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Abstract

Gastrointestinal (Gl) cancers pose a significant global health burden, driven by complex molecular alterations

and microenvironmental interactions. Advances in molecular pathogenesis have elucidated recurrent driver gene
mutations, such as KRAS, TP53, and APC, alongside dysregulated signaling pathways including Wnt, RAS-MAPK,

and PI3K-AKT, which collectively underpin tumor initiation and progression. Complementing genetic changes,
epigenetic alterations—such as DNA hypermethylation, histone modifications, and regulatory non-coding RNAs—
further contribute to malignant evolution by reshaping chromatin architecture and gene expression. These mecha-
nisms not only promote uncontrolled proliferation but also reinforce therapeutic resistance by dynamically modify-
ing the tumor microenvironment (TME). Molecular subtyping efforts, including The Cancer Genome Atlas (TCGA)
classification for gastric cancer (GC) and the Consensus Molecular Subtypes (CMS) for colorectal cancer (CRCO),

have delineated disease heterogeneity, revealing distinct pathogenic pathways and enabling refined prognostic
stratification. Such insights provide the biological rationale for diagnostic techniques and targeted interventions.
For instance, anti-EGFR and anti-VEGF monoclonal antibodies disrupt oncogenic signaling and tumor angiogenesis,
respectively, and have demonstrated substantial clinical efficacy in selected patient populations. In parallel, immuno-
therapy has emerged as a transformative modality in oncology. Immune checkpoint inhibitors targeting PD-1/PD-L1
and CTLA-4 reinvigorate antitumor immunity and have reshaped standard-of-care protocols for several Gl malig-
nancies. Beyond conventional immunotherapies, innovative strategies such as CAR-T cell therapy and neoantigen-
based vaccines are being actively investigated. These approaches aim to overcome immune evasion mechanisms
and enhance tumor-specific targeting, offering promise for patients with resistant or advanced disease. This review
comprehensively analyzes the evolving molecular landscape of Gl cancers and the corresponding development

of targeted and immunotherapeutic agents. It highlights a balanced integration of mechanistic discovery and clinical
translation, underscoring their synergistic roles in advancing precision oncology and improving survival outcomes.
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Introduction
Gastrointestinal (GI) cancers represent a significant
global health challenge, with approximately 4.8 million
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The evolution of precision medicine in GI cancers dem-
onstrates distinct developmental phases. Early research
focused on driver genes (e.g., KRAS, TP53, APC) and
core signaling pathways (e.g., Wnt, RAS-MAPK), which
established the theoretical foundation for targeted ther-
apy and led to the development of treatments such as
anti-EGFR and anti-VEGF therapies [1-3]. Subsequently,
molecular subtyping efforts like The Cancer Genome
Atlas (TCGA) and Consensus Molecular Subtypes (CMS)
classified tumors into subtypes such as EBV-positive,
microsatellite instability-high (MSI-H), chromosomally
unstable (CIN), and genomically stable (GS), systemati-
cally elucidating disease heterogeneity and guiding the
shift toward “same disease, different treatment” strategies
[4, 5]. The breakthrough in 2015 regarding the MSI-H/
mismatch repair-deficient (AIMMR) mechanism served as
a critical link between genotype and the immune micro-
environment, expanding the scope of precision medicine
from targeting tumor cells to immune modulation [6].
More recently, advances in epigenetic mechanisms (e.g.,
IDH]I mutations) and the exploration of rare targets (e.g.,
NTRK fusions, CLDN18.2) signify the ongoing matura-
tion and comprehensive refinement of precision therapy
frameworks [7, 8].

This review systematically surveys the molecular basis
and targeted therapeutic strategies for GI cancers. It
elucidates their molecular pathogenesis, including the
genetic and epigenetic alterations that drive tumorigen-
esis, signaling pathway aberrations, and the regulatory
role of the TME. Furthermore, it discusses current diag-
nostic methods, including the role of early detection bio-
markers and advanced imaging techniques in improving
diagnostic accuracy. Regarding therapeutic approaches,
this review critically evaluates the clinical efficacy and
limitations of existing targeted therapies (such as mono-
clonal antibodies, small molecule inhibitors, and immu-
notherapies) and explores emerging treatment strategies,
including mesenchymal stem cell-derived exosomes,
genome-driven personalized medicine, and combination
therapies. Through this systematic overview, this arti-
cle aims to provide a theoretical basis and outline future
research directions for the mechanistic study, clinical
management, and translational practice in the field of GI
cancers.

Molecular pathogenesis of Gl cancer

The cell cycle is a tightly regulated process that orches-
trates cell growth, DNA replication, and division. It
relies on a series of checkpoints (G1/S, G2/M, and spin-
dle assembly checkpoint) to ensure genomic stabil-
ity and prevent the propagation of damaged DNA [9].
These checkpoints act as molecular gatekeepers, halt-
ing cell cycle progression in response to DNA damage
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or replication errors. However, in cancer, including GI
malignancies, the disruption of these checkpoints is a
fundamental event that drives uncontrolled proliferation
and genomic instability.

The G1/S checkpoint is particularly critical, as it deter-
mines whether a cell commits to DNA replication. This
checkpoint is regulated by tumor suppressor genes such
as TP53 and RB1, which act as brakes on cell cycle pro-
gression under conditions of genomic stress. Similarly,
the G2/M checkpoint ensures that DNA is fully repaired
before mitosis, with proteins such as ATM, CHK2, and
BRCA1 playing essential roles. Dysregulation in these
pathways contributes to chromosomal instability, a hall-
mark of cancer progression.

The progression of the cell cycle is driven by cyclin-
dependent kinases (CDKs) and their regulatory partners,
cyclins. For example, Cyclin D1 and CDK4/6 promote
the transition from G1 to S phase by phosphorylating the
RB1 protein, effectively braking the cell cycle progression.
In GI cancers, overexpression of Cyclin D1 or hyperacti-
vation of CDK4/6 bypasses the G1/S checkpoint, leading
to uncontrolled proliferation.

In brief, the dysregulation of cell cycle checkpoints and
the aberrant activation of cyclin-CDK complexes are cen-
tral to the molecular pathogenesis of GI cancers. These
processes are frequently driven by mutations in key genes
such as TP53, KRAS, and APC, which not only disrupt
normal cell cycle control but also initiate downstream
oncogenic signaling pathways (Fig. 1). In detail, KRAS
mutations drive constitutive activation of signaling axes
such as MAPK and PI3K-AKT, which collaboratively
upregulate and stabilize key G1/S checkpoint regula-
tors, particularly Cyclin D1, at both the transcriptional
and translational levels, thereby relieving the inhibition
on pRb [10]. The following sections will explore these
high-frequency genetic alterations and their roles in
tumorigenesis.

Genetic alterations

Esophageal squamous cell carcinoma

With the exceedingly high mutation rate in esophageal
squamous cell carcinoma (over 80%) [11], inactivation
of the tumor suppressor gene TP53 is a hallmark event
in the development of most GI cancers, representing
the single most frequently mutated gene in this group
of malignancies. As the “guardian of the genome”, wild-
type p53 responds to cellular stress by inducing cell
cycle arrest, DNA repair, or apoptosis. The mutational
landscape of TP53 is diverse, encompassing truncating
(nonsense and frameshift) mutations that lead to a com-
plete loss-of-function (LOF), as well as missense muta-
tions predominantly located in the DNA-binding domain
[12]. However, it has been well established that different
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Fig. 1 Genetic Mechanisms Underlying Gastrointestinal Cancer Progression. Dysregulation of cell cycle checkpoints (G1/S, M/G2, and G2/M)
contributes to genomic instability and tumor suppressor gene inactivation. Mutations in key genes such as TP53 lead to loss-of-function (LOF)
effects that enable damaged cells to survive or gain-of-function effects that promote oncogenic transcription, extracellular matrix destruction,
and epithelial-mesenchymal transition (EMT). Additional mutations in APC, KRAS/BRAF/NRAS, and PIK3CA activate oncogenic pathways,
including Wnt/B-catenin signaling, RAS-MAPK signaling, and PI3K-AKT signaling, driving tumorigenesis and cancer cell survival (figure was created

with Biorender.com)

TP53 mutations lead to distinct functional consequences.
While truncating mutations result in the absence of the
p53 protein, a subset of missense mutations (e.g., R175H,
R248Q, R273H) confer a neomorphic, oncogenic gain-
of-function (GOF) [13]. These GOF mutants not only
inhibit wild-type tumor-suppressive activities through
a dominant-negative effect but also actively promote
tumor progression, invasion, metastasis, and therapeu-
tic resistance [14]. Because, GOF in TP53 hijack and
alter the expression of various DNA repair genes (such
as MREI1I and RAD51I) and disrupt normal replication
processes, thereby exacerbating genomic instability [15].
Furthermore, these mutants promote chemotherapy
resistance by activating proto-oncogenes like c-MYC
and co-opt chromatin regulatory pathways to reprogram

the epigenetic landscape [16, 17]. From the perspective
of metabolic reprogramming, the expression of glucose
transporters such as GLUT1 is also upregulated, enhanc-
ing the Warburg effect to provide sustained energy and
biosynthetic precursors for the malignant proliferation
of tumor cells [18]. Patients with tumors harboring GOF
mutations often exhibit a more aggressive phenotype and
worse outcomes compared to those with LOF mutations
or wild-type TP53 [19]. It is evident that the loss of p53
function is a critical, often late-stage event that is nec-
essary for malignant progression, but it typically acts in
concert with other oncogenic alterations for full-blown
cancer development [20]. Here, TP53 loss-of-function
mutations serve as a critical driver in the malignant pro-
gression of gastrointestinal tumors [21]. Their increased
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frequency in advanced stages stems from clonal selection
under evolutionary pressure, where genomic instability
and therapeutic stress favor the survival of TP53-defi-
cient clones [22]. By disrupting cell cycle checkpoints,
apoptosis induction, and DNA repair mechanisms, these
mutations promote genomic chaos, therapy resistance,
and metastatic competence [23]. Ultimately, the inac-
tivation of this “genome guardian” equips tumor cells
with the ultimate survival advantage to withstand stress,
accelerate evolution, and overcome microenvironmental
constraints.

In detail, in colorectal cancer, TP53 mutations primar-
ily occur during the transition from benign adenoma to
invasive carcinoma, resulting in a very high mutation
rate (approximately 60%) in invasive carcinoma (late-
stage adenocarcinoma), while being relatively rare in the
adenoma stage [24]. Regarding gastric cancer, the overall
incidence of TP53 mutations is slightly lower (33%), and
the incidence of TP53 mutations in advanced stages (III/
IV) is significantly higher than in early stages (I/II) [25].
In pancreatic cancer (PC), TP53 mutation is also a rela-
tively late genetic event, typically appearing at the high-
grade pancreatic intraepithelial neoplasia (PanIN-3, i.e.,
carcinoma in situ) stage [26].

Cholangiocarcinoma

The molecular profile of intrahepatic cholangiocarci-
noma (iCCA) is notably different from other GI cancers.
Furthermore, the notable incidence of FGFR2 altera-
tions and IDH mutations, coupled with the advanc-
ing development of targeted therapeutics against these
molecular abnormalities, represents an area of growing
clinical importance. Regarding the oncogenic mechanism
of FGFR2 alterations, FGFR2 functions as a receptor
tyrosine kinase. Critically, the loss of its C-terminal inhib-
itory domain, often resulting from deletions in the termi-
nal exon, leads to the formation of constitutively active
truncated FGFR2 isoforms. These variants dimerize and
signal ligand-independently, driving uncontrolled pro-
liferation and tumor survival, inducing conformational
changes in disulfide bonds via modified cysteine residues,
thereby promoting receptor dimerization and subsequent
FGFR2 activation [27-29]. More importantly, FGFR2
fusions are identified in 10%—20% of patients with iCCA.
Consequently, for iCCA patients, clinical guidelines rou-
tinely recommend the use of next-generation sequenc-
ing (NGS) or fluorescence in situ hybridization (FISH) to
identify individuals eligible for FGFR2-targeted therapy.
The corresponding targeted agents, primarily pemi-
gatinib and infigratinib, will be detailed in Sect. “Mono-
clonal antibodies and small molecular drugs” In CCA,
IDH mutations are also detected in approximately 20%
of patients, with the IDHI R132C variant being the most
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prevalent [7, 30]. Mechanisticallyy, GOF mutations in
the isocitrate dehydrogenase gene lead to the aberrant
production and accumulation of the oncometabolite
2-hydroxyglutarate (2-HG), which disrupts cellular epige-
netic regulation and impairs differentiation, thereby pro-
moting tumorigenesis. Given the rarity of IDH mutations
in other gastrointestinal malignancies, they are regarded
as a relatively specific molecular marker for iCCA. Test-
ing for IDH1/2 mutations is considered a standard com-
ponent of the diagnostic workup for confirmed iCCA
cases. Representative targeted therapies for IDH-mutant
tumors, such as ivosidenib, will also be discussed in Sect.
“Monoclonal antibodies and small molecular drugs”.

Colorectal cancer

Colorectal carcinogenesis follows a well-defined genetic
sequence. An early, the genetic landscape of GI cancers
is defined by alterations in key signaling pathways. Loss-
of-function mutations in the tumor suppressor adeno-
matous polyposis coli (APC), a negative regulator of the
Wnt/p-catenin pathway, represent an early, gatekeeping
event, occurring in over 80% of sporadic tumors [24].
Familial adenomatous polyposis (FAP) results from ger-
mline APC mutations, predisposing individuals to thou-
sands of colonic polyps [31]. This is followed by activating
mutations in TP53 (~60%), which is often a late event
facilitating malignant progression. Activating mutations
in the RAS-MAPK pathway, primarily in KRAS (~41%)
and to a lesser extent BRAF or NRAS, are also critical
drivers [24]. Mutations in PIK3CA, which activate the
PI3K-AKT signaling cascade, are found in 12% and 18%
of GC and CRCs respectively [4, 24].

Furthermore, a significant subset of GI cancers arises
from inherited germline mutations. Lynch syndrome,
the most common hereditary CRC syndrome, is caused
by germline mutations in DNA mismatch repair (MMR)
genes such as MLHI, MSH2, MSH6, or PMS2, leading to
a microsatellite instability (MSI) phenotype [32, 33].

Gastric cancer

In GC, TP53 mutations are present in approximately
50% of cases [4]. Beyond TP53, the disease is character-
ized by significant heterogeneity. Key alterations include
mutations in PIK3CA (12%) activating the PI3K-AKT
pathway, and amplifications of receptor tyrosine kinases
such as ERBB2 (HER2), EGFR, and MET, which serve as
critical therapeutic targets [3, 4, 24, 34]. The ERBB2 (also
known as HER?2) gene is amplified in 11-16% of gastroe-
sophageal adenocarcinoma, with 20% overexpression
[35], serving as a well-established biomarker for anti-
HER? targeted therapies, such as trastuzumab [36]. Fur-
thermore, FGFR2 alterations, including amplifications
(5-10%) and mutations (~4%), represent additional
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oncogenic drivers in GC [37, 38]. In diffuse-type gas-
tric cancer, particularly in its hereditary form (HDGC),
germline mutations in the CDHI gene represent the
primary pathogenic mechanism. Loss of function in its
encoded protein, E-cadherin, leads to critical defects in
cellular adhesion [39]. The lifetime cumulative risk of
DGC in CDHI mutation carriers by age 80 to be 70%
(95% CI, 59%-80%) in men and 56% (95% CI, 44%-69%)
in women [40].

ancreatic cancer

Pancreatic ductal adenocarcinoma is molecularly driven
by KRAS mutations observed in approximately 93% of
cases, most frequently at the G12D codon [41]. These
mutations lock the RAS protein in a constitutively active
GTP-bound state, leading to ligand-independent activa-
tion of downstream effector pathways, including RAF-
MEK-ERK and PI3K-AKT, thereby promoting tumor cell
proliferation and survival.

The primary function of homologous recombination
is to repair DNA double-strand breaks and interstrand
cross-links, and it can also restore stalled or broken rep-
lication forks [42]. The pathogenesis of a range of PC is
associated with mutations in genes related to this path-
way. The accurate repair of DNA double-strand breaks
via homologous recombination is orchestrated by the
BRCA1 and BRCA2 proteins. BRCA1 acts as a master
regulator, responsible for detecting the lesion, recruit-
ing the repair machinery, and determining the repair
pathway. BRCA2 is then entrusted with the critical task
of loading RAD51 onto the DNA to perform strand inva-
sion, a step that utilizes the sister chromatid to faithfully
restore the original DNA sequence [43, 44]. This essen-
tial repair mechanism is compromised in the 4%—-7%
of pancreatic cancers harboring germline mutations in
these genes [45—47]. In terms of targeted therapy, poly
ADP-ribose polymerase (PARP) inhibitors have demon-
strated superior efficacy in pancreatic cancer and hepato-
biliary cancer patients carrying BRCA1/2 mutations [45,
48]. Moreover, patients with BRCA1/2 mutations show
higher response rates and more significant survival ben-
efits when treated with platinum-based chemotherapy
regimens (e.g., FOLFIRINOX) [49]. Notably, the preva-
lence of homologous recombination deficiency (HRD)
in PC ranged between 14.5% and 16.5% [50]. In contrast,
the incidence of HRD is particularly low in colorectal
cancer, which may be attributable to the high micros-
atellite instability already driving tumorigenesis in this
malignancy. Overall, for gastrointestinal tumors closely
linked to homologous recombination deficiency, espe-
cially pancreatic cancer, attention should be given to the
use of PARP inhibitors and platinum-based chemother-
apy regimens.
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GEP-NENs

Neuroendocrine neoplasms (NENs), tumors derived
from neuroendocrine cells, are most frequently located
in the gastroenteropancreatic system (GEP-NENs, 55%-
70%), with rising incidence in the US (6.98/100,000 in
2012) and an annual incidence of 1.33-2.33/100,000 in
Europe [51-53]. GEP-NENs exhibit significant genetic
heterogeneity, with distinct mutational profiles based
on the primary site: pancreatic NENs most frequently
harbor mutations in MENI [54, 55], followed by altera-
tions in DAXX (death domain associated protein) or
ATRX (alpha thalassemia/mental retardation syndrome
X-Linked) and genes in the mTOR pathway [56, 57]; small
intestinal NENS typically lack these pancreatic-associated
mutations and are instead closely linked to CDKNIB
(cyclin dependent kinase inhibitor 1B/2C) mutations
[58]; while colorectal NENs often involve classic tumor
suppressor genes such as P53 and APC, showing a par-
tial overlap with the genetic landscape of colorectal ade-
nocarcinoma [59].

Other Gl cancers

Meanwhile, gastrointestinal stromal tumors (GISTs) are
primarily characterized by KIT mutations (approximately
80%), particularly in the juxtamembrane domain (e.g.,
exon 11), which result in ligand-independent dimeriza-
tion and constitutive activation of the receptor tyrosine
kinase. This molecular mechanism underlies the excep-
tional sensitivity of GIST to tyrosine kinase inhibitors
such as imatinib, establishing it as a paradigm for molec-
ularly targeted therapy in solid tumors. In hepatocellu-
lar carcinoma, TERT promoter mutations represent the
most prevalent genetic alteration (approximately 60%),
which enhance telomerase reverse transcriptase expres-
sion and confer cellular immortality by maintaining tel-
omere length.

Epigenetic alterations

Epigenetic dysregulation is a fundamental mechanism
driving GI tumorigenesis, acting in parallel with genetic
events to influence chromatin state and gene expression
[60]. Epigenetic regulation encompasses five key mecha-
nisms: DNA modification, histone modification, RNA
modification, chromatin remodeling, and non-coding
RNA regulation (Fig. 2) [61].

Pancreatic cancer

Histone modifications also contribute significantly to GI
tumorigenesis. Histone deacetylases (HDACs), particu-
larly HDAC1 and HDAC?2, are frequently upregulated in
GI cancers. For example, in PC, ZEB1 recruits HDAC1/2
to the CDH1 promoter, causing histone H3/H4 dea-
cetylation and transcriptional silencing of E-cadherin,
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which drives PC cell migration and proliferation [62]. In
contrast, histone methyltransferases such as enhancer
of zeste homolog 2 (EZH2), the catalytic subunit of the
Polycomb Repressive Complex 2 (PRC2), are often over-
expressed in PCs [63]. EZH2 catalyzes the addition of the
repressive H3K27me3 mark, silencing tumor suppressor

genes involved in cell cycle regulation and differentiation
[64]. These histone modifications, whether through acet-
ylation or methylation, create a permissive environment
for tumor progression by altering chromatin accessibility
and gene expression.
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Colorectal cancer

Among these, DNA methylation plays a pivotal role, as
seen in CRC, where the CpG Island Methylator Pheno-
type (CIMP) is characterized by widespread promoter
hypermethylation. This leads to the silencing of tumor
suppressor genes like CDKN2A and the MMR gene
MLH]I, resulting in MSI in sporadic tumors [65-67].
Besides, CIMP is highly relevant to BRAF mutation in
CRC [68].

