys. Acta Rev. Cancer 2021,
1876, 188549. [CrossRef]

58. Satoh, T.; Barthelemy, P.; Nogova, L.; Honda, K.; Hirano, H.; Lee, K.W.; Rha, S.Y.; Ryu, M.H.; Park, J.O.; Doi, T.; et al. Phase 2
study of futibatinib in patients with gastric or gastroesophageal junction cancer harboring FGFR2 amplifications. Eur. J. Cancer
2025, 218, 115262. [CrossRef]

59. Lages Dos Santos, J.; Caetano Oliveira, R.; Gama, J.M. The Role of FGFR2 as a Novel Biomarker for Treatment of Gastric Cancer-A
Literature Review. Medicina 2025, 61, 1890. [CrossRef]

https://doi.org/10.3390/cells15040365

https://doi.org/10.3390/cancers15082288
https://doi.org/10.21037/cco-23-36
https://doi.org/10.1001/jamaoncol.2014.168
https://doi.org/10.1016/j.ccr.2014.06.022
https://doi.org/10.3389/fgene.2019.00438
https://www.ncbi.nlm.nih.gov/pubmed/31156701
https://doi.org/10.1155/2011/567305
https://www.ncbi.nlm.nih.gov/pubmed/22007144
https://doi.org/10.1007/s10120-015-0493-0
https://www.ncbi.nlm.nih.gov/pubmed/25823974
https://doi.org/10.1016/j.gene.2020.144577
https://doi.org/10.3389/fonc.2021.822745
https://doi.org/10.20517/cdr.2025.146
https://doi.org/10.1084/jem.20230561
https://doi.org/10.1053/j.gastro.2018.08.041
https://doi.org/10.1038/s41556-021-00793-9
https://doi.org/10.1016/j.isci.2025.113117
https://doi.org/10.1038/s43018-023-00686-w
https://www.ncbi.nlm.nih.gov/pubmed/38177458
https://doi.org/10.1158/2159-8290.CD-19-0811
https://www.ncbi.nlm.nih.gov/pubmed/31771969
https://doi.org/10.1007/s12253-015-9909-8
https://www.ncbi.nlm.nih.gov/pubmed/25749810
https://doi.org/10.1021/acs.molpharmaceut.8b00673
https://doi.org/10.3892/or.2013.2547
https://doi.org/10.1016/j.bbcan.2021.188549
https://doi.org/10.1016/j.ejca.2025.115262
https://doi.org/10.3390/medicina61111890
https://doi.org/10.3390/cells15040365


Cells 2026, 15, 365 22 of 23

60. Kang, Y.K.; Qin, S.; Lee, K.W.; Oh, S.C.; Kim, I.H.; Kim, J.G.; Li, Y.; Yan, Z.; Li, J.; Bai, L.Y.; et al. Bemarituzumab plus mFOLFOX6
as first-line treatment in East Asian patients with FGFR2b-overexpressing locally advanced or metastatic gastric/gastroesophageal
junction cancer: Subgroup of FIGHT final analysis. Gastric Cancer 2024, 27, 1046–1057. [CrossRef]

61. Ineichen, B.V.; Furrer, E.; Gruninger, S.L.; Zurrer, W.E.; Macleod, M.R. Analysis of animal-to-human translation shows that only
5% of animal-tested therapeutic interventions obtain regulatory approval for human applications. PLoS Biol. 2024, 22, e3002667.
[CrossRef] [PubMed]

62. Li, W.; Zhang, T. Precancerous pathways to gastric cancer: A review of experimental animal models recapitulating the correa
cascade. Front. Cell Dev. Biol. 2025, 13, 1620756. [CrossRef] [PubMed]

63. Lordick, F.; Kang, Y.K.; Chung, H.C.; Salman, P.; Oh, S.C.; Bodoky, G.; Kurteva, G.; Volovat, C.; Moiseyenko, V.M.;
Gorbunova, V.; et al. Capecitabine and cisplatin with or without cetuximab for patients with previously untreated advanced
gastric cancer (EXPAND): A randomised, open-label phase 3 trial. Lancet Oncol. 2013, 14, 490–499. [CrossRef] [PubMed]

64. Waddell, T.; Chau, I.; Cunningham, D.; Gonzalez, D.; Okines, A.F.; Okines, C.; Wotherspoon, A.; Saffery, C.; Middleton, G.;
Wadsley, J.; et al. Epirubicin, oxaliplatin, and capecitabine with or without panitumumab for patients with previously untreated
advanced oesophagogastric cancer (REAL3): A randomised, open-label phase 3 trial. Lancet Oncol. 2013, 14, 481–489. [CrossRef]

65. Rao, S.; Starling, N.; Cunningham, D.; Sumpter, K.; Gilligan, D.; Ruhstaller, T.; Valladares-Ayerbes, M.; Wilke, H.; Archer, C.;
Kurek, R.; et al. Matuzumab plus epirubicin, cisplatin and capecitabine (ECX) compared with epirubicin, cisplatin and
capecitabine alone as first-line treatment in patients with advanced oesophago-gastric cancer: A randomised, multicentre
open-label phase II study. Ann. Oncol. 2010, 21, 2213–2219. [CrossRef]