A contradictory role of NLRCS, the master regulator of
MHC class I genes, has been observed in different can-
cers, with low expression due to methylation linked to
immune evasion in CRC while high expression is associ-
ated with GC progression [69-71]. This discrepancy may
be attributed to cancer-specific immune escape strate-
gies, genetic regulation, and TME differences [69].

In colorectal cancer, ALKBHS promotes tumor pro-
gression by stabilizing RABSA mRNA, correlating with
poor patient survival [72]. However, m6A modification
can also act as a tumor suppressor in certain contexts.
For example, in PC, ALKBHS5 removes m6A methyla-
tion to activate PERI expression, reactivating the ATM-
CHK2-P53 signaling pathway to suppress tumor growth
[73]. Furthermore, in CRC, ALKBHS5-mediated m6A
demethylation stabilizes the circular RNA circAFF2,
enhancing radiosensitivity by inhibiting Cullinl neddyla-
tion [74]. These findings highlight the dual role of m6A
modification in GI cancers, functioning as both a pro-
moter and suppressor of tumor progression depending
on the context.

Other RNA modifications also play significant roles in
GI cancers. Adenosine-to-inosine (A-to-I) RNA editing,
mediated by enzymes like ADARI, alters RNA base-pair-
ing properties and is often dysregulated in malignan-
cies. This process involves the deamination of adenosine,
which converts it into inosine. As a result, the inosine
base-pairs with cytosine in a way that mimics guanosine
[75, 76).In CRC, elevated ADARI expression increases
the RNA editing of AZIN1, and this edited AZINI func-
tions as an oncogene by enhancing cancer cell stemness
and driving metastasis [77, 78].

Additionally, OGT-mediated O-glycosylation pro-
motes chemoresistance in CRC by stabilizing ADAR,
which enhances its A-to-I editing activity on down-
stream targets like PARPI, thereby upregulating DNA
repair capability [77]. Importantly, A-to-I editing has
also been linked to tumor angiogenesis. In CRC, A-to-1
RNA-edited AZINI1 promotes angiogenesis by stabiliz-
ing c-Myc, which upregulates the angiogenic factor IL-8
[79]. This suggests that targeting IL-8 signaling could be
a potential therapeutic strategy for cancers with this spe-
cific alteration. Beyond RNA editing, other modifications
such as m5C methylation, pseudouridine modification,

Page 7 of 40

and ac4C acetylation contribute to GI cancer progression
[80]. For example, the m5C methyltransferase NSUN2
initiates a positive feedback loop in CRC, modifying
ENOI mRNA to boost lactate production, which in turn
enhances NSUN2 expression and activity through lacty-
lation, ultimately driving metabolic reprogramming and
tumor progression [81, 82].

Gastric cancer

In terms of GC, G9a methylates RUNX3 at K129 and
K171 under hypoxia, disrupting its interactions with
cofactors, reducing acetylation and nucleocytoplasmic
transport, thereby promoting cancer cell proliferation
and tumor growth during early tumorigenesis [83]. These
examples underscore the role of DNA methylation in
silencing key genes that regulate tumor suppression and
immune response. From the perspective of DNA dem-
ethylation, TET2 suppresses GC chemoresistance by
forming a transcriptional axis with PATZI to upregulate
WTIP, which interacts with PP2A to inhibit AKT T308
phosphorylation and activity, reducing stemness and
chemoresistance, and its silencing suggests AKT inhibi-
tors combined with chemotherapy as a potential treat-
ment strategy for resistant GC [84].

RNA modifications, collectively referred to as epi-
transcriptomics, are another critical layer of epigenetic
regulation in GI cancers. The most abundant internal
modification on mRNA is N6-methyladenosine (m6A),
which is dynamically regulated by “writer” enzymes like
METTL3, “eraser” enzymes like FTO and ALKBHS5, and
“reader” proteins such as the YTHDF family [72]. In
GC, the METTL3-IGF2BP2 axis promotes tumor pro-
gression by stabilizing STAT5A mRNA through m6A-
dependent mechanisms, thereby repressing the tumor
suppressor KLF4 [85]. Similarly, YTHDF1 enhances the
m6A-dependent translation of FZD?7, hyperactivating the
Wnt/B-catenin signaling pathway [86, 87].

Similarly, in GC, pseudouridine modification by PUS7
enhances the translation of tumor-suppressive protein
ALKBH3, inhibiting tumor growth [88, 89]. Conversely,
NAT10-mediated ac4C acetylation promotes GC pro-
gression by modifying TNC and LDHA mRNAs to
enhance tumor growth and metabolic reprogramming
[90].

Chromatin remodeling also plays a crucial role in GI
tumorigenesis. ARIDIA, a key component of the SWI/
SNF chromatin remodeling complex, is frequently
mutated in GC, particularly in MSI-H and EBV-associ-
ated subtypes, with mutations leading to protein trun-
cation. Loss of ARID1A expression, correlated with its
mutational status, is recognized as a poor prognostic fac-
tor in GC [91, 92].These mutations often result in loss-
of-function phenotypes that impair tumor suppression.
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Also, ZEB1 interacts with the chromatin-remodeling
protein BRG1 to repress E-cadherin expression, facili-
tating epithelial-to-mesenchymal transition and tumor
invasion likely through chromatin remodeling [93].
Non-coding RNAs further add complexity to epigenetic
regulation, interacting with RNA modifications and chro-
matin remodeling to influence tumor progression and
therapeutic sensitivity. For example, circular RNAs like
circAFF2, stabilized by m6A demethylation, enhance
radiosensitivity by inhibiting Cullinl neddylation [94].
They also play significant roles in GC as key epigenetic
regulators, influencing gene expression through various
mechanisms, such as HOTAIR (HOX transcript antisense
RNA) [95, 96], SCHLAP1 (second chromosome locus
associated with prostate-1) [97] and NEAT1(nuclear par-
aspeckle assembly transcript 1) [98].

Other Gl cancer

Similarly, in esophageal squamous cell carcinoma,
ADARI overexpression enhances A-to-I editing of
AZINI, conferring a gain-of-function pro-invasive phe-
notype that leads to poor patient prognosis [99, 100]. In
hepatocellular carcinoma (HCC), A-to-I RNA editing of
AZINI promotes tumorigenesis by stabilizing pro-pro-
liferative proteins like ODC and cyclin D1, which bind
more strongly to antizyme [101].

In summary, epigenetic dysregulation through DNA
modification, histone modification, RNA modification,
chromatin remodeling, and non-coding RNA regulation
is central to GI tumorigenesis. These mechanisms are
highly interconnected and context-dependent, acting as
both oncogenic drivers and tumor suppressors. Under-
standing the dynamic interplay between these processes
offers promising therapeutic opportunities for precision
medicine in GI cancers.

Key signaling pathways

Whnt/B-catenin pathway

The Wnt/B-catenin signaling pathway is a fundamen-
tal and highly conserved signal transduction cascade
that governs cell fate decisions, proliferation, and tis-
sue homeostasis throughout metazoan life. Its activ-
ity is centrally arbitrated by the cytoplasmic stability of
the transcriptional co-activator -catenin. In the path-
way’s “off” state, a cytosolic destruction complex, scaf-
folded by Axin and the tumor suppressor APC, facilitates
the sequential phosphorylation of B-catenin by Casein
Kinase la (CKla) and Glycogen Synthase Kinase 3f3
(GSK-3P). This phosphorylation marks [-catenin for
ubiquitination by the B-TrCP E3 ligase complex and sub-
sequent proteasomal degradation, thereby preventing its
nuclear accumulation and keeping target gene transcrip-
tion repressed by TCF/LEF transcription factors [102].
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Conversely, pathway activation is initiated by the binding
of a secreted Wnt glycoprotein to a cell-surface receptor
complex composed of Frizzled (Fzd) and LRP5/6. This
event triggers the recruitment of the Dishevelled (Dvl)
protein, leading to the inhibition of the destruction com-
plex and the consequent stabilization of B-catenin [103].
Accumulated p-catenin then translocates to the nucleus,
where it displaces co-repressors and binds to TCF/LEF
factors, recruiting transcriptional co-activators to drive
the expression of target genes such as c-Myc and Cyclin
D1 [104]. Given its potent control over cellular growth
and identity, it is unsurprising that aberrant constitutive
activation of this pathway, which commonly refers to
loss-of-function mutations in APC or gain-of-function
mutations in CTNNBI (the gene encoding -catenin), is a
primary etiological driver in numerous human malignan-
cies, most notably colorectal cancer [105].

CRC stands as the archetypal Wnt-driven malignancy,
where dysregulation is typically an intrinsic, genetic, and
initiating event in the well-established adenoma-carci-
noma sequence. The primary mechanism is a “bottom-
up” activation caused by the genetic inactivation of the
[-catenin destruction complex, which leads to the forma-
tion of a stable, transcriptionally active p-catenin/TCF
complex [105]. This is most commonly driven by loss-of-
function mutations in the APC tumor suppressor gene,
which are found in approximately 80-90% of cases [24].
In cases with wild-type APC, activating mutations in the
CTNNBI gene serve as an alternative, mutually exclusive
mechanism to make the protein resistant to degrada-
tion [106]. In this context, the mutations are sufficient to
lock Lgr5-positive intestinal stem cells into a proliferative
state, driving adenoma formation [107].

In stark contrast, Wnt/B-catenin activation in gas-
tric and hepatocellular carcinomas is mechanistically
more varied. In GC, activation is highly heterogeneous
and less dominated by a single gene mutation [108]. A
key mechanism is the epigenetic silencing of Wnt path-
way antagonists, such as SFRPs, whose promoters are
often hypermethylated [109]. Furthermore, the micro-
environment plays a primary regulatory role, as chronic
infection with Helicobacter pylori (H. pylori) allows the
bacterial oncoprotein CagA to directly dysregulate and
trigger B-catenin activation [110, 111]. HCC presents yet
another distinct genetic profile. Here, the dysregulation
is again primarily intrinsic, but the targets are different:
activating mutations in CTNNBI are extremely com-
mon [112]. Large-scale genomic studies have confirmed
that CTNNBI mutations (~30-40%) and inactivating
mutations in AXINI (~10%) are the dominant drivers,
while APC mutations are notably rare [113, 114]. This
specific mutational signature is often selected for in the
context of chronic liver injury and inflammation, where
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a high-regeneration, pro-Wnt environment favors the
growth of cells with these constitutive mutations.

A different scenario of “top-down” activation is
observed in PDAC, where Wnt signaling is crucial but
its activation is often a later event heavily influenced
by the TME. Unlike in CRC or HCC, genomic analyses
have shown that intrinsic mutations in core Wnt pathway
components are very rare in PDAC, where the initiating
driver is almost always a KRAS mutation [115]. Instead,
the pathway is stimulated extrinsically by a dense des-
moplastic stroma rich in cancer-associated fibroblasts
(CAFs). These stromal cells are a major source of secreted
Whnt ligands that act in a paracrine fashion to stimulate
Wnt/B-catenin signaling in the cancer cells, supporting
the proliferation of cancer stem cells and promoting inva-
sion [116, 117].

Interaction with metabolic and kinase pathways: The
LKB1/AMPK axis enhances Axinl stability by phos-
phorylating the deubiquitinase USP10, promoting the
formation of the B-catenin degradation complex while
simultaneously inducing p-catenin phase separation to
inhibit its nuclear translocation, thereby suppressing
colorectal cancer growth [118]. Meanwhile, the PI3K/
AKT pathway coordinates Wnt signaling through phos-
pholipase D1 (PLD1), stabilizing B-catenin and promot-
ing cancer stemness and chemoresistance [119]. When
tumors exhibit high nuclear B-catenin and are treated
with PI3K/AKT inhibitors, activated FOXO3a fails to
induce apoptosis and instead cooperates with p-catenin
to drive cell scattering and metastasis [120]. Upon acti-
vation by their ligands, receptor tyrosine kinases such
as EGFR or ¢-MET phosphorylate and inhibit GSK-3f3
activity via the downstream PI3K/AKT signaling axis,
thereby preventing B-catenin degradation and promot-
ing its nuclear entry, which achieves a direct conver-
gence of growth factor signaling and the Wnt pathway to
potently drive tumor cell proliferation and survival [121].
The Hippo pathway effectors YAP/TAZ form complexes
with B-catenin/TCF4 and TEAD to activate oncogenes
(e.g., MYC), while VGLL4 competitively binds to TEAD
to inhibit this complex formation, thereby blocking colon
cancer metastasis [122, 123]. Meanwhile, the IncRNA
CCATS5, when activated by B-catenin/TCF3, binds to
STAT?3 and prevents its dephosphorylation, driving peri-
toneal metastasis in gastric cancer [124]. CUB-domain-
containing protein 1 potentiates the Wnt pathway in
colorectal carcinoma by facilitating the nuclear accumu-
lation of P-catenin and simultaneously driving E-cad-
herin into the nucleus [125].The TGF-p/Smad pathway
competitively inhibits [p-catenin/TCF transcriptional
activity through Smad4, while Notchl epigenetically
silences Wnt target gene expression (e.g., by recruiting
SET domain bifurcated 1 [SETDB1]), thereby exerting
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tumor-suppressive effects in colorectal cancer [126]. In
digestive tumors driven by chronic inflammation, the
NEF-«kB and Wnt pathways form a deadly positive feed-
back loop, where NF-«B activated by inflammatory sig-
nals synergizes with nuclear-accumulated p-catenin to
convert a transient inflammatory response into a sus-
tained, pro-cancerous signal for cell proliferation [127].

The ETS transcription factor ERG is an essential regu-
lator of angiogenesis and vascular stability because it con-
trols the Wnt/p-catenin pathway by promoting [-catenin
stability through signals mediated by VE-cadherin and
the Wnt receptor Frizzled-4 [128].

In the cancer stem cell niche of digestive tumors, the
Hedgehog pathway engages in critical crosstalk with the
Wnt pathway via its effector transcription factor GLI,
either by directly upregulating Wnt ligand expression to
activate Wnt signaling in neighboring cells in a paracrine
manner, or by synergistically co-regulating a common
set of downstream target genes with B-catenin in the
nucleus, with both pathways working in concert to main-
tain the self-renewal capacity of cancer stem cells [129].

PI3K/AKT/mTOR pathway

The phosphatidylinositol 3-kinase (PI3K)/AKT/mamma-
lian target of rapamycin (mTOR) signaling pathway is a
critical intracellular cascade whose frequent dysregula-
tion makes it a central driver of GI cancer progression
[130]. The process is typically initiated when extracellular
growth factors activate receptor tyrosine kinases (RTKs),
which in turn recruit and activate PI3K. Activated PI3K
then phosphorylates PIP2 to generate the second mes-
senger PIP3, a process directly antagonized by the tumor
suppressor PTEN [131]. This accumulation of PIP3 facili-
tates the recruitment and subsequent activation of the
serine/threonine kinase AKT, which then orchestrates
a potent pro-growth and pro-survival response. Fur-
thermore, activated AKT stimulates mTOR Complex 1
(mTORC1), which was shown to directly phosphorylate
key targets like the eukaryotic translation initiation factor
4E-binding protein 1 (4E-BP1) and p70 S6 kinase (S6K),
unleashing protein synthesis required for cell growth
[132]. In GI cancers, this cascade’s constitutive activa-
tion, commonly caused by activating mutations in the
PIK3CA gene [133], loss of the PTEN tumor suppres-
sor, or overload from upstream signals like KRAS, fuels
tumor progression by enabling uncontrolled prolifera-
tion, evasion of apoptosis through the inhibition of pro-
teins like BAD and FOXO [134], and the promotion of
angiogenesis and metastasis. Large-scale genomic analy-
ses of GI cancers have since confirmed that activating
mutations in PIK3CA and loss-of-function alterations in
PTEN are among the most common and clinically sig-
nificant events, solidifying the pathway’s role as a core
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dependency in these tumors and a major focus for tar-
geted therapy [24].

The activation of the PI3K signaling pathway varies
significantly across different GI cancers, dictating dis-
tinct therapeutic vulnerabilities. In colorectal cancer, the
pathway is most commonly activated by direct, therapeu-
tically relevant mutations in the PIK3CA gene [24, 135].
In stark contrast, PC’s PI3K activation is almost always
a secondary consequence of dominant upstream KRAS
mutations, rendering direct PI3K inhibitors largely inef-
fective [136, 137]. Gastric and esophageal cancers exhibit
more heterogeneous mechanisms; activation can occur
through direct PIK3CA mutations (especially in EBV-
positive gastric cancer and esophageal squamous cell
carcinoma) or through the amplification of upstream
receptors like HER2 (in certain gastric and esophageal
adenocarcinoma subtypes), making HER2 a key thera-
peutic target [4, 138]. Lastly, hepatocellular carcinoma
pathway activation is often driven by the inflammatory
TME and loss of the PTEN suppressor, responding best
to multi-kinase inhibitors that block upstream signaling
[114, 139].

MAPK/ERK signaling

In oncogenic contexts, the MAPK/ERK pathway tran-
sitions from a transiently regulated network, which
normally responds to extracellular cues, into a consti-
tutively active driver of malignant transformation [140,
141]. This dysregulation is most commonly caused
by somatic, gain-of-function point mutations in key
upstream nodes, particularly the RAS (e.g., KRAS,
NRAS) and RAF (e.g., BRAF) families of proto-onco-
genes, as comprehensively documented in large-scale
cancer genome analyses [142, 143].

Specific mutations, such as those at codons 12, 13, and
61 in KRAS, impair the protein’s intrinsic GTPase activ-
ity, often by sterically hindering the binding of GTPase-
activating proteins (GAPs), which are necessary to turn
the signal off [144]. This impairment locks RAS in a per-
petually GTP-bound, active state [145]. Similarly, the
prevalent V60OE mutation in BRAF introduces a nega-
tively charged glutamic acid into the activation loop,
which electrostatically mimics phosphorylation [146].
This disrupts the inactive conformation of the kinase
domain, rendering it constitutively active and independ-
ent of upstream RAS signaling [147].

This ligand-independent activation results in per-
sistent, high-level phosphorylation of MEK and ERK,
thereby uncoupling the entire cascade from its physi-
ological regulation [147]. The resulting sustained
nuclear ERK activity is a potent oncogenic force,
directly altering the expression of a vast network of
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over 700 target genes that orchestrate the hallmarks of
cancer [148]. For instance, activated ERK phosphoryl-
ates and activates transcription factors that upregulate
cyclins (e.g., Cyclin D1) to drive relentless G1/S phase
progression [149]. It also confers resistance to apopto-
sis by directly phosphorylating and inactivating pro-
apoptotic BCL-2 family members like BIM and BAD
[150, 151], and it promotes metabolic reprogramming,
including the Warburg effect, to fuel relentless prolif-
eration [152].

In the landscape of GI cancers, this constitutive sign-
aling is not merely an aberration but a core oncogene
addiction, a state where cancer cells are exquisitely
dependent on this single activated pathway for their
viability and proliferation [153, 154]. This profound
dependency is precisely what establishes the pathway
as a validated and critical target for therapeutic inter-
vention with specific inhibitors [155].

The current research landscape for the MAPK/ERK
pathway in GI cancers has evolved from simply iden-
tifying its role to developing sophisticated strategies to
counteract its effects. A primary focus is on overcom-
ing therapeutic resistance, particularly in colorectal
cancer, where the initial failure of single-agent BRAF
inhibitors led to the discovery that feedback activa-
tion of EGFR reactivates the pathway [156]. This cru-
cial insight established the current standard of care
about combining BRAF and EGFR inhibitors and has
spurred further investigation into triplet therapies to
preemptively block new resistance mechanisms [157].
In parallel, the once “undruggable” KRAS, a key driver
in PC, has become a major therapeutic target with the
advent of direct KRAS G12C inhibitors [158]. However,
as resistance through pathway reactivation remains a
significant hurdle, current research is heavily focused
on creating more durable responses by combining these
new inhibitors with agents targeting other nodes in
the pathway, such as SHP2 [159]. Beyond direct inhi-
bition, researchers are exploring innovative strategies
like synthetic lethality, exemplified by the development
of WRN helicase inhibitors, which are specifically toxic
to cancer cells with MAPK pathway mutations [160].
Furthermore, the field is increasingly recognizing the
pathway’s critical role in shaping the TME; studies now
show that MAPK signaling fosters an immunosuppres-
sive climate, and inhibiting it can enhance the efficacy
of immunotherapies by making cancer cells more vul-
nerable to an anti-tumor immune attack [161].

p53 Axis

The TP53 gene encodes a transcription factor that func-
tions as a central node in a network integrating cel-
lular stress signals to control cell fate. Under normal
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homeostasis, wild-type p53 activity is exquisitely regu-
lated, primarily through its interaction with the E3 ubiq-
uitin ligase MDM2, which targets p53 for proteasomal
degradation [162]. However, this regulation is far more
complex than a simple two-protein loop, involving a
host of deubiquitinating enzymes (DUBs) that counter-
act MDM2 [163]. For instance, recent work has shown
that the DUB OTUD?5 can directly stabilize p53 follow-
ing DNA damage, and its loss impairs the p53-dependent
DNA damage response, highlighting the dynamic and
contested nature of p53 stability [164]. Upon genotoxic
insult, this homeostatic balance is deliberately broken
by stress-activated kinases, which phosphorylate p53 to
disrupt MDM2 binding and recruit co-activators that
acetylate p53, a modification essential for activating
its sequence-specific DNA binding and transcriptional
power [165, 166)].

Consequently, the inactivation of this crucial signal-
ing axis is a cornerstone of GI tumorigenesis. Large-scale
pan-cancer analyses of whole genomes have reinforced
that TP53 is the most frequently mutated gene across
human cancers, with a particularly high prevalence in
GI malignancies [67]. The timing of this event is a criti-
cal determinant of tumor evolution. In colorectal cancer,
TP53 mutation remains a key late event driving malig-
nant progression. In contrast, detailed multi-region
sequencing of pancreatic tumors has provided definitive
evidence that TP53 inactivation is an early, trunk event
in pancreatic ductal adenocarcinoma, essential for clonal
expansion [167]. Likewise, genomic analyses tracking the
evolution of esophageal adenocarcinoma from its precur-
sor lesion, Barrett’s esophagus, have confirmed that TP53
mutation or loss of heterozygosity is the most significant
driver of progression to invasive cancer [168].

Furthermore, the functional consequences of TP53
alterations extend far beyond simple loss-of-function,
primarily because the mutational landscape is domi-
nated by missense mutations that yield a stable, full-
length protein. These mutant proteins not only exert a
dominant-negative effect on any remaining wild-type
p53 but, more importantly, acquire entirely new, onco-
genic capabilities known as gain-of-function activities.
Recent mechanistic studies have revealed precisely how
these GOF activities operate. For example, specific p53
mutants have been shown to rewire chromatin land-
scapes, creating novel enhancer regions that drive the
expression of pro-invasive genes and confer chemore-
sistance in gastric cancer [169].

This detailed molecular understanding has there-
fore paved the way for targeted therapeutic strategies.
For tumors harboring TP53 missense mutations, agents
designed to restore wild-type function are in active clini-
cal development. APR-246 (eprenetapopt), a covalent
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modifier of mutant p53, has shown clinical activity in
hematologic malignancies and is under investigation in
solid tumors [170]. Conversely, for tumors that retain
wild-type TP53 but inactivate the pathway via MDM?2
amplification, a different strategy is required. Here,
potent inhibitors of the MDM2-p53 interaction, such as
navtemadlin (AMG-232), are being tested in clinical trials
and have demonstrated molecular and clinical responses
in patients with TP53 wild-type solid tumors, validating
the approach of liberating p53 from its negative regula-
tor [171]. Thus, the specific molecular state of the TP53
gene itself dictates the rational therapeutic approach for
restoring this critical guardian pathway.

Other signaling pathways

In the complex landscape of GI carcinogenesis, several
interconnected signaling networks orchestrate tumor
progression, particularly by governing the crucial inter-
play between cancer cells and their microenvironment.
Beyond the foundational pathways, a deeper understand-
ing of these networks is revealing critical vulnerabilities
that can be targeted for therapy.

At the core of tumor growth are pathways that directly
regulate cell proliferation and fate. The Hippo pathway, a
key tumor suppressor network that controls organ size,
is frequently inactivated in GI cancers. This inactiva-
tion unleashes its downstream effectors, YAP and TAZ,
which drive uncontrolled cell growth. Crucially, research
has shown this is not just an internal process. Canoni-
cal Hippo kinases (MST1/2-LATS1/2) restrain YAP/
TAZ nuclear co-activators; their functional attenuation
in GI tumors arises via genomic lesions [172, 173] or
epigenetic silencing, or, more prominently, by microen-
vironmental forces. Calvo et al. demonstrated that fibro-
blast activation and extracellular matrix (ECM) stiffening
form a mechanotransduction loop that locks YAP/TAZ
in an active state, sustaining cancer-associated fibro-
blast (CAF) phenotypes and invasive niches YAP/TAZ
integrate signals from integrins, focal adhesion kinase
(FAK), Src, Rho GTPases, and Wnt destruction complex
components to coordinate proliferation with mechanical
inputs [174, 175]. In PDAC, YAPI activation can substi-
tute for oncogenic KRAS, furnishing a bypass route of
lineage-survival signaling and adaptive resistance after
KRAS/MAPK suppression [176]. YAP/TAZ drive meta-
bolic rewiring, redox stress buffering, and nucleotide
biosynthesis, helping tumor cells survive hypovascu-
lar, nutrient-poor desmoplastic regions [177]. They also
upregulate immune checkpoint ligands and cytokines
that recruit suppressive myeloid cells, while influencing
cancer stem-cell plasticity and minimal residual disease
after chemotherapy [178].
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Research across several GI cancers highlights the
Notch signaling pathway as a critical driver of tumor
progression, primarily by maintaining cancer stem cells
and enabling therapy resistance. For instance, Ridgway,
J. et al. demonstrated in multiple tumor models that tar-
geting the Notch ligand DLL4 effectively inhibits tumor
growth by suppressing angiogenesis [179]. Once a tumor
is established, cancer cells actively manipulate their sur-
roundings using other pathways. The Hedgehog (Hh)
pathway is a prime example of this, functioning through
a “paracrine” mechanism where tumor cells secrete Hh
ligands to activate adjacent stromal fibroblasts. Seminal
work by Steele et al. in PC models revealed that this acti-
vated stroma creates a dense, protective barrier that both
physically constrains the tumor and impedes the delivery
of therapeutic drugs, highlighting the immense challenge
of targeting this tumor-stroma crosstalk [180].

Ultimately, the TGF-p pathway acts as a master regu-
lator that integrates these diverse processes. While it
functions as a tumor suppressor in early-stage disease,
it undergoes a functional switch in advanced GI can-
cers to become a powerful driver of malignancy. Its pro-
tumorigenic role is multifaceted. It can induce cancer
cells to undergo an EMT, a key step in metastasis, and
it profoundly shapes the TME. A study by Calon et al.
uncovered a specific mechanism for this, showing that
TGEF-B-activated fibroblasts secrete proteins that prepare
distant organs, like the liver, to receive and host meta-
static cells [181]. In a “quadruple-mutant” model of colo-
rectal cancer, TGF-p signaling acts as a primary defense
mechanism that shields the tumor by both physically
excluding cancer-killing T-cells and deactivating any that
manage to get close [182]. Through the analysis of a large
number of clinical samples, it was discovered that TGF-3
signaling is a primary reason for the exclusion of T-cells
from the tumor core, which in turn directly leads to the
ineffectiveness of PD-L1 inhibitors [183]. In PC models,
it was shown that TGF-$ not only drives dense fibrosis,
which obstructs chemotherapy drug delivery, but also
inhibits the anti-tumor immune response through vari-
ous mechanisms [184].

TME

TME of GI malignancies is fundamentally distinct from
that of other solid tumors, such as melanoma or lung car-
cinoma [185, 186]. The singular nature of the GI TME is
principally governed by the confluence of two core ele-
ments: the direct immunomodulatory activity of the
gut microbiota and the inherent backdrop of mucosal
immune tolerance.
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Directimmunomodulatory role of the gut microbiota

Unlike TMEs within sterile or low-microbial-burden tis-
sues, the GI TME is in direct and continuous interface
with the complex microbial ecosystem of the gut. These
resident microorganisms and their metabolic byprod-
ucts are not passive constituents but rather integral
and active modulators of the local tumor milieu. A sali-
ent example is the pathogenic activity of Fusobacterium
nucleatum [187]. This bacterium has been demonstrated
to promote immune evasion through at least two dis-
tinct mechanisms: its Fap2 protein can directly engage
the Gal-GalNAc receptor on tumor cells, and it can also
interact with the T-cell immunoreceptor with Ig and
ITIM domains (TIGIT) on natural killer (NK) cells and T
cells [188—190]. Both interactions culminate in the sup-
pression of cytotoxic anti-tumor responses, thereby fos-
tering an immunosuppressive microenvironment [191,
192]. Such direct, microbially-driven modulation of anti-
tumor immunity represents a defining characteristic of
GI carcinogenesis that is largely absent in other oncologi-
cal contexts [188].

The GI TME develops against a pre-existing physiologi-
cal backdrop of profound immune tolerance. The primary
mandate of the mucosal immune system is to maintain a
state of non-reactivity towards innocuous dietary anti-
gens and the commensal microbiota, a process essential
for preventing chronic inflammation [193]. This inher-
ent, homeostatic immunosuppressive bias can be system-
atically exploited during oncogenesis. The GI mucosa is
naturally characterized by a high prevalence of regula-
tory T cells (Tregs) and other cellular populations that
secrete immunosuppressive cytokines, notably Trans-
forming Growth Factor-beta (TGF-p) and Interleukin-10
(IL-10) [194, 195]. Malignant cells can co-opt and poten-
tiate these pre-established regulatory pathways to facili-
tate immune escape, obviating the need to construct an
immunosuppressive network de novo [196]. In colorectal
carcinoma, for instance, tumor cells frequently upregu-
late TGF-p signaling, which promotes the differentiation
and expansion of Tregs while concurrently inhibiting the
effector functions of CD8* T cells [197, 198]. This repre-
sents a malignant appropriation of a fundamental mecha-
nism of mucosal homeostasis.

Although HCC and PDAC are not anatomically intra-
luminal tumors, they are nevertheless subjected to pre-
cise molecular regulation by the gut microbiota and its
derived signals via the gut-liver and gut-pancreas axes
[199]. In HCC, the core mechanism lies in the direct
reprogramming of hepatic immune cells by microbe-
associated molecular patterns (MAMPs): translocated
bacterial lipopolysaccharide (LPS) activates intrahepatic
Kupffer cells via the TLR4-MyD88-NF-«B signaling axis,
triggering massive secretion of IL-6 and TNF-a [200,
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201]. These cytokines not only directly promote hepato-
cyte proliferation and induce DNA damage but also lead
to sustained activation of the STAT3 pathway, collectively
shaping a pro-tumor inflammatory TME [202]. In PDAC,
microbial influence is more direct, as well as TLR4-
MyD88-NF-«kB signaling axis [202]. Specific pathogens
such as Fusobacterium nucleatum can translocate to the
pancreas, where its Fap2 protein not only binds to Gal-
GalNAc on PC cells to enhance their proliferative and
invasive capabilities but also directly engages the TIGIT
receptor on tumor-infiltrating NK cells and CDS8™ T cells,
suppressing their cytotoxicity and thereby establishing an
immune-exempt microenvironment [189, 203]. Further-
more, gut microbiota-derived secondary bile acids, such
as deoxycholic acid (DCA), primarily exert cytotoxic
effects by inducing oxidative stress and DNA damage,
driving hepatic stellate cell activation in HCC and exacer-
bating the fibrotic stromal response in PDAC [204].

Tripartite metabolic competition and crosstalk

among the host, microbiota, and tumor

The metabolic landscape of the GI TME is uniquely
complex, defined by a tripartite interplay involving
intense competition for nutrients and intricate meta-
bolic exchanges between host cells, tumor cells, and the
resident gut microbiota [205]. This three-way interaction
establishes a distinct metabolic ecosystem not observed
in other tumor types.

A paradigmatic example of this complexity is the role
of short-chain fatty acids (SCFAs), particularly butyrate,
which are produced through microbial fermentation
of dietary fiber [206, 207]. On one hand, it serves as the
primary energy source for healthy colonocytes and func-
tions as an endogenous HDAC inhibitor due to the War-
burg effect, which can induce apoptosis and suppress
proliferation in colorectal cancer cells [208, 209]. On the
other hand, within the established TME, butyrate can
exert potent immunomodulatory effects that may para-
doxically favor tumor progression [210]. For instance, it
has been shown to enhance the differentiation and sup-
pressive function of Tregs and modulate macrophage
activity, thereby contributing to an immunosuppressive
milieu [211].

This direct intervention by metabolites produced by a
third party, the microbiota, which can dually regulate the
interaction between tumor and immune cells, represents
a core and defining feature of the metabolic architecture
of the GI TME.

TME heterogeneity in major Gl cancers

Although TME has some common components and
functional principles, it is not a “one-size-fits-all” entity.
Instead, TME’s characteristics are deeply “shaped” or
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“flavored” by the unique biological and pathophysiologi-
cal context of the organ in which it resides. This organ
specificity determines the dominant cell types in the
TME, key signaling pathways, and ultimately the thera-
peutic targets.

In gastric cancer, the formation and evolution of
the TME are intricately linked to chronic Helicobacter
pylori infection, which stands as the most potent single
risk factor for this malignancy [212, 213]. H. pylori and
its secreted virulence factors, such as cytotoxin-associ-
ated gene A protein (CagA) and vacuolating cytotoxin
A (VacA), trigger a persistent chronic inflammatory
response like epithelial differentiation in the gastric
mucosa [214-216]. H. pylori infection reshapes the gas-
tric microenvironment through several mechanisms:

First, recruitment and polarization of immune cells. It
induces significant infiltration of neutrophils and mac-
rophages. The reactive oxygen species (ROS) and reactive
nitrogen species (RNS) released by these cells can directly
cause DNA damage in gastric epithelial cells [217, 218].
Concurrently, H. pylori can induce the polarization of
macrophages towards an M2 phenotype and promote
the recruitment and activation of myeloid-derived sup-
pressor cells (MDSCs), thereby establishing an immu-
nosuppressive environment. The strategic manipulation
of endogenous reactive oxygen species to attain bacteri-
cidal levels offers a promising and innovative therapeutic
approach for effectively combating H. pylori infections.
Second, activation of stromal cells. Infection can activate
normal gastric fibroblasts into CAFs with pro-tumori-
genic properties. These CAFs support tumor growth by
secreting growth factors and remodeling the extracellular
matrix [219, 220]. Third, promotion of immune evasion,
H. pylori can impair the antigen-presenting function of
dendritic cells and upregulate the expression of immune
checkpoint molecules, such as PD-L1, on the surface of
tumor cells and immune cells, thereby assisting tumor
cells in evading immune surveillance [221, 222].

The unique feature of the TME in CRC lies in its close
association with the gut microbiome. The trillions of
microorganisms within the gut form a dynamic compo-
nent of the TME, profoundly influencing the immune
“temperature” of CRC. Clinically, CRC can be broadly
categorized into “hot tumors” and “cold tumors” based
on the degree of immune infiltration.

“Hot tumors” generally refer to tumors character-
ized by significant infiltration of immune cells, particu-
larly CD8* T cells, and are highly responsive to immune
checkpoint inhibitor (ICI) therapy. Such tumors fre-
quently exhibit dMMR or MSI-H, leading to the genera-
tion of numerous neoantigens that elicit a robust immune
response [223]. Research indicates that in the TME of
dMMR/MSI-H CRC, the gut microbiota displays greater
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diversity and abundance, being enriched with beneficial
bacteria like Akkermansia and Bifidobacterium [224—
226]. These microbial communities and their metabolites
(e.g., short-chain fatty acids) can enhance immune cell
activity and infiltration, thereby sustaining the “hot” state
of the TME [227].

“Cold tumors,” in contrast, are characterized by sparse
immune cell infiltration and are generally unresponsive
to ICI therapy [228]. The majority of CRC are classified
as proficient mismatch repair (pMMR) or microsatellite
stable (MSS) subtypes, which are typically considered
“cold tumors” [229]. The TME of these cancers is often
associated with low microbial diversity and may harbor
immunosuppressive bacterial species, such as Fusobac-
terium nucleatum [230]. These bacteria contribute to the
establishment of an immunosuppressive “cold” environ-
ment by promoting the polarization of tumor-associated
macrophages (TAMs) toward the M2 phenotype, recruit-
ing myeloid-derived suppressor cells (MDSCs) and Tregs,
and thereby suppressing anti-tumor immune responses
[231, 232].

The TME of PDAC is characterized by its highly dense
and fibrotic stroma (desmoplasia), which represents its
most distinctive pathological feature and a critical factor
contributing to the extreme difficulty of treatment [233,
234]. In PDAC, more than 70%—-90% of the tumor volume
is composed of stromal components rather than tumor
cells [235, 236]. This stromal barrier, predominantly
orchestrated by CAFs, facilitates the malignant behavior
of PDAC through multiple mechanisms.

CAFs are the primary producers and maintainers of the
dense stroma. They not only secrete ECM components
but also release a plethora of growth factors, cytokines,
and chemokines, thereby establishing a strongly pro-
tumorigenic and immunosuppressive signaling net-
work. For example, CAF-derived CXCL12 actively repels
effector T cells from infiltrating the tumor, creating an
“Immune-exclusionary” microenvironment that further
exacerbates immune evasion [237, 238].

HCC predominantly arises in the context of chronic
liver diseases such as viral hepatitis, alcoholic liver dis-
ease, and non-alcoholic steatohepatitis, which lead to
fibrosis and cirrhosis [239]. The liver’s inherent immune
tolerance is amplified within the HCC TME, resulting
in a profoundly immunosuppressive and fibrotic setting.
Chronic liver injury activates hepatic stellate cells (HSCs),
which differentiate into myofibroblasts and secrete ECM,
driving fibrosis [240, 241]. The immune-tolerant environ-
ment of the liver is further exploited by HCC through
the amplification of immunosuppressive cells such as
Kupfter cells, cells Tregs, and myeloid-derived suppres-
sor cells (MDSCs) [242]. Kupfter cells, liver-resident mac-
rophages, express PD-L1 and secrete cytokines like IL-10

Page 14 of 40

and TGF-B to suppress cytotoxic T-cell activity, while
Tregs and MDSCs inhibit effector T-cell responses via
cytokine signaling and metabolic disruption. Addition-
ally, liver-specific immune cells such as Kupffer cells and
liver sinusoidal endothelial cells (LSECs) play specialized
roles in tumor-associated inflammation and immune tol-
erance, contributing to immune suppression and tumor
progression. This pre-existing fibrotic and immune-tol-
erant organ environment explains the limited efficacy of
immune checkpoint inhibitors in HCC and highlights the
need for combination strategies targeting both immune
suppression and stromal remodeling to improve thera-
peutic outcomes.

Genetic factors, signaling pathways, and the tumor
microenvironment collectively exert synergistic regula-
tory effects on the initiation and progression of gastro-
intestinal cancers. Specifically, genetic mutations provide
the initial driving forces, signaling pathways mediate a
series of malignant phenotypes, and the tumor microen-
vironment primarily shapes immunosuppression and fos-
ters therapy resistance. Under this synergistic regulation,
effective therapeutic strategies often require a shift from
single-target interventions to multi-layered approaches
that integrate genomic characteristics, pathway crosstalk,
and microenvironment remodeling.

Diagnostic biomarkers and techniques

Biomarkers in early detection

A common trend in recent studies is the identification
of non-invasive or minimally invasive biomarkers for
the early diagnosis of major GI cancers, such as colorec-
tal and gastric cancers [243-245]. These investigations
collectively reveal a clear paradigm shift, with research
focus transitioning from traditional tissue biopsies to
biomarkers derived from blood (serum/plasma) and fecal
samples, as these sample types are more accessible and
suitable for large-scale screening.

In terms of specific research directions, various types
of biomarkers are being explored. Compared to the clini-
cal biomarkers emphasized in early studies by Srivastava
et al. (2001), recent research has increasingly concen-
trated on molecular biomarkers [246]. For instance,
studies by Huang et al. (2010) and Zhu et al. (2014) dem-
onstrated that microRNAs (miRNAs) present in plasma
hold significant promise as novel biomarkers for the early
detection of colorectal and gastric cancers [247, 248].
This body of work highlights a growing interest in non-
coding RNAs, including miRNAs and piRNAs, which
have emerged as highly promising candidates due to their
stability in the circulatory system [247-249].

In contrast to the focus on circulating nucleic acids,
other studies have emphasized epigenetic biomarkers.
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For example, Chen and Fang [250] (2015) explored the
application of epigenetic modifications, such as DNA
methylation, in the early diagnosis of gastric and colorec-
tal cancers. Bernal et al. investigated the tumor suppres-
sor gene Reprimo, identifying hypermethylation in its
promoter region in gastric cancer tissues [251]. Impor-
tantly, these methylated DNA fragments are shed into
the bloodstream and can be detected in plasma samples.
Furthermore, Solé et al. (2014) presented a prototypi-
cal workflow for proteomics-based screening in colo-
rectal cancer, underscoring the diversity of approaches
employed in biomarker discovery [245]. Collectively,
these studies demonstrate that researchers are investigat-
ing biomarkers across multiple levels, including genetic,
epigenetic, and transcriptomic dimensions.