66. Catenacci, D.V.T.; Tebbutt, N.C.; Davidenko, I.; Murad, A.M.; Al-Batran, S.E.; Ilson, D.H.; Tjulandin, S.; Gotovkin, E.;
Karaszewska, B.; Bondarenko, I.; et al. Rilotumumab plus epirubicin, cisplatin, and capecitabine as first-line therapy in advanced
MET-positive gastric or gastro-oesophageal junction cancer (RILOMET-1): A randomised, double-blind, placebo-controlled,
phase 3 trial. Lancet Oncol. 2017, 18, 1467–1482. [CrossRef]

67. Pearson, A.; Smyth, E.; Babina, I.S.; Herrera-Abreu, M.T.; Tarazona, N.; Peckitt, C.; Kilgour, E.; Smith, N.R.; Geh, C.; Rooney, C.; et al.
High-Level Clonal FGFR Amplification and Response to FGFR Inhibition in a Translational Clinical Trial. Cancer Discov. 2016, 6,
838–851. [CrossRef]

68. Mezynski, M.J.; Farrelly, A.M.; Cremona, M.; Carr, A.; Morgan, C.; Workman, J.; Armstrong, P.; McAuley, J.; Madden, S.; Fay, J.; et al.
Targeting the PI3K and MAPK pathways to improve response to HER2-targeted therapies in HER2-positive gastric cancer. J.
Transl. Med. 2021, 19, 184. [CrossRef]

69. Apicella, M.; Corso, S.; Giordano, S. Targeted therapies for gastric cancer: Failures and hopes from clinical trials. Oncotarget 2017,
8, 57654–57669. [CrossRef]

70. Silva, T.N.; Wright, J.A.; Worthley, D.L.; Woods, S.L. Precision Medicine for Gastric Cancer: Current State of Organoid Drug
Testing. Organoids 2024, 3, 266–280. [CrossRef]

71. Sahin, U.; Koslowski, M.; Dhaene, K.; Usener, D.; Brandenburg, G.; Seitz, G.; Huber, C.; Tureci, O. Claudin-18 splice variant 2 is a
pan-cancer target suitable for therapeutic antibody development. Clin. Cancer Res. 2008, 14, 7624–7634. [CrossRef]

72. Kubota, Y.; Shitara, K. Zolbetuximab for Claudin18.2-positive gastric or gastroesophageal junction cancer. Ther. Adv. Med. Oncol.
2024, 16, 17588359231217967. [CrossRef]

73. Shitara, K.; Lordick, F.; Bang, Y.J.; Enzinger, P.; Ilson, D.; Shah, M.A.; Van Cutsem, E.; Xu, R.H.; Aprile, G.; Xu, J.; et al.
Zolbetuximab plus mFOLFOX6 in patients with CLDN18.2-positive, HER2-negative, untreated, locally advanced unresectable
or metastatic gastric or gastro-oesophageal junction adenocarcinoma (SPOTLIGHT): A multicentre, randomised, double-blind,
phase 3 trial. Lancet 2023, 401, 1655–1668. [CrossRef]

74. Shah, M.A.; Shitara, K.; Ajani, J.A.; Bang, Y.J.; Enzinger, P.; Ilson, D.; Lordick, F.; Van Cutsem, E.; Gallego Plazas, J.; Huang, J.; et al.
Zolbetuximab plus CAPOX in CLDN18.2-positive gastric or gastroesophageal junction adenocarcinoma: The randomized, phase
3 GLOW trial. Nat. Med. 2023, 29, 2133–2141. [CrossRef]

75. Poniewierska-Baran, A.; Plewa, P.; Zabicka, Z.; Pawlik, A. Claudin18.2 as a Promising Therapeutic Target in Gastric Cancer. Cells
2025, 14, 1285. [CrossRef] [PubMed]

76. Xu, B.; Liu, F.; Liu, Q.; Shi, T.; Wang, Z.; Wu, N.; Xu, X.; Li, L.; Fan, X.; Yu, L.; et al. Highly expressed Claudin18.2 as a potential
therapeutic target in advanced gastric signet-ring cell carcinoma (SRCC). J. Gastrointest. Oncol. 2020, 11, 1431–1439. [CrossRef]
[PubMed]

77. Seidlitz, T.; Koo, B.K.; Stange, D.E. Gastric organoids-an in vitro model system for the study of gastric development and road to
personalized medicine. Cell Death Differ. 2021, 28, 68–83. [CrossRef] [PubMed]

78. Chen, G.; Han, R.; Wang, L.; Ma, W.; Zhang, W.; Lu, Z.; Wang, L. Establishment of patient-derived organoids and a characterization
based drug discovery platform for treatment of gastric cancer. Cancer Cell Int. 2024, 24, 288. [CrossRef]