Despite the significant focus on the discovery and vali-
dation of novel biomarkers, there remains a notable gap
in the integration of these biomarkers into clinical prac-
tice, as well as in conducting large-scale, prospective
clinical validation studies [245, 248]. Additionally, while
research on colorectal cancer and gastric cancer is rela-
tively extensive, studies on early detection biomarkers for
other GI cancers, such as esophageal and PCs, remain
limited. This represents a significant gap in the current
research landscape [243, 244, 251].

Current research on early cancer detection focuses on
integrating multi-omics data with machine learning to
enhance sensitivity and specificity. By parallel analysis of
circulating tumor DNA genomic mutations, epigenomic
methylation patterns, and proteomic data, combined
with machine learning models for classification, this
strategy has demonstrated clinical feasibility in multi-
cancer detection and tumor tissue-of-origin (TOO) trac-
ing [252]. Among ctDNA analyses, methylation patterns,
as stable epigenetic markers, provide superior informa-
tion for TOO tracing compared to genomic mutations,
as evidenced by PanSeer’s methylation profiling achiev-
ing 80.6% sensitivity for early gastric cancer detection
(Taizhou Longitudinal Study) [253]. Additionally, frag-
mentomics analyzes ctDNA’s physical attributes, such as
fragment length distribution and terminal sequence pat-
terns, enabling cancer detection without relying on driver
mutations [254]. Another approach involves targeting
tumor-derived extracellular vesicles (EVs) using tools
like nucleic acid aptamers to enrich signals [255, 256].
Expanding beyond tumor-centric perspectives, research
has integrated host metabolic and microbiome responses,
combining plasma metabolomics, proteomics, and stool
metagenomics to develop high-performance screen-
ing models, such as a panel of nine plasma metabolites
achieving an AUC of 0.94 for early PC detection [257,
258]. These strategies collectively offer multi-dimensional
solutions for advancing early cancer screening.
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Advanced imaging techniques

In recent years, rapid advancements in imaging tech-
nologies have significantly enhanced the early diagnosis,
precise staging, and treatment evaluation of GI tumors.
Commonly used clinical screening methods include com-
puted tomography (CT) and ultrasound, with abdominal
ultrasound being a preferred option due to its non-inva-
sive nature, cost-effectiveness, and widespread availabil-
ity. CT, with its high spatial resolution and multiphase
enhancement capabilities, is extensively utilized for stag-
ing and diagnosis of diseases like liver and PCs [259, 260].

Emerging technologies, such as magnetic resonance
imaging (MRI) and its functional imaging techniques,
including diffusion-weighted imaging (DWI), dynamic
contrast-enhanced MRI (DCE-MRI), and magnetic reso-
nance spectroscopy (MRS), offer detailed insights into
microstructural, hemodynamic, and metabolic features,
significantly improving diagnostic accuracy. However,
their high costs restrict their use to complex or challeng-
ing cases.

Positron emission tomography (PET), using tracers like
18F-fluorode-oxyglucose (18F-FDG), excels in detecting
distant metastases by evaluating tumor metabolic activ-
ity, though its high cost and radiation exposure limit
widespread adoption [261, 262]. Contrast-enhanced
ultrasound (CEUS) effectively visualizes tumor perfusion
characteristics, particularly for liver cancer diagnosis and
treatment monitoring, but remains less sensitive to deep
lesions [263].

Innovative techniques such as confocal laser endomi-
croscopy (CLE) and capsule endoscopy have entered
clinical practice. CLE provides real-time cellular-level
imaging, enabling direct visualization of tumor micro-
structures [264]. Capsule endoscopy, a non-invasive
method, significantly improves screening for small intes-
tine and GI tumors, including esophageal cancer. How-
ever, its inability to perform biopsies limits diagnostic
capacity [265]. Despite this, it holds great potential for
reaching areas inaccessible to traditional endoscopy, such
as the duodenum, jejunum, and ileum.

Artificial intelligence (AI) has further revolutionized
imaging diagnostics by enhancing efficiency and preci-
sion [266]. Deep learning algorithms integrate multi-
modal data from MRI, CT, and PET to enable tumor
boundary detection, volumetric quantification, and treat-
ment outcome prediction, offering valuable support in
clinical decision-making [267-270].

Overall, conventional screening techniques like CT
and ultrasound remain suitable for large-scale applica-
tions due to their affordability and accessibility. In con-
trast, advanced technologies such as MRI, CLE, and
Al-assisted diagnostics are better suited for precise
evaluations and complex cases [259, 271]. By integrating
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anatomical, functional, metabolic, and microstructural
information, these imaging modalities provide critical
insights for early diagnosis and personalized treatment
planning. With ongoing technological progress, their
clinical potential continues to expand.

Current targeted therapies for Gl cancer

Monoclonal antibodies and small molecular drugs
Monoclonal antibodies and small molecule inhibitors are
widely applied as essential strategies for targeted therapy
in GI cancers. Monoclonal antibodies target cell sur-
face receptors (e.g., EGFR, HER2) or components of the
TME (e.g., VEGF), blocking pro-proliferative signaling or
inhibiting angiogenesis. Small molecule inhibitors, on the
other hand, penetrate cell membranes and act on intra-
cellular kinases or signaling molecules, disrupting down-
stream oncogenic pathways. With deeper understanding
of tumor molecular mechanisms and advancements in
biomarker detection technologies, the application of
targeted drugs is gradually moving toward personalized
treatment, significantly improving clinical outcomes for
specific subtypes of patients. Meanwhile, innovative drug
development targeting emerging targets continues to
drive progress in therapeutic approaches.

Monoclonal antibodies

Currently, several monoclonal antibodies have been
approved by the FDA and are widely used in clinical
practice, primarily targeting EGFR, VEGEF, and HER2
pathways. These drugs have demonstrated significant
efficacy in advanced GI cancers.

The EGER signaling pathway is a key driver of prolif-
eration, angiogenesis, and metastasis in many GI tumors.
For example, pivotal clinical trials such as CRYSTAL
and PRIME have shown that cetuximab and panitu-
mumab significantly improve progression-free survival
(PES) and overall survival (OS) in RAS wild-type meta-
static colorectal cancer (mCRC) patients, but are inef-
fective in RAS-mutant tumors [272-278]. In addition to
EGER, antibodies targeting angiogenesis have also been
approved for treatment, such as bevacizumab and ramu-
cirumab, which inhibit VEGF and VEGEFR-2, respectively,
significantly delaying tumor progression. Bevacizumab
combined with chemotherapy has been shown in clinical
trials to extend PFS by nearly six months, while ramu-
cirumab extended OS by nearly two months (9.6 months
vs. 7.4 months) in phase III trials for advanced gastric
cancer [279-281]. Furthermore, immunotherapy com-
bined with anti-angiogenesis drugs has demonstrated
exceptional efficacy as IMbravel50 trial results showed
that atezolizumab combined with bevacizumab
extended OS and PFS in advanced HCC compared to
sorafenib monotherapy [282]. For HER2-positive gastric
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cancer, trastuzumab has shown significant efficacy when
combined with chemotherapy in the ToGA trial
(NCT01041404), becoming a classic example of HER2-
targeted therapy [3, 283].

Several monoclonal antibodies in clinical trials have
also demonstrated promising therapeutic potential.
Zolbetuximab targets Claudin-18.2 and significantly
improved OS and PFS in Claudin-18.2-positive gas-
tric cancer patients in the SPOTLIGHT trial (10.61 vs.
8.67 months) [284]. Another trial explored its application
in gastric or gastroesophageal junction adenocarcinoma,
providing data for expanding its treatment scope [285].
Necitumumab, targeting EGFR, has shown early efficacy
in mCRC treatment when combined with chemotherapy
[286]. Bemarituzumab, targeting the FGFR2b recep-
tor, demonstrated efficacy in combination with mFOL-
FOX6 for metastatic gastric/gastroesophageal junction
adenocarcinoma in the FIGHT trial (median PFS 9.5 vs.
7.4 months), with phase III clinical trials currently under-
way [287].

Building upon the development of single-epitope anti-
bodies, biparatopic antibodies are emerging as a promis-
ing novel strategy. HER2-targeting biparatopic antibodies
achieve dual blockade of the HER?2 signaling pathway by
engaging distinct structural domains of HER2. Regarding
HCC, a novel anti-HER?2 biparatopic tetravalent antibody
exhibits enhanced antitumor efficacy through multiple
mechanisms, including inducing HER2 clustering, inter-
nalization, and degradation [288-292]. In a clinical trial
targeting both EGFR and MET, amivantamab achieved a
disease control rate of 26.1% in patients with gastric can-
cer and gastroesophageal junction cancer [293]. Of par-
ticular note, Zanidatamab was formally granted Orphan
Drug Designation by the FDA in 2024 for the treatment
of biliary tract cancer and GC, which efficacy in gastroe-
sophageal adenocarcinoma has been demonstrated in
various phase I, IT and III clinical studies (NCT03929666)
[294-297]. According to findings from the KC-WISE/
KN026-001 trial (NCT05427383), it demonstrates supe-
rior PFS and OS outcomes both in GC and CRC [298].
Moreover, in 2024, the HER2/HER3 bispecific antibody
Zenocutuzumab was approved for treating NRG11PC
[299]. These research findings provide important ref-
erences for developing therapeutic strategies based on
biparatopic antibodies.

Antibody-drug conjugates (ADCs) combine mono-
clonal antibodies with highly potent cytotoxic payloads
via chemical linkers. This design leverages the targeting
specificity and long half-life of antibodies while utilizing
the high cytotoxicity of anti-tumor agents that cannot be
used alone due to excessive toxicity [300]. FDA-approved
ADCs include trastuzumab deruxtecan (Enhertu), target-
ing HER2 for HER2-positive gastric and gastroesophageal
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junction adenocarcinoma; its DESTINY-GastricOl trial
showed significant efficacy [301, 302]. Furthermore, the
clinical trial that led to the approval of the EGFR-target-
ing ADC in nasopharyngeal carcinoma established its
therapeutic utility in colorectal cancer [303]. Besides,
HER2-targeting ADCs under investigation include RC48-
ADC, A166, and ZW49, all showing good safety and effi-
cacy [304, 305]. In recent years, researches on TROP-2
and CLDN18.2 have been boosted, demonstrating their
manageable safety profile [306—-310]. ADCs in clinical tri-
als include sacituzumab govitecan, targeting TROP-2 for
TROP-2-expressing gastric and colorectal cancers [311,
312]. Additionally, B7-H3-targeting ADC DS-7300 and
novel TROP-2-targeting ADCs are being evaluated in
phase I trials. Additionally, novel emerging ADC targets
including HER3, Nectin-4, and GCC are currently under
exploration. The innovation of HER3-targeted ADCs
lies in their ability to disrupt HER2/HER3 heterodi-
merization and downstream signaling pathways, provid-
ing new strategies to overcome HER2-targeted therapy
resistance [313]. Nectin-4, as a cell adhesion molecule
highly expressed in gastric cancer, offers a new direction
for cross-tumor translational therapy in gastric cancer
[314]. The GCC target has garnered significant atten-
tion due to its highly specific expression in gastrointes-
tinal mucosa, with its ADC exploration primarily facing
challenges in balancing efficacy and toxicity [315, 316].
Moreover, GPC3 in HCC (MRG006A) (NCT07093970),
CEACAMS5 in mCRC (Precem-TcT) [317] and TF in
PC (XNW28012) (NCT06799637) are all in clinical trial
stages, demonstrating tremendous potential. Further-
more, based on the previously mentioned bispecific
antibodies, researchers have conceived adopting similar
approaches to conjugate them with drugs to form ADCs,
such as Zanidatamab zovodotin (ZW49), which com-
bines an anti-HER2 biparatopic IgG1 antibody with the
microtubule inhibitor auristatin to construct an ADC.
However, ZW49 and related studies such as MEDI4276
have been terminated due to toxicity and other rea-
sons. Therefore, given the current gap in the dual-target
ADC field, researchers could further consider methods
to reduce ADC toxicity and attempt the construction of
multi-target ADCs.

Small molecule drugs

Small molecule targeted therapies play a crucial role in GI
cancer treatment by precisely targeting driver gene muta-
tions or abnormal signaling pathways, effectively inhib-
iting tumor cell proliferation and growth. Regorafenib,
sorafenib, and lenvatinib are FDA-approved small mole-
cule drugs for GI cancers. Regorafenib demonstrated effi-
cacy in refractory metastatic colorectal cancer patients
in the CORRECT trial [318, 319]. Sorafenib, the first
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targeted drug approved for advanced liver cancer, signifi-
cantly extended OS in the SHARP trial (NCT00105443)
[320]. Similar to VEGF-targeting monoclonal antibodies,
lenvatinib inhibits angiogenesis and tumor growth [321],
showing comparable efficacy to sorafenib in advanced
liver cancer [322]. Furthermore, PARP inhibitors are
a class of therapeutic agents that primarily target and
inhibit PARP1/2 proteins, thereby inducing “synthetic
lethality” in tumor cells harboring BRCA1/2 mutations
or exhibiting HRD [323]. For gBRCA mutated meta-
static PC, the PARP inhibitor Olaparib extended PFS
by approximately four months compared to the placebo
group in the POLO trial [45].

Significant association between FGFR2 alteration and
cholangiocarcinoma indicates the therapy pathway of
FGFR. FDA-approved FGFR2 inhibitors for treating CCA
include Pemigatinib, Infigratinib and Futibatinib [324—
327]. Pemigatinib targets FGFR2 and achieved ORR in
35.5% of patients with FGFR2 fusions or rearrangements
[321]. Infigratinib and Futibatinib achieved ORRs of
23.1% and 41.7% respectively. With similar effects, among
IDH inhibitors for gastrointestinal tumors, Ivosidenib is
currently the only FDA-approved IDH inhibitor for treat-
ing previously treated locally advanced or metastatic
CCA, targeting IDHI mutation. These drugs provide
critical treatment options for GI cancer patients through
multi-target precision inhibition.

In addition, numerous small molecule targeted drugs
that have entered clinical trials have demonstrated sig-
nificant therapeutic potential. Cabozantinib extended OS
by approximately four months in advanced liver cancer
patients in the CELESTIAL trial and is also applicable
to CRC [328, 329]. However, in FGFR2 amplified tumors
(GC and gastroesophageal carcinoma), AZD4547 did not
significantly improve PFS versus paclitaxel [330] [331].
Regarding IDH1 mutations in CCA, the main drugs in
clinical trial phases are LY3410738 and BAY1436032,
both currently in phase I clinical stages, enrolling
patients with IDHI mutation-positive advanced CAA
[332, 333]. For mCRC, onartuzumab, a MET inhibitor,
although phase II clinical trials have demonstrated its
efficacy in combination with FOLFOX plus Bevacizumab,
it is currently mainly used for non-small cell lung can-
cer (NSCLC) and has no further clinical trials related to
gastrointestinal tumors [334]. Similarly, as a MET inhibi-
tor, Savolitinib has received NMPA approval for treat-
ing NSCLC, but for gastrointestinal tumors (mainly GC
and PC), it remains in the phase I clinical stage exploring
pharmacokinetic and related properties [335, 336]. Selp-
ercatinib targets RET fusion tumors, showing early effi-
cacy in the LIBRETTO-001 trial [337].

Furthermore, RAS mutations are widely present in
gastrointestinal tumors, with approximately 40.4% of
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metastatic colorectal cancer patients having RAS gene
mutations [338], and related targeted drugs are gener-
ally in preclinical and clinical trial stages. This pan-RAS
inhibitor ADT-007 selectively targets RAS-mutant can-
cer cells, demonstrates robust antitumor activity in CRC
and PC models by suppressing MAPK signaling and
activating the tumor immune microenvironment, while
effectively circumventing resistance mechanisms asso-
ciated with conventional RAS inhibitors [339]. KRAS
G12D inhibitors in preclinical experiments demonstrate
significant therapeutic potential by selectively targeting
the mutant protein, showing robust antitumor activity
including tumor regression in preclinical models, thereby
offering a promising treatment strategy for patients with
KRAS G12D-driven cancers that currently lack effective
targeted therapies [340, 341]. Based on these promis-
ing preclinical data, a series of clinical trials targeting
RAS inhibitors have been initiated and have preliminar-
ily demonstrated their therapeutic potential. Pan-RAS
inhibitors mainly include RMC-6236, targeting PDAC
and JYP0015 (NCT06895031) targeting PDAC and CRC
[342]. Focusing on KRAS G12D, GFH375 (VS-7375) has
received fast track designation (FTD) for first-line treat-
ment of patients with KRAS G12D mutation-positive
locally advanced or metastatic pancreatic ductal adeno-
carcinoma, but is currently in phase I/II clinical study
(NCT06500676) [343]. Additionally, INCB161734’s clini-
cal research on various gastrointestinal tumors is also
in the preliminary stage (NCT06500676). These drugs,
through targeting specific molecular mechanisms and
combination therapy strategies, provide innovative direc-
tions for GI cancer treatment and show potential for
multi-indication development.

Immunotherapy approaches

Immunotherapy is a therapeutic strategy designed to
modulate or enhance the function of the immune system
to recognize and eliminate tumor cells. The core concept
is to utilize the body’s natural immune defense mecha-
nisms, targeting tumor-specific antigens or immune-sup-
pressive factors within the TME, to restore or strengthen
anti-tumor immune responses and achieve therapeutic
effects. Here we focus on immune checkpoint inhibi-
tors (ICIs), tumor vaccines, and adoptive cell therapy,
systematically analyzing their applications and develop-
ments in GI cancers.

Immune checkpoint inhibitors

Immune checkpoint inhibitors represent a major break-
through in tumor immunotherapy in recent years [344].
These inhibitors mainly target immune checkpoint
molecules, which under normal physiological condi-
tions maintain immune self-tolerance and prevent
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excessive immune reactions. However, in the TME,
these molecules are often exploited by tumors to evade
immune surveillance [345, 346].

PD-1/PD-L1 and CTLA-4 are two well-studied
immune checkpoints, and many ICIs targeting them
have been approved for clinical use in GI cancers. For
PD-1/PD-L1 inhibitors, trials such as KEYNOTE-016
have shown that pembrolizumab significantly improved
PES by approximately eight months compared to chem-
otherapy in MSI-H/dMMR mCRC, GC, and gastroe-
sophageal junction cancer [347-350]. Additionally,
nivolumab extended disease-free survival by nearly one
year in esophageal cancer patients, with a lower inci-
dence of adverse events compared to chemotherapy
[351]. CTLA-4 inhibitors, such as ipilimumab, when
combined with PD-1 inhibitors, further improved
response rates in advanced colorectal cancer [352].
Other ICIs, such as atezolizumab (Tecentriq) combined
with bevacizumab (Avastin), and durvalumab (Imfinzi),
have been approved for hepatocellular carcinoma and
CCA [282, 353].

Emerging ICIs in clinical trials offer new possibilities
for GI cancer treatment, targeting traditional molecules
like PD-1/PD-L1 and CTLA-4, as well as novel targets
like LAG-3, TIGIT, and TIM-3. For example, relatlimab
combined with nivolumab improved the 2-year recur-
rence-free survival (RES) and OS rates in esophageal
cancer patients to 72.5% and 82.6%, respectively [354,
355]. TIGIT inhibitors, such as tiragolumab, combined
with atezolizumab and bevacizumab, achieved a 43%
objective response rate in liver cancer [356]. Saba-
tolimab, a TIM-3 inhibitor, combined with spartali-
zumab showed preliminary anti-tumor activity [357].
Tremelimumab, a CTLA-4 inhibitor, combined with
durvalumab has been studied for unresectable hepa-
tocellular carcinoma [358]. The development of these
novel ICIs further expands the possibilities for treat-
ing GI cancers and advances precision immunotherapy
(Table 1).

Furthermore, many bispecific antibodies target-
ing immune checkpoints have also entered clinical trial
stages. For example, AZD7789, an Anti-PD-1 and Anti-
TIM-3 Bispecific Antibody, is currently conducting
Phase I/Ila studies for GC and gastroesophageal junc-
tion adenocarcinoma (GEJC). Catumaxomab, a bispe-
cific monoclonal antibody targeting EpCAM and CD3,
has demonstrated early efficacy in gastric cancer patients
with ascites [392]. Furthermore, Rilvegostomig is cur-
rently the fastest-progressing PD-1/TIGIT bispecific
antibody, having entered phase III clinical trials for gas-
tric cancer (NCT06764875) and hepatocellular carci-
noma (NCT06921785).
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Table 1 Targeted and immunotherapeutic agents in Gl cancers
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Cancer Type Drugs Mechanism Indications Clinical Trial Status References
ESOPHAGEAL CANCER Pembrolizumab  Specific PD-1/PD-L1 Advanced ESCC (PD-L1* FDA-approved [359]
Nivolumab antibody or MSHH) Phase I [360]
NCT03143153
Sintilimab Phase Il [361]
NCT03985046
Trastuzumab Specific HER2 antibody Advanced or metastatic Phase Il [362,363]
HER2-positive G/GEJ cancer  NCT04908813,
NCT05504720
GASTRIC/GEJ CANCER Ramucirumab Specific VEGFR2 antibody Advanced HER2-negative Phase Il [364]
GC or GEJC NCT02934464
Apatinib Specific VEGFR2 small Advanced GC third-line Phase IV [365, 366]
molecule inhibitor treatment NCT02426034
Nivolumab Specific PD-1 antibody MSI-H/dMMR or PD-L1* Phase lll [367]
advanced GC NCT02872116
Pembrolizumab FDA-approved [368, 369]
Sintilimab Phase Il [370]
NCT03382600
Zolbetuximab Specific Claudin 18.2 Claudin18.2-positive GC FDA-approved [285,371]
antibody first-line treatment
Bemarituzumab  Specific FGFR2b antibody FGFR2b-positive GC Phase Il [372]
NCT03694522
COLORECTAL CANCER Cetuximab Specific EGFR antibody RAS/BRAF wild-type meta-  Phase I/Il [373]
static CRC NCT00079066
Panitumumab RAS/BRAF wild-type meta- Phase lll [374]
static CRC NCT01412957
Bevacizumab Specific VEGF antibody Metastatic CRC first/sec- Phase lll [1,375]
ond-line treatment NCT03950154
Regorafenib Specific VEGFR, PDGFR, Metastatic CRC Phase Ill [318]
FGFR small molecule NCT01103323
Fruquintinib inhibitor Phase IIl (376]
NCT04322539
Pembrolizumab  Specific PD-1 antibody MSI-H/dMMR metastatic FDA-approved [347]
Nivolumab CRC Phase Il [352]
NCT02060188
Larotrectinib Specific TRK small molecule  NTRK fusion-positive solid Phase Il [8]
inhibitor tumors NCT02122913,
NCT02637687,
NCT02576431
Entrectinib Phase I/1l [377]
NCT02097810,
NCT02568267
Sotorasib Specific KRAS G12C small KRAS G12C mutant meta- Phase | [378]
molecule inhibitor static CRC NCT03600883
Adagrasib Phase I/11 [379]
NCT03785249
HEPATOCELLULAR CARCI- Sorafenib Specific PDGFR, RAF, VEGFR  Unresectable HCC first-line ~ Phase Ill [320]
NOMA small molecule inhibitor treatment NCT00105443
Lenvatinib Phase Il [380]
NCT01761266
Regorafenib Multi-targeted tyrosine HCC progressed Phase Il [381]
kinase inhibition after sorafenib treatment NCT01774344
Cabozantinib Phase Il [382]

NCT01908426
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Table 1 (continued)
Cancer Type Drugs Mechanism Indications Clinical Trial Status References
PANCREATIC CANCER Olaparib Inhibiting DNA repair, syn-  BRCA1/2 mutant metastatic ~ Phase Il [45]
thetic lethality effect PC maintenance therapy NCT02184195
Rucaparib Phase I (383]
NCT03140670
Larotrectinib Specific TRK small molecule  NTRK fusion-positive PC Phase I (8]
inhibitor NCT02122913,
NCT02637687,
NCT02576431
Entrectinib Phase I/l [377]
NCT02097810,
NCT02568267
Pembrolizumab  Specific PD-1 antibody MSI-H/dMMR PC (rare <1%) FDA-approved [6,384]
Sotorasib Specific KRAS G12C small KRAS G12C mutant PC (rare) Phase lll [385]
molecule inhibitor NCT03600883
BILIARY TRACT CANCER Pemigatinib Specific FGFR small mol- FGFR2 fusion/rearrange- Phase Il [327]
ecule inhibitor ment CCA (10-15%) NCT02924376
Futibatinib Phase Il [326]
NCT02052778
Ivosidenib Specific IDH1 small mol- IDH1-mutant CCA (10-20%)  Phase lll [386]
ecule inhibitor NCT02989857
Durvalumab Specific PD-L1 antibody Advanced biliary tract can- ~ Phase Il [387]
cer first-line treatment NCT03875235
NEUROENDOCRINE Lanreotide Somatostatin analogue, Well-differentiated GEP-NET  Phase Il [388]
TUMORS inhibiting hormone secre- NCT00353496
tion and tumor proliferation
Everolimus Specific mTOR small mol- Progressive pancreatic NETs  Phase Il [389]
ecule inhibitor NCT00510068
Sunitinib Specific PDGFR, VEGFR small Phase I/1l [390]
molecule inhibitor NCT00428597
77 u-DOTATATE  Somatostatin receptor- Somatostatin receptor- Phase lll [391]

targeted radiotherapy

positive GEP-NET NCT01578239

CCA Cholangiocarcinoma, CRC Colorectal cancer, ESCC Esophageal squamous cell carcinoma/adenocarcinoma, GC Gastric cancer, GEJC Gastroesophageal junction
adenocarcinoma, GEP-NET Gastro-entero-pancreatic neuroendocrine tumor, HCC Hepatocellular carcinoma, PC Pancreatic cancer. Data sources—https://clinicaltrials.gov/

Adoptive cell therapy
Adoptive cell therapy (ACT) involves the genetic modifi-
cation of patient- or donor-derived immune cells ex vivo,
followed by reinfusion of these engineered cells into the
patient to enable specific targeting and elimination of
tumor cells.

Chimeric antigen receptor T-cell (CAR-T) therapy is
a type of adoptive immune cell therapy that involves
genetically modifying a patient’s T cells to specifically
recognize and efficiently kill tumor cells. However,
GI cancers face significant challenges in cell therapy
due to the complex immune-suppressive environment
(e.g., Tregs, MDSCs) and difficulties in target selec-
tion. Currently, HER2-CAR-T, CLDN18.2-CAR-T, and
MSLN-CAR-T therapies are being explored in phase
I clinical trials to assess their stability and combina-
tion strategies [393-395]. For example, the first rand-
omized controlled trial targeting solid tumors showed

that CLDN18.2-CAR-T therapy (satri-cel) signifi-
cantly extended PES in patients with advanced gastric
cancer or gastroesophageal junction cancer (3.25 vs.
1.77 months), with manageable safety, supporting its
potential as a third-line treatment option [396].
Engineered T cell receptor-T cell (TCR-T cell) ther-
apy has demonstrated potential in the treatment of GI
tumors. The ROSENBERG team reported interim results
from a phase II clinical trial (NCT03412877) targeting
metastatic colorectal cancer, showing a progression-free
survival (PFS) of 4.6 months. These findings indicate that
personalized neoantigen-based TCR-T cell therapy can
induce tumor regression and exhibit certain durability
[397]. Additionally, TCR-T cell therapy targeting KRAS
mutant antigens has shown preliminary success in PC.
For instance, specific TCR-T cell therapy targeting the
KRAS-G12D mutant antigen achieved promising efficacy
in a patient with metastatic PC, with a 72% reduction in
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tumor burden six months post-treatment [398]. Further-
more, new targets such as mesothelin in PC and KRAS-
G12V mutant-specific TCR-T cell therapy are currently
under clinical investigation [399, 400]

In HBV-associated hepatocellular carcinoma, TCR-T
cell therapy has shown potential application prospects.
Among two patients receiving HBV antigen-specific
TCR-T cell therapy, one patient exhibited significant
reduction in five out of six pulmonary metastatic lesions
[401]. Subsequently, a team conducted a phase I clinical
trial using HBV-specific TCR-T cells (LioCyx-M004) to
treat advanced HBV-associated HCC, achieving a median
overall survival of 33.1 months [402]. These results sug-
gest that HBV-specific TCR-T cells possess robust antivi-
ral activity and in vivo tolerance.

In summary, TCR-T cell therapy has shown promising
clinical efficacy in GI tumors, particularly in treatments
targeting CEA, KRAS mutations, and HBV antigens.
However, its therapeutic outcomes require further opti-
mization, and serious adverse events during treatment
need to be addressed to advance the broader application
of this therapy in GI cancers.

Tumor vaccines
Tumor vaccines refer to the use of carriers such as pep-
tides, nucleic acids, adenoviruses, or dendritic cells (DCs)
to deliver tumor-associated antigens or neoantigens,
combined with immune adjuvants or innate immune
activation signals, to activate and expand antigen-specific
CD8" cytotoxic T cells and CD4* helper T cells (as well
as associated B cells and memory immunity). Meanwhile,
they reshape the tumor microenvironment (enhancing
immune infiltration and reducing immune suppression)
[403, 404].

DCs are professional antigen-presenting cells that play
a crucial role in the initiation and regulation of adap-
tive immune responses. Currently, many DC-based
therapies for GI cancers have entered in clinical tri-
als (NCT03152565, NCT00868114, NCT04317248).
For example, the WT1-targeted DC vaccine combined
with chemotherapy significantly activated WT1-specific
immune responses, facilitated conversion surgery in
patients with unresectable pancreatic ductal adenocar-
cinoma (UR-PDAC), and notably improved long-term
clinical outcomes [405].Additionally, DCs transfected
with MUCI mRNA achieved a one-year survival rate of
over 50% in advanced PC patients [406]. Modified with
poxvirus vectors encoding CEA and MUC1 (PANVAC),
a randomized phase II trial investigated the use of den-
dritic cells and observed improved survival outcomes
compared to patients who did not receive PANVAC vac-
cine during the same period, although the differences
were not statistically significant [407]. Another trial
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targeting CRC patients with liver metastases, with
DC loaded with autologous tumor lysates, extended DFS
by approximately 16 months [408]. For MSI-type CRC,
a phase I/II clinical trial loading CEA onto DCs is cur-
rently underway (NCT01885702). Moreover, two clinical
trials evaluating the efficacy of DC vaccines in prevent-
ing recurrence in hypermutated CRC patients after sur-
gical resection (NCT03730948) and in stage IV CRC
patients (NCT02919644). To conclude, DC therapy is
still in its early stages, with future directions focusing on
combination strategies (e.g., DC vaccines combined with
chemotherapy or ICIs) and optimizing DC preparation
techniques to address DC deficiencies in late-stage GI
cancer patients.

Peptide/protein vaccines are the most extensively
developed category for GI cancers, characterized by
diverse targets and dependence on human leukocyte
antigen (HLA) restriction and adjuvant optimization.
Early traditional peptide vaccines targeting tumor-asso-
ciated antigens like NY-ESO-1, MAGE-A3/426 [409],
TTK [410], WT1 [411, 412], and KIF20A have shown
relatively limited efficacy. For instance, the hTERT pep-
tide GV1001 extended OS by only four months in the
phase III TeloVac trial for PC, highlighting the limita-
tions of single-target short peptides [413]. In contrast,
multi-epitope vaccines have demonstrated advantages
over single-epitope vaccines by eliciting broader and
more robust immune responses [414—416]. For instance,
PolyPEPI1018 is a multi-peptide vaccine containing 12
immunogenic epitopes, which, in combination with TAS-
102 chemotherapy in advanced MSS mCRC patients,
induced stronger vaccine-specific humoral and T cell
immune responses, extending PFS by approximately
8 months. [417, 418]. Neoantigen vaccines are rapidly
advancing, with clinical trials underway for colorectal
cancer (NCT04486378), gastric cancer (NCT05192460,
NCT05227378), and PC (NCT04799431, NCT05111353).
Incorporating adenoviral and self-amplifying mRNA vec-
tors encoding the top 20 predicted neoantigens, a per-
sonalized neoantigen vaccine regimen aims at induce
tumor-specific CD8' T cell responses and improve PFS
in mCRC patients [416].

Regarding viral vector vaccines, the research team
developed a CRC-specific vaccine, Ad5-GUCY2C-
PADRE, by linking GUCY2C to a universal helper T-cell
epitope (pan DR reactive epitope, PADRE) that enhances
immune responses and loading it into an adenoviral vec-
tor. In a phase I clinical trial, this vaccine was shown to
safely induce antigen-specific CD8%cytotoxic T cells
without generating autoimmune CD41 T cells, demon-
strating split tolerance to GUCY2C [419]. Additionally,
the study found that the MVA-5T4 vaccine and low-
dose cyclophosphamide could independently induce
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antitumor immune responses, significantly prolonging
PFS (5.6 vs 2.4 months) and OS (20.0 vs 10.3 months)
in patients with metastatic colorectal cancer, without
severe toxic effects [420]. The VRP-CEA vaccine primar-
ily induces CEA-specific humoral immunity, and long-
term survivors have been observed in both stage III and
IV colorectal cancer patients, suggesting the vaccine has
the potential to prolong OS [421]. Therefore, various vac-
cines have demonstrated favorable immune responses
and survival benefits in the treatment of colorectal can-
cer. The whole tumor cell-based vaccine is also a type of
therapeutic vaccine prepared using intact tumor cells,
which activates a polyclonal T-cell immune response by
presenting the full antigenic profile [422]. For example,
the PC GVAX vaccine combined with the attenuated
Listeria vector CRS-207 showed immune activation and
early survival signals in initial studies [423]. Similarly, the
a-Gal epitope-modified whole-cell vaccine Algenpantu-
cel-L did not significantly improve DFS/OS, highlight-
ing the limitations of whole-cell strategies in the highly
immune-suppressive PC microenvironment [424].
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From an immunotherapy perspective, these approaches
complement each other. PD-1/PD-L1 and CTLA-4 inhib-
itors provide a reliable foundation for immunotherapy,
while immune cell therapy and tumor vaccines expand
the range of immunotherapeutic targets. Together,
these advances drive the diversification and precision
of immunotherapy for GI cancers, while highlighting
future opportunities to optimize treatment strategies and
address challenges (Fig. 3).

With the in-depth investigation into the molecu-
lar mechanisms of tumorigenesis and progression, the
application of relevant targeted drugs has demonstrated
significant therapeutic efficacy advantages in clinical
treatment. Various targeted agents, such as cetuximab,
panitumumab, and regorafenib, have received FDA
approval. However, clinical practice still faces challenges
including drug resistance, off-target toxicity, and tumor
heterogeneity. To address these issues, developing next-
generation drugs such as multi-targeting bispecific anti-
bodies (e.g., bispecific antibodies targeting HER2/HER3),
combining different therapies like immunotherapy, and
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Fig. 3 Overview of Mainstream Targeted Therapies for Gastrointestinal Cancer. Mainstream targeted therapeutic approaches for Gl tumors can be
divided into two major categories: monoclonal antibody and small molecular drugs, and immunotherapy. Monoclonal antibodies target molecules
such as VEGF, HER2, EGFR, MUCT, EpCAM, and Claudin 18.2, while small molecule inhibitors block pathways involving FGFR, VEGFR, TIE-2, RET, KIT,
CSF1R, and PDGFR. Immunotherapy comprises three key strategies: checkpoint inhibitors targeting PD-1, PD-L1, CTLA-4, LAG-3, TIGIT, and TIM-3

to enhance T cell responses, particularly in MSI-H/dMMR tumors; tumor vaccines, which utilize TAAs or TSAs in forms such as peptide/protein
vaccines, DC vaccines, nucleic acid vaccines, and virus vector vaccines to stimulate anti-tumor immunity; and adoptive cell therapies, such as TCR-T
and CAR-T cells, which target cancer-specific antigens or neoantigens to mediate direct tumor cell killing (figure was created with Biorender.com)
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identifying effective biomarkers represent potential stra-
tegic solutions.

Emerging therapies and future directions
Mesenchymal stem cell-derived exosomes

Mesenchymal stem cells (MSCs), known for their
regenerative and immunomodulatory properties, have
emerged as key players in the TME, influencing the pro-
gression of various GI cancers (Fig. 4). MSC-derived
exosomes have emerged as promising tools in the diag-
nosis and treatment of GI cancers due to their natural
role in intercellular communication, biocompatibility,
and ability to be engineered for targeted therapy. These
nano-sized vesicles carry bioactive molecules such as
proteins, lipids, and various forms of RNA, including
microRNAs (miRNAs) and circular RNAs (circRNAs),
which can modulate tumor behavior and the TME.
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In GI cancers, MSC-derived exosomes exhibit dual
roles: they can either promote or suppress tumor pro-
gression depending on their cargo. For instance, exoso-
mal miR-221 from bone marrow MSCs enhances gastric
cancer cell proliferation by inhibiting PI3K/AKT pathway
suppressors [425], while exosomes carrying miR-199a-3p
suppress HCC migration by targeting integrins [426].
Similarly, circ_0037104 from human MSC exosomes
inhibits CCA by sponging miR-620 and upregulating
APAF1 [427].

Therapeutically, MSC-derived exosomes are being har-
nessed as drug delivery vehicles due to their low immu-
nogenicity and high targeting efficiency. They can be
loaded with chemotherapeutic agents (e.g., paclitaxel,
doxorubicin), nucleic acids (siRNA, miRNA mimics), or
antisense oligonucleotides to enhance drug accumulation
in tumors and reduce off-target effects [428]. For exam-
ple, exosomes loaded with miR-122 sensitize HCC cells
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Fig. 4 Biogenesis of MSC-Derived Exosomes in Emerging Targeted Therapies for Gastrointestinal Cancer. Exosome formation begins

with endocytosis, where extracellular components are internalized into early endosomes. These endosomes mature into multivesicular bodies
(MVBSs) containing intraluminal vesicles (ILVs). ILV formation is mediated by the ESCRT (Endosomal Sorting Complex Required for Transport)
machinery, which includes ESCRT-I, ESCRT-II, and ESCRT-IIl, along with ubiquitin and associated proteins (e.g., growth factor receptors or MHC class I

molecules) (figure was created with Biorender.com)
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Table 2 Combination therapies targeting key molecular pathways in Gl cancers

Therapy Target Indication Clinical Trial Status Reference

Pembrolizumab +Trastuzumab + Fluoropyrimi- HER2, PD-1 HER2-positive GEJC FDA-approved [464]

dine and Platinum-based Chemotherapy (with PD-L1 CPS>1)

Encorafenib + Cetuximab + mFOLFOX6 BRAF V60OE  BRAF V600E-mutated CRC FDA-approved [448, 451,

465]

Nivolumab + Chemotherapy PD-1 Advanced GC/GEJC FDA-approved [458]

Pembrolizumab + Chemotherapy PD-1 Locally advanced or metastatic HER2-GC/GEJC FDA-approved [466]

Zolbetuximab +Chemotherapy CLDN18.2 CLDN18.2-positive, HER2- GC/GEJC FDA-approved [36,467]

Ramucirumab + FOLFIRI VEGF2 Advanced GC/GEJC FDA-approved [468]

HLX22 +Trastuzumab + XELOX HER2 HER2* GC/GEJC Phase Il [469]
NCT04908813

Cadonilimab + XELOX PD-1/CTLA-4 Locally advanced recurrent or metastatic GC/GEJC  Phase Il [470]
NCT05008783

Lenvatinib +Pembrolizumab HCC Advanced HCC Phase Ill [471]
NCT03713593

Durvalumab + FLOT Chemotherapy (Fluorouracil, PD-L1 GC/GEJC Phase lll [472]

Leucovorin, Oxaliplatin, Docetaxel) NCT04592913

Lenvatinib +Pembrolizumab plus Chemotherapy VEGF, PD-1 Advanced/Metastatic GEJC Phase lll [460]

NCT03713593

CRC Colorectal cancer, GEJC Gastroesophageal junction adenocarcinoma, GC Gastric cancer, HCC Hepatocellular carcinoma. Data sources—https://clinicaltrials.gov/

to sorafenib [429], and those carrying galectin-9 siRNA
enhance immunotherapy in pancreatic ductal adenocar-
cinoma [430].

Moreover, exosomes influence the TME by modulat-
ing immune responses, angiogenesis, and extracellular
matrix remodeling. They can promote immunosuppres-
sion via regulatory T cells or enhance anti-tumor immu-
nity by activating natural killer cells [431]. Current
clinical trials are exploring exosome-based diagnostics
and therapies, though challenges in production scalabil-
ity, cargo loading efficiency, and functional heterogeneity
remain.

In conclusion, MSC-derived exosomes represent a ver-
satile platform for GI cancer therapy, offering opportuni-
ties for precision medicine through targeted delivery and
immunomodulation. Future research should focus on
standardizing isolation techniques, optimizing engineer-
ing strategies, and validating efficacy in clinical settings.