79. Zhong, W.; Lu, Y.; Ma, Z.; He, Y.; Ding, Y.; Yao, G.; Zhou, Z.; Dong, J.; Fang, Y.; Jiang, W.; et al. Development of a Humanized
VHH Based Recombinant Antibody Targeting Claudin 18.2 Positive Cancers. Front. Immunol. 2022, 13, 885424. [CrossRef]

https://doi.org/10.3390/cells15040365

https://doi.org/10.1007/s10120-024-01516-3
https://doi.org/10.1371/journal.pbio.3002667
https://www.ncbi.nlm.nih.gov/pubmed/38870090
https://doi.org/10.3389/fcell.2025.1620756
https://www.ncbi.nlm.nih.gov/pubmed/40673273
https://doi.org/10.1016/S1470-2045(13)70102-5
https://www.ncbi.nlm.nih.gov/pubmed/23594786
https://doi.org/10.1016/S1470-2045(13)70096-2
https://doi.org/10.1093/annonc/mdq247
https://doi.org/10.1016/S1470-2045(17)30566-1
https://doi.org/10.1158/2159-8290.CD-15-1246
https://doi.org/10.1186/s12967-021-02842-1
https://doi.org/10.18632/oncotarget.14825
https://doi.org/10.3390/organoids3040016
https://doi.org/10.1158/1078-0432.CCR-08-1547
https://doi.org/10.1177/17588359231217967
https://doi.org/10.1016/S0140-6736(23)00620-7
https://doi.org/10.1038/s41591-023-02465-7
https://doi.org/10.3390/cells14161285
https://www.ncbi.nlm.nih.gov/pubmed/40862764
https://doi.org/10.21037/jgo-20-344
https://www.ncbi.nlm.nih.gov/pubmed/33457012
https://doi.org/10.1038/s41418-020-00662-2
https://www.ncbi.nlm.nih.gov/pubmed/33223522
https://doi.org/10.1186/s12935-024-03460-9
https://doi.org/10.3389/fimmu.2022.885424
https://doi.org/10.3390/cells15040365


Cells 2026, 15, 365 23 of 23

80. Wang, Y.; Ma, L.; Kuang, Z.; Li, D.; Yang, J.; Liu, Y.; Zhang, L.; Li, Z.; Li, Q. Preparation of Radiolabeled Zolbetuximab Targeting
CLDN18.2 and Its Preliminary Evaluation for Potential Clinical Applications. Mol. Pharm. 2024, 21, 3838–3847. [CrossRef]

81. Wang, L.K.; Wu, T.J.; Tsai, F.M. Applications and Complementarity of Organ-Chips and Animal Models in Lung Cancer Driver
Gene Research. Cell Biol. Int. 2026, 50, e70108. [CrossRef]

82. Yu, Y.; Zhou, T.; Cao, L. Use and application of organ-on-a-chip platforms in cancer research. J. Cell Commun. Signal 2023, 17,
1163–1179. [CrossRef]

83. FDA. FDA pushes to replace animal testing. Nat. Biotechnol. 2025, 43, 655. [CrossRef]
84. Mirlohi, M.S.; Yousefi, T.; Aref, A.R.; Seyfoori, A. Integrating New Approach Methodologies (NAMs) into Preclinical Regulatory

Evaluation of Oncology Drugs. Biomimetics 2025, 10, 796. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cells15040365

https://doi.org/10.1021/acs.molpharmaceut.4c00122
https://doi.org/10.1002/cbin.70108
https://doi.org/10.1007/s12079-023-00790-7
https://doi.org/10.1038/s41587-025-02690-0
https://doi.org/10.3390/biomimetics10120796
https://doi.org/10.3390/cells15040365

	Introduction 
	Discovery of Gastric Cancer–Associated Genes 
	Functional Classification of Gastric Cancer-Associated Genes 
	Oncogenes 
	Tumor Suppressor Genes 
	Genes Involved in DNA Repair and Genomic Stability 
	Genes Regulating Cellular Structure, Adhesion, and the Cytoskeleton 
	Epigenetic Alterations and Chemoresistance in Gastric Cancer 

	Animal Models for Gastric Cancer–Associated Genes 
	CDH1 
	CLDN18 
	ARID1A and PIK3CA 
	MYC and p53 
	RHOA 

	Translational Progress from Animal Models to Clinical Application in Gastric Cancer 
	HER2 (ERBB2) 
	PIK3CA/PI3K Pathway 
	MET and FGFR2 

	Limited Translatability of Preclinical Models to Clinical Outcomes: Lessons from Failed Targeted Therapies in Gastric and Gastroesophageal Adenocarcinoma 
	EGFR-Targeted Therapies (Matuzumab, Cetuximab, and Panitumumab) 
	MET/HGF Pathway: Rilotumumab (RILOMET-1) 
	FGFR2 and PI3K Pathways: Strong Preclinical Rationale but Modest Clinical Benefit 

	From Patient-Derived Models to Clinical Translation: PDX and Organoid-Based Approaches in Gastric Cancer 
	Comparative Lessons from Translational Successes and Failures: HER2 and CLDN18.2 Versus EGFR, MET, and Related Targets 
	Conclusions and Future Perspectives 
	References