Personalized medicine and genomic approaches

The Cancer Genome Atlas has conducted large-scale
genomic analyses to classify gastric cancer into four
molecular subtypes: EBV-positive, MSI, GS, and
CIN, providing a theoretical foundation for personal-
ized treatment [432, 433]. EBV-positive gastric can-
cer is characterized by PD-L1/PD-L2 amplification and
PIK3CA mutations, making it potentially sensitive to
immunotherapy [434-436]. MSI tumors exhibit high
tumor mutation burden (TMB) and are often associated
with mismatch repair gene mutations, showing strong

responses to PD-1/PD-L1 immune checkpoint inhibi-
tors [437, 438]. GS subtype is linked to diffuse gastric
cancer and commonly features CDHI mutations, while
CIN subtype is associated with intestinal gastric cancer,
frequently showing TP53 mutations and HER2 ampli-
fication [437, 439]. Additionally, TCGA research has
revealed key genomic alterations in colorectal cancer,
including frequent mutations in APC, KRAS, and TP53,
as well as pathway disruptions in WNT and TGF-§ sign-
aling, driving advancements in targeted therapies [440].
In the field of immunotherapy, MSI-H or dAMMR GI can-
cers have demonstrated remarkable efficacy with immune
checkpoint inhibitors like Pembrolizumab, establishing a
foundational biomarker for broad-spectrum cancer treat-
ment independent of tumor type [441]. For HER2-posi-
tive gastric cancer, the landmark ToGA trial showed that
combining Trastuzumab with chemotherapy significantly
improved survival rates, setting a precedent for targeted
therapy in gastric cancer [3]. Also, the development of
drugs targeting specific mutations in the MAPK/ERK
pathway, such as BRAF V600E, is a clear demonstration
of the power of personalized medicine [442, 443]. Fur-
thermore, the development and clinical application of
liquid biopsy techniques, such as ctDNA detection, have
enabled non-invasive monitoring, allowing for early diag-
nosis and real-time tracking of tumor genomic changes
to guide treatment adjustment.
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Combination therapies

Combination therapy for GI cancers is built upon the
principles of molecular subtyping, targeted therapy,
immunotherapy, and treatment timing, aiming to
enhance efficacy and overcome resistance [444]. In tar-
geted therapy, studies on KRAS G12C-mutated colo-
rectal cancer have demonstrated significant efficacy of
Sotorasib (AMG 510) as a monotherapy, while combin-
ing it with anti-EGFR agents like Panitumumab is being
explored to address resistance and improve outcomes
[445—-447]. Similarly, the BEACON CRC trial established
the superiority of Encorafenib combined with Cetuximab
over standard chemotherapy for BRAF V600E-mutated
colorectal cancer [448-450]. Moreover, the BREAKWA-
TER trial also demonstrated that encorafenib plus cetuxi-
mab (EC) with mFOLFOX6 extended PFS by 5 months
compared to standard care [451]. These findings align
with the rationale behind KRAS-targeted combinations,
suggesting that targeting signaling pathways for specific
molecular subtypes may be broadly effective. However,
limitations remain, such as unclear efficacy of KRAS
inhibitors in non-G12C mutations and challenges in opti-
mizing safety and tolerability in combination regimens
[452, 453]. Anti-angiogenic therapies, such as Bevaci-
zumab combined with chemotherapy [454], have become
the standard first-line treatment for metastatic colorectal
cancer, while Ramucirumab has demonstrated survival
benefits as a second-line option in advanced gastric can-
cer [455-457]. These studies collectively reinforce the
critical role of VEGF pathway inhibition in advanced GI
cancers, though its efficacy is constrained by the com-
plexity of the TME, which invites further exploration of
combinations with immunotherapies.

In immunotherapy, pivotal trials like Le et al’s study
and the CheckMate-649 trial have confirmed the sub-
stantial efficacy of combining use of immune checkpoint
inhibitors (e.g., Pembrolizumab and Nivolumab) as first-
line therapies in advanced gastric, gastro-oesophageal
junction, and oesophageal adenocarcinoma [458, 459].
As well, the LEAP-015 trail of combining Lenvatinib
and Pembrolizumab plus chrmotherapy confirms the
manageable safety profile in the first-line treatment in
advanced/metastatic gastroesophageal adenocarcinoma
[460]. These findings are consistent with the success
of immunotherapy in other malignancies, establish-
ing its central role in specific molecular subtypes of GI
cancers. However, immunotherapy has shown limited
efficacy in non-MSI-H patients, and resistance mecha-
nisms such as immunosuppressive factors in the TME
(e.g., TGF-B) remain significant challenges [461]. This
highlights the potential of combining immune check-
point inhibitors with anti-angiogenic agents or TGF-p
inhibitors to enhance therapeutic outcomes. Molecular
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subtyping plays a critical role in guiding combination
therapy, as evidenced by the use of Trastuzumab com-
bined with chemotherapy as the standard treatment for
HER2-positive gastric cancer, as well as emerging strat-
egies targeting BRAF mutations, KRAS mutations, and
MSI-H/dMMR status [462, 463]. These studies collec-
tively emphasize the importance of molecular subtyping
in precision medicine (Table 2).

However, gaps remain in understanding treatment
timing and sequencing strategies. For instance, the
integration of immunotherapy and targeted therapy
in neoadjuvant settings, as well as optimizing second-
line combinations to extend survival, warrant further
investigation. Overall, combination therapy for GI can-
cers leverages complementary mechanisms, synergistic
effects, and molecular subtyping to build a framework for
personalized treatment. Nevertheless, addressing limi-
tations such as resistance, restricted efficacy, and unan-
swered questions about sequencing strategies is essential
to broaden clinical applications and improve patient
outcomes.

Despite the remarkable clinical success of targeted
strategies for gastrointestinal cancers—including small-
molecule inhibitors, monoclonal antibodies, and immu-
notherapy—their efficacy remains substantially limited
by critical factors such as tumor heterogeneity, the evo-
lution of drug resistance, and the immunosuppressive
tumor microenvironment. These challenges are driving
the exploration of novel therapeutic approaches, such
as multi-mechanism combination strategies. Molecular
classification based on genomic profiling, which inte-
grates multi-omics data with clinicopathological fea-
tures, offers a highly promising avenue for guiding more
precise treatment. However, realizing its full potential
requires a deeper molecular-level understanding to iden-
tify robust biomarkers, which is essential for advancing
and ultimately transforming the treatment paradigm for
GI cancers.

Conclusions

GI cancers represent a major global public health burden,
with approximately 4.8 million new cases annually (in
2020) [473], among which colorectal cancer ranks third in
incidence with an ascending trend [474]. The molecular
pathogenesis of these malignancies exhibits remarkable
complexity, encompassing multiple molecular aberra-
tions including KRAS (exons 2, 3, and 4)/NRAS (exons 2,
3, and 4) mutations (40-50%) [475, 476], PIK3CA activa-
tion, p53/APC inactivation, MSI-H(15%) [477], along-
side dysregulation of critical signaling pathways such as
Wnt/p-catenin, PI3K/AKT/mTOR, and EGFR/HER2.
Building upon comprehensive understanding of these
molecular mechanisms, precision-targeted therapies
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have achieved significant breakthroughs, including anti-
EGFR monoclonal antibodies for RAS wild-type patients
[478, 479], anti-HER2 therapy for HER2-positive gastric
cancer [480], and PD-1/PD-L1 inhibitors for MSI-H/
dMMR patients, demonstrating objective response rates
of 40-60% and offering renewed therapeutic hope for
patients [481].

Looking forward, precision medicine for GI can-
cers is poised for revolutionary transformation. Liq-
uid biopsy technologies (ctDNA, circulating tumor
cells, exosomal miRNAs) will enable ultra-early diag-
nosis with anticipated sensitivity exceeding 90% [482];
artificial intelligence-driven multi-omics analysis will
establish precise prognostic prediction models, facili-
tating truly personalized “one-patient-one-regimen”
therapeutic approaches [483]; next-generation treat-
ment strategies including bispecific antibodies, ADCs
and proteolysis-targeting chimeras (PROTACs) will
target previously “undruggable” molecular targets [300,
484, 485]; concurrently, TME reprogramming [486],
precision nanomedicine delivery systems [487], and
rationally designed combination therapies based on
molecular network analysis will substantially enhance
therapeutic efficacy while minimizing adverse effects.
Within the next 5-10 years, treatment strategies tai-
lored through comprehensive molecular profiling are
expected to become standard clinical practice.

In summary, this article systematically reviews cur-
rent research advances in the molecular pathogenesis of
GI cancers from multiple perspectives, including genetic
alterations, epigenetic regulation, and the tumor micro-
environment. These mechanisms are intricately inter-
connected, collectively forming a sophisticated signaling
regulatory network. Decades of in-depth analysis of this
network have led to the development of numerous tar-
geted drugs, which have achieved remarkable therapeu-
tic outcomes in clinical practice. However, it must be
emphasized that extensive crosstalk and compensatory
mechanisms among different signaling pathways poten-
tially confer tumor resistance to targeted therapies. In
response, combination strategies based on multi-mech-
anism synergy, along with genomics-guided personal-
ized and precision medicine, are emerging as critical
future directions. By systematically synthesizing research
progress on molecular mechanisms in gastrointestinal
tumors and the current state of clinical translation of
targeted drugs, as well as exploring promising emerg-
ing therapeutic strategies, this review aims to provide
researchers with a more comprehensive and integrated
perspective, thereby collectively advancing the develop-
ment of targeted therapies and other innovative treat-
ments for GI cancers.

Page 26 of 40

Acknowledgements

The current work was supported by the National Natural Science Foundation
of China (Grant numbers: 82071796, 81901686). We thank the National Key
Laboratory of Immunity and Inflammation & Institute of Immunology.

Authors’ contributions

Yanfeng Wu provided the idea, supervising the final draft of the manuscript.
Xiaobo He contributed to the refinement of the manuscript, suggesting
structural adjustments, and providing detailed feedback on the content and
presentation. Yang Jin conducted literature searching, prepared the draft,
made the tables and illustrations and revised the manuscript. All authors have
read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China
(Grant numbers: 82071796, 81901686).

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors have no relevant financial or non-financial interests to disclose.

Received: 4 November 2024 Revised: 4 November 2025 Accepted: 5
November 2025
Published online: 09 December 2025

References

1. Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J,
Heim W, et al. Bevacizumab plus irinotecan, fluorouracil, and leucovorin
for metastatic colorectal cancer. N Engl J Med. 2004;350(23):2335-42.
https://doi.org/10.1056/NEJM0a032691.

2. Cunningham D, Humblet Y, Siena S, Khayat D, Bleiberg H, Santoro
A, et al. Cetuximab monotherapy and cetuximab plus irinotecan
in irinotecan-refractory metastatic colorectal cancer. N Engl J Med.
2004;351(4):337-45. https://doi.org/10.1056/NEJM0a033025.

3. BangYJ,Van Cutsem E, Feyereislova A, Chung HC, Shen L, Sawaki
A, 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(9742):687-97. https://doi.
0rg/10.1016/50140-6736(10)61121-X.

4. Cancer Genome Atlas Research N. Comprehensive molecular charac-
terization of gastric adenocarcinoma. Nature. 2014;513(7517):202-9.
https://doi.org/10.1038/nature13480.

5. Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson C,
et al. The consensus molecular subtypes of colorectal cancer. Nat Med.
2015;21(11):1350-6. https://doi.org/10.1038/nm.3967.

6. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al.
PD-1 blockade in tumors with mismatch-repair deficiency. N Engl J
Med. 2015;372(26):2509-20. https://doi.org/10.1056/NEJMoa1500596.

7. Borger DR, Tanabe KK, Fan KC, Lopez HU, Fantin VR, Straley KS, et al.
Frequent mutation of isocitrate dehydrogenase (IDH)1 and IDH2 in
cholangiocarcinoma identified through broad-based tumor genotyp-
ing. Oncologist. 2012;17(1):72-9. https://doi.org/10.1634/theoncologist.
2011-0386.

8. Drilon A, Laetsch TW, Kummar S, DuBois SG, Lassen UN, Demetri GD,
et al. Efficacy of larotrectinib in TRK fusion-positive cancers in adults


https://doi.org/10.1056/NEJMoa032691
https://doi.org/10.1056/NEJMoa033025
https://doi.org/10.1016/S0140-6736(10)61121-X
https://doi.org/10.1016/S0140-6736(10)61121-X
https://doi.org/10.1038/nature13480
https://doi.org/10.1038/nm.3967
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1634/theoncologist.2011-0386
https://doi.org/10.1634/theoncologist.2011-0386

Jin et al. Molecular Biomedicine

20.

22.

23.

24.

25.

26.

27.

(2025) 6:136

and children. N Engl J Med. 2018;378(8):731-9. https://doi.org/10.1056/
NEJMoa1714448.

Suski JM, Braun M, Strmiska V, Sicinski P. Targeting cell-cycle machinery
in cancer. Cancer Cell. 2021;39(6):759-78. https://doi.org/10.1016/j.ccell.
2021.03.010.

Drosten M, Barbacid M. Targeting the MAPK pathway in KRAS-driven
tumors. Cancer Cell. 2020;37(4):543-50. https://doi.org/10.1016/j.ccell.
2020.03.013.

Song Y, LiL,OuY,Gao Z Li E, Li X et al. dentification of genomic altera-
tions in oesophageal squamous cell cancer. Nature. 2014;509(7498):91—
5. https://doi.org/10.1038/nature13176.

Muller PA, Vousden KH. Mutant p53 in cancer: new functions and thera-
peutic opportunities. Cancer Cell. 2014;25(3):304-17. https://doi.org/10.
1016/j.ccr.2014.01.021.

Dittmer D, Pati S, Zambetti G, Chu S, Teresky AK, Moore M, et al. Gain of
function mutations in p53. Nat Genet. 1993;4(1):42-6. https://doi.org/
10.1038/ng0593-42.

Morton JP, Timpson P, Karim SA, Ridgway RA, Athineos D, Doyle B, et al.
Mutant p53 drives metastasis and overcomes growth arrest/senes-
cence in pancreatic cancer. Proc Natl Acad Sci U S A. 2010;107(1):246—
51. https://doi.org/10.1073/pnas.0908428107.

Baugh EH, Ke H, Levine AJ, Bonneau RA, Chan CS. Why are there hot-
spot mutations in the TP53 gene in human cancers? Cell Death Differ.
2018;25(1):154-60. https://doi.org/10.1038/cdd.2017.180.

Zhu J, Sammons MA, Donahue G, Dou Z, Vedadi M, Getlik M, et al. Gain-
of-function p53 mutants co-opt chromatin pathways to drive cancer
growth. Nature. 2015;525(7568):206-11. https://doi.org/10.1038/natur
e15251.

Nishida Y, Ishizawa J, Ayoub E, Montoya RH, Ostermann LB, Muftuoglu
M, et al. Enhanced TP53 reactivation disrupts MYC transcriptional pro-
gram and overcomes venetoclax resistance in acute myeloid leukemias.
Sci Adv. 2023;9(48):eadh1436. https://doi.org/10.1126/sciadv.adh1436.
Zhang C, Liu J, Liang Y, Wu R, Zhao Y, Hong X, et al. Tumour-associated
mutant p53 drives the Warburg effect. Nat Commun. 2013;4:2935.
https://doi.org/10.1038/ncomms3935.

Poeta ML, Manola J, Goldwasser MA, Forastiere A, Benoit N, Califano JA,
et al. TP53 mutations and survival in squamous-cell carcinoma of the
head and neck. N Engl J Med. 2007,357(25):2552-61. https://doi.org/10.
1056/NEJM0a073770.

Vogelstein B, Fearon ER, Hamilton SR, Kern SE, Preisinger AC, Leppert M,
et al. Genetic alterations during colorectal-tumor development. N Engl
J Med. 1988;319(9):525-32. https://doi.org/10.1056/NEJM19880901319
0901.

Bougeard G, Renaux-Petel M, Flaman JM, Charbonnier C, Fermey P,
Belotti M, et al. Revisiting Li-Fraumeni syndrome from TP53 mutation
carriers. J Clin Oncol. 2015;33(21):2345-52. https://doi.org/10.1200/JCO.
2014.59.5728.

Feng J, LanY, Liu F, Yuan Y, Ge J, Wei S, et al. Combination of genomic
instability score and TP53 status for prognosis prediction in lung adeno-
carcinoma. NPJ Precis Oncol. 2023;7(1):110. https://doi.org/10.1038/
$41698-023-00465-x.

Magni M, Buscemi G, Zannini L. Cell cycle and apoptosis regulator 2

at the interface between DNA damage response and cell physiology.
Mutat Res Rev Mutat Res. 2018;776:1-9. https://doi.org/10.1016/j.mrrev.
2018.03.004.

Cancer Genome Atlas N. Comprehensive molecular characterization of
human colon and rectal cancer. Nature. 2012;487(7407):330-7. https://
doi.org/10.1038/nature11252.

Liu HL, Peng H, Huang CH, Zhou HY, Ge J. Mutational separation and
clinical outcomes of TP53 and CDH1 in gastric cancer. World J Gastro-
intest Surg. 2023;15(12):2855-65. https://doi.org/10.4240/wjgs.v15.i12.
2855.

Yachida S, White CM, Naito Y, Zhong Y, Brosnan JA, Macgregor-Das AM,
et al. Clinical significance of the genetic landscape of pancreatic cancer
and implications for identification of potential long-term survivors. Clin
Cancer Res. 2012;18(22):6339-47. https://doi.org/10.1158/1078-0432.
CCR-12-1215.

Szybowska P, Kostas M, Wesche J, Haugsten EM, Wiedlocha A. Negative
regulation of FGFR (fibroblast growth factor receptor) signaling. Cells.
2021. https://doi.org/10.3390/cells10061342.

28.

29.

30.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 27 of 40

Zingg D, Bhin J, Yemelyanenko J, Kas SM, Rolfs F, Lutz C, et al. Truncated
FGFR2 is a clinically actionable oncogene in multiple cancers. Nature.
2022,608(7923):609-17. https://doi.org/10.1038/541586-022-05066-5.
Neumann O, Burn TC, Allgauer M, Ball M, Kirchner M, Albrecht T, et al.
Genomic architecture of FGFR2 fusions in cholangiocarcinoma and

its implication for molecular testing. Br J Cancer. 2022;127(8):1540-9.
https://doi.org/10.1038/541416-022-01908-1.

Boscoe AN, Rolland C, Kelley RK. Frequency and prognostic significance
of isocitrate dehydrogenase 1 mutations in cholangiocarcinoma: a
systematic literature review. J Gastrointest Oncol. 2019;10(4):751-65.
https://doi.org/10.21037/jgo.2019.03.10.

Kinzler KW, Nilbert MC, Su LK, Vogelstein B, Bryan TM, Levy DB, et al.
Identification of FAP locus genes from chromosome 5g21. Science.
1991;253(5020):661-5. https://doi.org/10.1126/science.1651562.

Fishel R, Lescoe MK, Rao MR, Copeland NG, Jenkins NA, Garber J, et al.
The human mutator gene homolog MSH2 and its association with
hereditary nonpolyposis colon cancer. Cell. 1994,77(1):1 (p following
166).

Bronner CE, Baker SM, Morrison PT, Warren G, Smith LG, Lescoe MK,

et al. Mutation in the DNA mismatch repair gene homologue hMLH1

is associated with hereditary non-polyposis colon cancer. Nature.
1994;368(6468):258-61. https://doi.org/10.1038/368258a0.

Lennerz JK, Kwak EL, Ackerman A, Michael M, Fox SB, Bergethon K,

et al. MET amplification identifies a small and aggressive subgroup of
esophagogastric adenocarcinoma with evidence of responsiveness to
crizotinib. J Clin Oncol. 2011;29(36):4803-10. https://doi.org/10.1200/
JCO.2011.35.4928.

Li Z,Chen S, Feng W, Luo Y, Lai H, Li Q et al. A pan-cancer analysis of
HER2 index revealed transcriptional pattern for precise selection of
HER2-targeted therapy. EBioMedicine. 2020;62:103074. https://doi.org/
10.1016/j.ebiom.2020.103074.

Shitara K, Barlaskar F, Franke F, Kawaguchi Y, Shen L, Kamio T, et al.
P-159 trastuzumab deruxtecan (T-DXd) in patients with HER2-positive
gastric cancer (GC) or gastroesophageal junction (GEJ) adenocarci-
noma who have progressed on or after a trastuzumab-containing
regimen (DESTINY-Gastric04): a randomized phase 3 study. Ann Oncol.
2022;33:5306-7. https://doi.org/10.1016/j.annonc.2022.04.249.

Krook MA, Reeser JW, Ernst G, Barker H, Wilberding M, Li G, et al. Fibro-
blast growth factor receptors in cancer: genetic alterations, diagnos-
tics, therapeutic targets and mechanisms of resistance. Br J Cancer.
2021;124(5):880-92. https://doi.org/10.1038/541416-020-01157-0.
AngerilliV, Fornaro L, Pepe F, Rossi SM, Perrone G, Malapelle U, et al.
Fgfr2 testing in cholangiocarcinoma: translating molecular studies into
clinical practice. Pathologica. 2023;115(2):71-82. https://doi.org/10.
32074/1591-951X-859.

Wang J, Xiu J, Battaglin F, Arai H, Soni S, Zhang W, et al. Large-scale
analysis of CDH1 mutations defines a distinctive molecular subset with
treatment implications in gastric cancer. NPJ Precis Oncol. 2024;8(1):214.
https://doi.org/10.1038/541698-024-00694-8.

Hansford S, Kaurah P, Li-Chang H, Woo M, Senz J, Pinheiro H, et al.
Hereditary diffuse gastric cancer syndrome: CDH1 mutations and
beyond. JAMA Oncol. 2015;1(1):23-32. https://doi.org/10.1001/jamao
ncol.2014.168.

Hu HF, Ye Z, Qin Y, Xu XW, Yu XJ, Zhuo QF, Ji SR. Mutations in key

driver genes of pancreatic cancer: molecularly targeted therapies and
other clinical implications. Acta Pharmacol Sin. 2021;42(11):1725-41.
https://doi.org/10.1038/541401-020-00584-2. Epub 2021 Feb 11. PMID:
33574569; PMCID: PMC8563973.

Li X, Heyer WD. Homologous recombination in DNA repair and DNA
damage tolerance. Cell Res. 2008;18(1):99-113. https://doi.org/10.1038/
cr.2008.1.

Ambjorn SM, Duxin JP, Hertz EPT, Nasa |, Duro J, Kruse T, et al. A complex
of BRCA2 and PP2A-B56 is required for DNA repair by homologous
recombination. Nat Commun. 2021;12(1):5748. https://doi.org/10.1038/
s41467-021-26079-0.

Georgieva D, Wang N, Taglialatela A, Jerabek S, Reczek CR, Lim PX, et al.
BRCA1 and 53BP1 regulate reprogramming efficiency by mediating
DNA repair pathway choice at replication-associated double-strand
breaks. Cell Rep. 2024;43(4):114006. https://doi.org/10.1016/j.celrep.
2024.114006.


https://doi.org/10.1056/NEJMoa1714448
https://doi.org/10.1056/NEJMoa1714448
https://doi.org/10.1016/j.ccell.2021.03.010
https://doi.org/10.1016/j.ccell.2021.03.010
https://doi.org/10.1016/j.ccell.2020.03.013
https://doi.org/10.1016/j.ccell.2020.03.013
https://doi.org/10.1038/nature13176
https://doi.org/10.1016/j.ccr.2014.01.021
https://doi.org/10.1016/j.ccr.2014.01.021
https://doi.org/10.1038/ng0593-42
https://doi.org/10.1038/ng0593-42
https://doi.org/10.1073/pnas.0908428107
https://doi.org/10.1038/cdd.2017.180
https://doi.org/10.1038/nature15251
https://doi.org/10.1038/nature15251
https://doi.org/10.1126/sciadv.adh1436
https://doi.org/10.1038/ncomms3935
https://doi.org/10.1056/NEJMoa073770
https://doi.org/10.1056/NEJMoa073770
https://doi.org/10.1056/NEJM198809013190901
https://doi.org/10.1056/NEJM198809013190901
https://doi.org/10.1200/JCO.2014.59.5728
https://doi.org/10.1200/JCO.2014.59.5728
https://doi.org/10.1038/s41698-023-00465-x
https://doi.org/10.1038/s41698-023-00465-x
https://doi.org/10.1016/j.mrrev.2018.03.004
https://doi.org/10.1016/j.mrrev.2018.03.004
https://doi.org/10.1038/nature11252
https://doi.org/10.1038/nature11252
https://doi.org/10.4240/wjgs.v15.i12.2855
https://doi.org/10.4240/wjgs.v15.i12.2855
https://doi.org/10.1158/1078-0432.CCR-12-1215
https://doi.org/10.1158/1078-0432.CCR-12-1215
https://doi.org/10.3390/cells10061342
https://doi.org/10.1038/s41586-022-05066-5
https://doi.org/10.1038/s41416-022-01908-1
https://doi.org/10.21037/jgo.2019.03.10
https://doi.org/10.1126/science.1651562
https://doi.org/10.1038/368258a0
https://doi.org/10.1200/JCO.2011.35.4928
https://doi.org/10.1200/JCO.2011.35.4928
https://doi.org/10.1016/j.ebiom.2020.103074
https://doi.org/10.1016/j.ebiom.2020.103074
https://doi.org/10.1016/j.annonc.2022.04.249
https://doi.org/10.1038/s41416-020-01157-0
https://doi.org/10.32074/1591-951X-859
https://doi.org/10.32074/1591-951X-859
https://doi.org/10.1038/s41698-024-00694-8
https://doi.org/10.1001/jamaoncol.2014.168
https://doi.org/10.1001/jamaoncol.2014.168
https://doi.org/10.1038/s41401-020-00584-2
https://doi.org/10.1038/cr.2008.1
https://doi.org/10.1038/cr.2008.1
https://doi.org/10.1038/s41467-021-26079-0
https://doi.org/10.1038/s41467-021-26079-0
https://doi.org/10.1016/j.celrep.2024.114006
https://doi.org/10.1016/j.celrep.2024.114006

Jin et al. Molecular Biomedicine

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

(2025) 6:136

Golan T, Hammel P, Reni M, Van Cutsem E, Macarulla T, Hall MJ, et al.
Maintenance olaparib for germline BRCA-mutated metastatic pancre-
atic cancer. N Engl J Med. 2019;381(4):317-27. https://doi.org/10.1056/
NEJMoa1903387.

Holter S, Borgida A, Dodd A, Grant R, Semotiuk K, Hedley D, et al. Ger-
mline BRCA mutations in a large clinic-based cohort of patients with
pancreatic adenocarcinoma. J Clin Oncol. 2015;33(28):3124-9. https://
doi.org/10.1200/JC0O.2014.59.7401.

Venkitaraman AR. Cancer susceptibility and the functions of BRCA1
and BRCA2. Cell. 2002;108(2):171-82. https://doi.org/10.1016/50092-
8674(02)00615-3.

Lin J, Shi J, Guo H, Yang X, Jiang Y, Long J, et al. Alterations in DNA
damage repair genes in primary liver cancer. Clin Cancer Res.
2019;25(15):4701-11. https://doi.org/10.1158/1078-0432.CCR-19-0127.
Jamison JK, May MS, Raufi AG, Luk L, Wong W, Mundi PS, et al. A somatic
BRCA2-mutated pancreatic adenocarcinoma with sustained excep-
tional response to modified FOLFIRINOX. Oncologist. 2024;29(4):350-5.
https://doi.org/10.1093/oncolo/oyad315.

Casolino R, Paiella S, Azzolina D, Beer PA, Corbo V, Lorenzoni G et al.
Homologous Recombination Deficiency in Pancreatic Cancer: A
Systematic Review and Prevalence Meta-Analysis. J Clin Oncol.
2021;39(23):2617-31. https://doi.org/10.1200/jco.20.03238.

Dasari A, Shen C, Halperin D, Zhao B, Zhou S, Xu Y, et al. Trends in the
incidence, prevalence, and survival outcomes in patients with neuroen-
docrine tumors in the United States. JAMA Oncol. 2017;3(10):1335-42.
https://doi.org/10.1001/jamaoncol.2017.0589.

Pavel M, Oberg K, Falconi M, Krenning EP, Sundin A, Perren A, et al.
Gastroenteropancreatic neuroendocrine neoplasms: ESMO clinical
practice guidelines for diagnosis, treatment and follow-up. Ann Oncol.
2020;31(7):844-60. https://doi.org/10.1016/j.annonc.2020.03.304.
Huguet |, Grossman AB, O'Toole D. Changes in the epidemiology of
neuroendocrine tumours. Neuroendocrinology. 2017;104(2):105-11.
https://doi.org/10.1159/000441897.

Yates CJ, Newey PJ, Thakker RV. Challenges and controversies in
management of pancreatic neuroendocrine tumours in patients with
MENT. Lancet Diabetes Endocrinol. 2015;3(11):895-905. https://doi.org/
10.1016/52213-8587(15)00043-1.

Thakker RV, Newey PJ, Walls GV, Bilezikian J, Dralle H, Ebeling PR, et al.
Clinical practice guidelines for multiple endocrine neoplasia type 1
(MENT1). J Clin Endocrinol Metab. 2012;97(9):2990-3011. https://doi.org/
10.1210/jc.2012-1230.

Scarpa A, Chang DK, Nones K, Corbo V, Patch AM, Bailey P, et al. Whole-
genome landscape of pancreatic neuroendocrine tumours. Nature.
2017;543(7643):65-71. https://doi.org/10.1038/nature21063.

Jiao, Shi C, Edil BH, de Wilde RF, Klimstra DS, Maitra A, et al. DAXX/
ATRX, MENT, and mTOR pathway genes are frequently altered in
pancreatic neuroendocrine tumors. Science. 2011;331(6021):1199-203.
https://doi.org/10.1126/science.1200609.

Francis JM, Kiezun A, Ramos AH, Serra S, Pedamallu CS, Qian ZR, et al.
Somatic mutation of COKN1B in small intestine neuroendocrine tumors.
Nat Genet. 2013;45(12):1483-6. https://doi.org/10.1038/ng.2821.

Duan X, Zhao M, Yin X, Mi L, Shi J, Li N, et al. Molecular typing and muta-
tional characterization of rectal neuroendocrine neoplasms. Cancer
Med. 2023;12(15):16207-20. https://doi.org/10.1002/cam4.6281.

Goel A, Xicola RM, Nguyen TP, Doyle BJ, Sohn VR, Bandipalliam P,

et al. Aberrant DNA methylation in hereditary nonpolyposis colo-
rectal cancer without mismatch repair deficiency. Gastroenterology.
2010;138(5):1854-62. https://doi.org/10.1053/j.gastro.2010.01.035.
Vaschetto LM. DNA Methylation, Histone Modifications, and Non-
coding RNA Pathways. In: Vaschetto LM, editor. Epigenetics in Crop
Improvement: Safeguarding Food Security in an Ever-Changing
Climate. Cham: Springer Nature Switzerland; 2024. p. 15-27.

Aghdassi A, Sendler M, Guenther A, Mayerle J, Behn CO, Heidecke CD,
et al. Recruitment of histone deacetylases HDACT and HDAC2 by the
transcriptional repressor ZEB1 downregulates E-cadherin expression

in pancreatic cancer. Gut. 2012;61(3):439-48. https://doi.org/10.1136/
gutjnl-2011-300060.

von Burstin J, Eser S, Paul MC, Seidler B, Brandl M, Messer M, et al.
E-cadherin regulates metastasis of pancreatic cancer in vivo and

is suppressed by a SNAIL/ZHDAC1/HDAC2 repressor complex.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 28 of 40

Gastroenterology. 2009;137(1):361-71-71 e1-5. https://doi.org/10.1053/j.
gastro.2009.04.004.

Qin WX, ShiY, Zhu D, Li YP, Chen YH, Cui J, et al. EZH2-mediated
H3K27me3 enrichment on the INcRNA MEG3 promoter regulates the
growth and metastasis of glioma cells by regulating miR-21-3p. Eur
Rev Med Pharmacol Sci. 2020;24(6):3204-14. https://doi.org/10.26355/
eurrev_202003_20687.

Latham A, Srinivasan P, Kemel Y, Shia J, Bandlamudi C, Mandelker D,

et al. Microsatellite instability is associated with the presence of Lynch
syndrome pan-cancer. J Clin Oncol. 2019;37(4):286-95. https://doi.org/
10.1200/JC0.18.00283.

Nunes L, Li F, Wu M, Luo T, Hammarstrom K, Torell E, et al. Prognostic
genome and transcriptome signatures in colorectal cancers. Nature.
2024;633(8028):137-46. https://doi.org/10.1038/541586-024-07769-3.
Consortium ITP-CAOWG. Pan-cancer analysis of whole genomes.
Nature. 2020;578(7793):82-93. https://doi.org/10.1038/
541586-020-1969-6.

Weisenberger DJ, Siegmund KD, Campan M, Young J, Long Tl, Faasse
MA, et al. CpG island methylator phenotype underlies sporadic
microsatellite instability and is tightly associated with BRAF mutation
in colorectal cancer. Nat Genet. 2006;38(7):787-93. https://doi.org/10.
1038/ng1834.

LiY, Zhang M, Zheng X. High expression of NLRC5 is associated with
prognosis of gastric cancer. Open Med. 2018;13:443-9. https://doi.org/
10.1515/med-2018-0066.

Jones PA, Baylin SB. The fundamental role of epigenetic events in can-
cer. Nat Rev Genet. 2002;3(6):415-28. https://doi.org/10.1038/nrg816.
Yoshihama S, Roszik J, Downs |, Meissner TB, Vijayan S, Chapuy B, et al.
NLRC5/MHC class | transactivator is a target for immune evasion in
cancer. Proc Natl Acad Sci U S A. 2016;113(21):5999-6004. https://doi.
0rg/10.1073/pnas.1602069113.

Shen D, Lin J, Xie Y, Zhuang Z, Xu G, Peng S, et al. RNA demethylase
ALKBH5 promotes colorectal cancer progression by posttranscriptional
activation of RAB5A in an m6A-YTHDF2-dependent manner. Clin Trans!
Med. 2023;13(5):1279. https://doi.org/10.1002/ctm?2.1279.

Guo X, Li K, Jiang W, Hu Y, Xiao W, Huang Y, et al. RNA demethylase
ALKBH5 prevents pancreatic cancer progression by posttranscriptional
activation of PER1 in an m6A-YTHDF2-dependent manner. Mol Cancer.
2020;19(1):91. https://doi.org/10.1186/512943-020-01158-w.

Shao'Y, Liu Z, Song X, Sun R, Zhou Y, Zhang D, et al. ALKBH5/YTHDF2-
mediated m6A modification of circAFF2 enhances radiosensitivity of
colorectal cancer by inhibiting Cullin neddylation. Clin Transl Med.
2023;13(7):1318. https://doi.org/10.1002/ctm2.1318.

Li JB, Walkley CR. Leveraging genetics to understand ADAR1-mediated
RNA editing in health and disease. Nat Rev Genet. 2025;26(8):532-46.
https://doi.org/10.1038/s41576-025-00830-5.

Bass BL. Adenosine deaminases that act on RNA, then and now. RNA.
2024;30(5):521-9. https://doi.org/10.1261/rna.079990.124.

LiuT, Jiw,Wang, Zhang Y, Qi F, Hang Q. High expression of ADAR
mediated by OGT promotes chemoresistance in colorectal can-

cer through the A-to-| editing pathway. Mol Genet Genomics.
2024;299(1):106. https://doi.org/10.1007/500438-024-02197-4.
Shigeyasu K, Okugawa Y, Toden S, Miyoshi J, Toiyama Y, Nagasaka T, et al.
AZINT RNA editing confers cancer stemness and enhances oncogenic
potential in colorectal cancer. JCl Insight. 2018. https://doi.org/10.1172/
jciinsight.99976.

WeiY, Zhang H, Feng Q, Wang S, Shao Y, Wu J, et al. A novel mechanism
for A-to-l RNA-edited AZINT in promoting tumor angiogenesis in colo-
rectal cancer. Cell Death Dis. 2022;13(4):294. https://doi.org/10.1038/
$41419-022-04734-8.

Liang J, Zhai P, Cheng G, Han J, Song X. N-acetyltransferase 10 pro-
motes gastric cancer progression by mediating the N4-acetylcytidine
modification of lactate dehydrogenase A. J Biochem Mol Toxicol.
2025;39(3):70227. https://doi.org/10.1002/jbt.70227.

Chen B, Deng Y, Hong Y, Fan L, Zhai X, Hu H, et al. Metabolic recoding
of NSUN2-mediated m(5)c modification promotes the progression of
colorectal cancer via the NSUN2/YBX1/m(5)c-ENOT1 positive feedback
loop. Adv Sci. 2024;11(28):e2309840. https://doi.org/10.1002/advs.
202309840.

Song D, An K, Zhai W, Feng L, Xu Y, Sun R, et al. NSUN2-mediated
mRNA m(5)c modification regulates the progression of hepatocellular


https://doi.org/10.1056/NEJMoa1903387
https://doi.org/10.1056/NEJMoa1903387
https://doi.org/10.1200/JCO.2014.59.7401
https://doi.org/10.1200/JCO.2014.59.7401
https://doi.org/10.1016/s0092-8674(02)00615-3
https://doi.org/10.1016/s0092-8674(02)00615-3
https://doi.org/10.1158/1078-0432.CCR-19-0127
https://doi.org/10.1093/oncolo/oyad315
https://doi.org/10.1200/jco.20.03238
https://doi.org/10.1001/jamaoncol.2017.0589
https://doi.org/10.1016/j.annonc.2020.03.304
https://doi.org/10.1159/000441897
https://doi.org/10.1016/S2213-8587(15)00043-1
https://doi.org/10.1016/S2213-8587(15)00043-1
https://doi.org/10.1210/jc.2012-1230
https://doi.org/10.1210/jc.2012-1230
https://doi.org/10.1038/nature21063
https://doi.org/10.1126/science.1200609
https://doi.org/10.1038/ng.2821
https://doi.org/10.1002/cam4.6281
https://doi.org/10.1053/j.gastro.2010.01.035
https://doi.org/10.1136/gutjnl-2011-300060
https://doi.org/10.1136/gutjnl-2011-300060
https://doi.org/10.1053/j.gastro.2009.04.004
https://doi.org/10.1053/j.gastro.2009.04.004
https://doi.org/10.26355/eurrev_202003_20687
https://doi.org/10.26355/eurrev_202003_20687
https://doi.org/10.1200/JCO.18.00283
https://doi.org/10.1200/JCO.18.00283
https://doi.org/10.1038/s41586-024-07769-3
https://doi.org/10.1038/s41586-020-1969-6
https://doi.org/10.1038/s41586-020-1969-6
https://doi.org/10.1038/ng1834
https://doi.org/10.1038/ng1834
https://doi.org/10.1515/med-2018-0066
https://doi.org/10.1515/med-2018-0066
https://doi.org/10.1038/nrg816
https://doi.org/10.1073/pnas.1602069113
https://doi.org/10.1073/pnas.1602069113
https://doi.org/10.1002/ctm2.1279
https://doi.org/10.1186/s12943-020-01158-w
https://doi.org/10.1002/ctm2.1318
https://doi.org/10.1038/s41576-025-00830-5
https://doi.org/10.1261/rna.079990.124
https://doi.org/10.1007/s00438-024-02197-4
https://doi.org/10.1172/jci.insight.99976
https://doi.org/10.1172/jci.insight.99976
https://doi.org/10.1038/s41419-022-04734-8
https://doi.org/10.1038/s41419-022-04734-8
https://doi.org/10.1002/jbt.70227
https://doi.org/10.1002/advs.202309840
https://doi.org/10.1002/advs.202309840

Jin et al. Molecular Biomedicine

83.

84.

85.

86.

87.

88.

89.

90.

ot

92.

93.

94.

95.

96.

97.

98.

99.

100.

(2025) 6:136

carcinoma. Genomics Proteomics Bioinformatics. 2023;21(4):823-33.
https://doi.org/10.1016/j.9pb.2022.09.007.

Lee SH, Hyeon DY, Yoon SH, Jeong JH, Han SM, Jang JW, et al. RUNX3
methylation drives hypoxia-induced cell proliferation and antiapoptosis
in early tumorigenesis. Cell Death Differ. 2021;28(4):1251-69. https://
doi.org/10.1038/541418-020-00647-1.

GuoY, Yu H, Li J, Liu K, Han M, Tang Y, et al. DNA-methylation eraser TET2
activates WTIP expression to suppress an AKT-dependent chemoresist-
ance of gastric cancer. Neoplasia. 2025;65:101166. https://doi.org/10.
1016/j.ne0.2025.101166.

Zang Y, Tian Z,Wang D, LiY, Zhang W, Ma C, et al. METTL3-mediated
n(6)-methyladenosine modification of STAT5A promotes gastric cancer
progression by regulating KLF4. Oncogene. 2024;43(30):2338-54.
https://doi.org/10.1038/541388-024-03085-2.

PiJ,Wang W, Ji M, Wang X, Wei X, Jin J, et al. YTHDF1 promotes

gastric carcinogenesis by controlling translation of FZD7. Cancer Res.
2021;81(10):2651-65. https://doi.org/10.1158/0008-5472.CAN-20-0066.
Yan H, Zhang L, Cui X, Zheng S, Li R. Roles and mechanisms of the
m(6)a reader YTHDC1 in biological processes and diseases. Cell Death
Discov. 2022;8(1):237. https://doi.org/10.1038/541420-022-01040-2.
Dong B, Wang B, Fan M, Zhang J, Zhao Z. Comprehensive analysis to
identify PUS7 as a prognostic biomarker from pan-cancer analysis to
osteosarcoma validation. Aging (Albany NY). 2024;16(10):9188-203.
https://doi.org/10.18632/aging.205863.

Chang, Jin H, CuiY, Yang F, Chen K, Kuang W, et al. PUS7-dependent
pseudouridylation of ALKBH3 mRNA inhibits gastric cancer progression.
Clin Transl Med. 2024;14(8):e1811. https://doi.org/10.1002/ctm2.1811.
Chen Y, Wang J, Xu J, Kou R, Lan B, Qin Z. NAT10 promotes gastric
cancer progression by enhancing the N4-acetylcytidine modification of
TNC mRNA. Infect Agent Cancer. 2025;20(1):20. https://doi.org/10.1186/
$13027-025-00650-6.

Kim YB, Ahn JM, Bae WJ, Sung CO, Lee D. Functional loss of ARIDTA is
tightly associated with high PD-L1 expression in gastric cancer. Int J
Cancer. 2019;145(4):916-26. https://doi.org/10.1002/ijc.32140.

Shen J, JuZ, Zhao W, Wang L, Peng Y, Ge Z, et al. ARID1A deficiency
promotes mutability and potentiates therapeutic antitumor immunity
unleashed by immune checkpoint blockade. Nat Med. 2018;24(5):556—-
62. https://doi.org/10.1038/541591-018-0012-z.

Sanchez-Tillo E, Lazaro A, Torrent R, Cuatrecasas M, Vaquero EC, Castells
A, et al. ZEB1 represses E-cadherin and induces an EMT by recruit-

ing the SWI/SNF chromatin-remodeling protein BRG1. Oncogene.
2010;29(24):3490-500. https://doi.org/10.1038/0nc.2010.102.

Yao L, Zhang X, Li X, Xu J, Yang S, Li F, et al. CircAFF2 promotes

the development of AML by binding to PML mRNA. Oncogene.
2025;44(18):1234-44. https://doi.org/10.1038/541388-025-03299-y.
Chen X, Wang S, Jiang X, Zhang M, Ding Y. Long non-coding RNA
HOTAIR: from pan-cancer analysis to colorectal cancer-related uridine
metabolism. Aging (Albany NY). 2024;16(9):7752-73. https://doi.org/10.
18632/aging.205781.

Cai B, Song XQ, Cai JP, Zhang S. HOTAIR: a cancer-related long non-
coding RNA. Neoplasma. 2014;61(4):379-91. https://doi.org/10.4149/
neo_2014_075.

Prensner JR, lyer MK, Sahu A, Asangani IA, Cao Q, Patel L, et al. The long
noncoding RNA SChLAP1 promotes aggressive prostate cancer and
antagonizes the SWI/SNF complex. Nat Genet. 2013;45(11):1392-8.
https://doi.org/10.1038/ng.2771.

Neve B, Jonckheere N, Vincent A, Van Seuningen |, et al. Neve et al.
epigenetic regulation by IncRNAs: an overview focused on UCAT1 in
colorectal cancer. cancers 2018, 10, 440. Cancers (Basel). 2025. https://
doi.org/10.3390/cancers17060914.

Qin YR, Qiao JJ, Chan TH, Zhu YH, Li FF, Liu H, et al. Adenosine-to-
inosine RNA editing mediated by ADARs in esophageal squamous cell
carcinoma. Cancer Res. 2014;74(3):840-51. https://doi.org/10.1158/
0008-5472.CAN-13-2545.

Nishikura K. Oesophageal cancer: RNA editing of SLC22A3 mRNAs:
causative relevance to familial ESCC? Nat Rev Gastroenterol Hepatol.
2017;14(10):569-70. https://doi.org/10.1038/nrgastro.2017.102.

Chen L, LiY, Lin CH, Chan TH, Chow RK, Song Y, et al. Recoding RNA
editing of AZIN1 predisposes to hepatocellular carcinoma. Nat Med.
2013;19(2):209-16. https://doi.org/10.1038/nm.3043.

102.

103.

104.

105.

106.

107.

108.

109.

111,

112.

113.

118.

119.

120.

Page 29 of 40

Behrens J, von Kries JP, Kuhl M, Bruhn L, Wedlich D, Grossched!I R, et al.
Functional interaction of beta-catenin with the transcription factor LEF-
1. Nature. 1996;382(6592):638-42. https://doi.org/10.1038/382638a0.
MacDonald BT, Tamai K, He X. Wnt/beta-catenin signaling: components,
mechanisms, and diseases. Dev Cell. 2009;17(1):9-26. https://doi.org/10.
1016/j.devcel.2009.06.016.

Clevers H, Nusse R. Wnt/beta-catenin signaling and disease. Cell.
2012;149(6):1192-205. https://doi.org/10.1016/j.cell.2012.05.012.
Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, Kinzler KW,

et al. Constitutive transcriptional activation by a beta-catenin-Tcf
complex in APC-/- colon carcinoma. Science. 1997,275(5307):1784-7.
https://doi.org/10.1126/science.275.5307.1784.

Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B, et al.
Activation of beta-catenin-Tcf signaling in colon cancer by mutations in
beta-catenin or APC. Science. 1997;275(5307):1787-90. https://doi.org/
10.1126/science.275.5307.1787.

Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M,

et al. Identification of stem cells in small intestine and colon by marker
gene Lgr5. Nature. 2007;449(7165):1003-7. https://doi.org/10.1038/
nature06196.

Chiurillo MA. Role of the Wnt/B-catenin pathway in gastric cancer: An
in-depth literature review. World J Exp Med. 2015;5(2):84-102. https.//
doi.org/10.5493/wjem.v5.i2.84.

Wang Z, Ye Y, Liu D, Yang X, Wang F. Hypermethylation of multiple Wnt
antagonist genes in gastric neoplasia: is H pylori infection blasting fuse?
Medicine (Baltimore). 2018;97(52):e13734. https://doi.org/10.1097/MD.
0000000000013734.

Murata-Kamiya N, Kurashima Y, Teishikata Y, Yamahashi Y, Saito Y, Higashi
H, et al. Helicobacter pylori CagA interacts with E-cadherin and deregu-
lates the beta-catenin signal that promotes intestinal transdifferentia-
tion in gastric epithelial cells. Oncogene. 2007;26(32):4617-26. https://
doi.org/10.1038/sj.onc.1210251.

Takahashi-Kanemitsu A, Knight CT, Hatakeyama M. Molecular anatomy
and pathogenic actions of Helicobacter pylori CagA that underpin
gastric carcinogenesis. Cell Mol Immunol. 2020;17(1):50-63. https://doi.
0rg/10.1038/541423-019-0339-5.

de La Coste A, Romagnolo B, Billuart P, Renard CA, Buendia MA, Sou-
brane O, et al. Somatic mutations of the 3-catenin gene are frequent in
mouse and human hepatocellular carcinomas. Proc Natl Acad Sci U S A.
1998;95(15):8847-51. https://doi.org/10.1073/pnas.95.15.8847.
Lachenmayer A, Alsinet C, Savic R, Cabellos L, Toffanin S, Hoshida Y,

et al. Wnt-pathway activation in two molecular classes of hepatocel-
lular carcinoma and experimental modulation by sorafenib. Clin Cancer
Res. 2012;18(18):4997-5007. https://doi.org/10.1158/1078-0432.
CCR-11-2322.

Cancer Genome Atlas Research Network, Cancer Genome Atlas
Research N. Comprehensive and integrative genomic characterization
of hepatocellular carcinoma. Cell. 2017;169(7):1327. https://doi.org/10.
1016/j.cell.2017.05.046.

Jones S, Zhang X, Parsons DW, Lin JC, Leary RJ, Angenendt P, et al. Core
signaling pathways in human pancreatic cancers revealed by global
genomic analyses. Science. 2008;321(5897):1801-6. https://doi.org/10.
1126/science.1164368.

Sherman MH, Yu RT, Engle DD, Ding N, Atkins AR, Tiriac H, et al. Vitamin
D receptor-mediated stromal reprogramming suppresses pancreatitis
and enhances pancreatic cancer therapy. Cell. 2014;159(1):80-93.
https://doi.org/10.1016/j.cell.2014.08.007.

Zhang T, Ren'Y, Yang P, Wang J, Zhou H. Cancer-associated fibroblasts

in pancreatic ductal adenocarcinoma. Cell Death Dis. 2022;13(10):897.
https://doi.org/10.1038/s41419-022-05351-1.

Wang Y, Liu J, Zheng S, Cao L, Li Y, Sheng R. The deubiquitinase USP10
mediates crosstalk between the LKB1/AMPK axis and Wnt/beta-catenin
signaling in cancer. FEBS Lett. 2023;597(24):3061-71. https://doi.org/10.
1002/1873-3468.14763.

Lim SH, Lee H, Lee HJ, Kim K, Choi J, Han JM, et al. PLD1 is a key player in
cancer stemness and chemoresistance: therapeutic targeting of cross-
talk between the PI3K/Akt and Wnt/beta-catenin pathways. Exp Mol
Med. 2024;56(7):1479-87. https://doi.org/10.1038/512276-024-01260-9.
Tenbaum SP, Ordonez-Moran P, Puig |, Chicote |, Arques O, Landolfi S,
et al. Beta-catenin confers resistance to PI3K and AKT inhibitors and


https://doi.org/10.1016/j.gpb.2022.09.007
https://doi.org/10.1038/s41418-020-00647-1
https://doi.org/10.1038/s41418-020-00647-1
https://doi.org/10.1016/j.neo.2025.101166
https://doi.org/10.1016/j.neo.2025.101166
https://doi.org/10.1038/s41388-024-03085-2
https://doi.org/10.1158/0008-5472.CAN-20-0066
https://doi.org/10.1038/s41420-022-01040-2
https://doi.org/10.18632/aging.205863
https://doi.org/10.1002/ctm2.1811
https://doi.org/10.1186/s13027-025-00650-6
https://doi.org/10.1186/s13027-025-00650-6
https://doi.org/10.1002/ijc.32140
https://doi.org/10.1038/s41591-018-0012-z
https://doi.org/10.1038/onc.2010.102
https://doi.org/10.1038/s41388-025-03299-y
https://doi.org/10.18632/aging.205781
https://doi.org/10.18632/aging.205781
https://doi.org/10.4149/neo_2014_075
https://doi.org/10.4149/neo_2014_075
https://doi.org/10.1038/ng.2771
https://doi.org/10.3390/cancers17060914
https://doi.org/10.3390/cancers17060914
https://doi.org/10.1158/0008-5472.CAN-13-2545
https://doi.org/10.1158/0008-5472.CAN-13-2545
https://doi.org/10.1038/nrgastro.2017.102
https://doi.org/10.1038/nm.3043
https://doi.org/10.1038/382638a0
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1126/science.275.5307.1784
https://doi.org/10.1126/science.275.5307.1787
https://doi.org/10.1126/science.275.5307.1787
https://doi.org/10.1038/nature06196
https://doi.org/10.1038/nature06196
https://doi.org/10.5493/wjem.v5.i2.84
https://doi.org/10.5493/wjem.v5.i2.84
https://doi.org/10.1097/MD.0000000000013734
https://doi.org/10.1097/MD.0000000000013734
https://doi.org/10.1038/sj.onc.1210251
https://doi.org/10.1038/sj.onc.1210251
https://doi.org/10.1038/s41423-019-0339-5
https://doi.org/10.1038/s41423-019-0339-5
https://doi.org/10.1073/pnas.95.15.8847
https://doi.org/10.1158/1078-0432.CCR-11-2322
https://doi.org/10.1158/1078-0432.CCR-11-2322
https://doi.org/10.1016/j.cell.2017.05.046
https://doi.org/10.1016/j.cell.2017.05.046
https://doi.org/10.1126/science.1164368
https://doi.org/10.1126/science.1164368
https://doi.org/10.1016/j.cell.2014.08.007
https://doi.org/10.1038/s41419-022-05351-1
https://doi.org/10.1002/1873-3468.14763
https://doi.org/10.1002/1873-3468.14763
https://doi.org/10.1038/s12276-024-01260-9

Jin et al. Molecular Biomedicine

121.

122.

123.

124.

125.

126.

129.

130.

131.

132.

133.

134.

136.

137.

138.

(2025) 6:136

subverts FOXO3a to promote metastasis in colon cancer. Nat Med.
2012;18(6):892-901. https://doi.org/10.1038/nm.2772.

Boon EM, van der Neut R, van de Wetering M, Clevers H, Pals ST. Wnt
signaling regulates expression of the receptor tyrosine kinase met in
colorectal cancer. Cancer Res. 2002;62(18):5126-8.

Rosenbluh J, Nijhawan D, Cox AG, Li X, Neal JT, Schafer EJ, et al. Beta-
Catenin-driven cancers require a YAP1 transcriptional complex for
survival and tumorigenesis. Cell. 2012;151(7):1457-73. https://doi.org/
10.1016/j.cell.2012.11.026.

Deng X, Fang L. VGLL4 is a transcriptional cofactor acting as a novel
tumor suppressor via interacting with TEADs. Am J Cancer Res.
2018;8(6):932-43.

Liu C, Shen A, Song J, Cheng L, Zhang M, Wang Y, et al. LncRNA-CCAT5-
mediated crosstalk between Wnt/beta-Catenin and STAT3 signaling
suggests novel therapeutic approaches for metastatic gastric cancer
with high Wnt activity. Cancer Commun (Lond). 2024;44(1):76-100.
https://doi.org/10.1002/cac2.12507.

He Y, Davies CM, Harrington BS, Hellmers L, Sheng Y, Broomfield A, et al.
CDCP1 enhances Wnt signaling in colorectal cancer promoting nuclear
localization of beta-catenin and E-cadherin. Oncogene. 2020;39(1):219—
33. https://doi.org/10.1038/541388-019-0983-3.

Kim HA, Koo BK, Cho JH, Kim YY, Seong J, Chang HJ, et al. Notch1 coun-
teracts WNT/beta-catenin signaling through chromatin modification in
colorectal cancer. J Clin Invest. 2012;122(9):3248-59. https://doi.org/10.
1172/JC161216.

Greten FR, Eckmann L, Greten TF, Park JM, Li ZW, Egan LJ, et al. IKKbeta
links inflammation and tumorigenesis in a mouse model of colitis-
associated cancer. Cell. 2004;118(3):285-96. https://doi.org/10.1016/].
cell.2004.07.013.

Birdsey GM, Shah AV, Dufton N, Reynolds LE, Osuna Almagro L, Yang

Y, et al. The endothelial transcription factor ERG promotes vascular
stability and growth through Wnt/beta-catenin signaling. Dev Cell.
2015;32(1):82-96. https://doi.org/10.1016/j.devcel.2014.11.016.

Varnat F, Duquet A, Malerba M, Zbinden M, Mas C, Gervaz P, et al.
Human colon cancer epithelial cells harbour active HEDGEHOG-GLI sig-
nalling that is essential for tumour growth, recurrence, metastasis and
stem cell survival and expansion. EMBO Mol Med. 2009;1(6-7):338-51.
https://doi.org/10.1002/emmm.200900039.

Maehama T, Dixon JE. The tumor suppressor, PTEN/MMACT, dephos-
phorylates the lipid second messenger, phosphatidylinositol 3,4,5-tris-
phosphate. J Biol Chem. 1998;273(22):13375-8. https://doi.org/10.1074/
jbc.273.22.13375.

Cantley LC. The phosphoinositide 3-kinase pathway. Science.
2002;296(5573):1655-7. https://doi.org/10.1126/science.296.5573.1655.
Hara K, Yonezawa K, Weng QP, Kozlowski MT, Belham C, Avruch

J. Amino acid sufficiency and mTOR regulate p70 S6 kinase and

elF-4E BP1 through a common effector mechanism. J Biol Chem.
1998;273(23):14484-94. https://doi.org/10.1074/jbc.273.23.14484.
Samuels Y, Wang Z, Bardelli A, Silliman N, Ptak J, Szabo S, et al. High
frequency of mutations of the PIK3CA gene in human cancers. Science.
2004;304(5670):554. https://doi.org/10.1126/science.1096502.

Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, et al. Akt phos-
phorylation of BAD couples survival signals to the cell-intrinsic death
machinery. Cell. 1997,91(2):231-41. https://doi.org/10.1016/50092-
8674(00)80405-5.

Wang Q, Shi YL, Zhou K, Wang LL, Yan ZX, Liu YL, et al. PIK3CA mutations
confer resistance to first-line chemotherapy in colorectal cancer. Cell
Death Dis. 2018;9(7):739. https://doi.org/10.1038/541419-018-0776-6.
Cancer Genome Atlas Research Network. Electronic address aadhe,
Cancer Genome Atlas Research N. Integrated Genomic Characterization
of Pancreatic Ductal Adenocarcinoma. Cancer Cell. 2017;32(2):185-203
e13. https//doi.org/10.1016/j.ccell.2017.07.007.

Engelman JA, Chen L, Tan X, Crosby K, Guimaraes AR, Upadhyay R, et al.
Effective use of PI3K and MEK inhibitors to treat mutant Kras G12D and
PIK3CA H1047R murine lung cancers. Nat Med. 2008;14(12):1351-6.
https://doi.org/10.1038/nm.1890.

Cancer Genome Atlas Research N, Analysis Working Group: Asan

U, Agency BCC, Brigham, Women's H, Broad | et al. Integrated

genomic characterization of oesophageal carcinoma. Nature.
2017;541(7636):169-75. https://doi.org/10.1038/nature20805.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

154.

156.

157.

158.

160.

Page 30 of 40

Sia D, Villanueva A. Signaling pathways in hepatocellular carcinoma.
Oncology. 2011;81(Suppl 1):18-23. https://doi.org/10.1159/000333254.
Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation.
Cell. 2011;144(5):646-74. https://doi.org/10.1016/j.cell.2011.02.013.
Sever R, Brugge JS. Signal transduction in cancer. Cold Spring Harb
Perspect Med. 2015. https://doi.org/10.1101/cshperspect.a006098.
Sanchez-Vega F, Mina M, Armenia J, Chatila WK, Luna A, La KC, et al.
Oncogenic signaling pathways in the cancer genome atlas. Cell.
2018;173(2):321-37 e10. https://doi.org/10.1016/j.cell.2018.03.035.
Prior IA, Lewis PD, Mattos C. A comprehensive survey of Ras mutations
in cancer. Cancer Res. 2012;72(10):2457-67. https://doi.org/10.1158/
0008-5472.CAN-11-2612.

Stolze B, Reinhart S, Bulllinger L, Frohling S, Scholl C. Comparative
analysis of KRAS codon 12, 13,18, 61,and 117 mutations using human
MCF10A isogenic cell lines. Sci Rep. 2015;5:8535. https://doi.org/10.
1038/srep08535.

Pylayeva-Gupta Y, Grabocka E, Bar-Sagi D. RAS oncogenes: weaving a
tumorigenic web. Nat Rev Cancer. 2011;11(11):761-74. https://doi.org/
10.1038/nrc3106.

Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, et al. Muta-
tions of the BRAF gene in human cancer. Nature. 2002;417(6892):949-
54. https://doi.org/10.1038/nature00766.

Wan PT, Garnett MJ, Roe SM, Lee S, Niculescu-Duvaz D, Good VM, et al.
Mechanism of activation of the RAF-ERK signaling pathway by onco-
genic mutations of B-RAF. Cell. 2004;116(6):855-67. https://doi.org/10.
1016/50092-8674(04)00215-6.

Yoon S, Seger R. The extracellular signal-regulated kinase: multi-

ple substrates regulate diverse cellular functions. Growth Factors.
2006;24(1):21-44. https://doi.org/10.1080/02699050500284218.

Lavoie JN, LAllemain G, Brunet A, Muller R, Pouyssegur J. Cyclin D1
expression is regulated positively by the p42/p44MAPK and negatively
by the p38/HOGMAPK pathway. J Biol Chem. 1996;271(34):20608-16.
https://doi.org/10.1074/jbc.271.34.20608.

Ley R, Ewings KE, Hadfield K, Cook SJ. Regulatory phospho-

rylation of Bim: sorting out the ERK from the JNK. Cell Death Differ.
2005;12(8):1008-14. https://doi.org/10.1038/sj.cdd.4401688.

Fang X, Yu S, Eder A, Mao M, Bast RC Jr, Boyd D, et al. Regulation of BAD
phosphorylation at serine 112 by the Ras-mitogen-activated protein
kinase pathway. Oncogene. 1999;18(48):6635-40. https://doi.org/10.
1038/sj.onc.1203076.

DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The biology of
cancer: metabolic reprogramming fuels cell growth and proliferation.
Cell Metab. 2008;7(1):11-20. https://doi.org/10.1016/j.cmet.2007.10.002.
Weinstein IB. Cancer. Addiction to oncogenes-the Achilles heal of
cancer. Science. 2002;297(5578):63-4. https://doi.org/10.1126/science.
1073096.

Luo J, Solimini NL, Elledge SJ. Principles of cancer therapy: oncogene
and non-oncogene addiction. Cell. 2009;136(5):823-37. https://doi.org/
10.1016/j.cell.2009.02.024.

Samatar AA, Poulikakos PI. Targeting RAS-ERK signalling in cancer:
promises and challenges. Nat Rev Drug Discov. 2014;13(12):928-42.
https://doi.org/10.1038/nrd4281.

Prahallad A, Sun C, Huang S, Di Nicolantonio F, Salazar R, Zecchin D,

et al. Unresponsiveness of colon cancer to BRAF(V600E) inhibition
through feedback activation of EGFR. Nature. 2012;483(7387):100-3.
https://doi.org/10.1038/nature10868.

Kopetz S, Grothey A, Yaeger R, Van Cutsem E, Desai J, Yoshino T, et al.
Encorafenib, binimetinib, and cetuximab in BRAF VE60OE-mutated
colorectal cancer. N Engl J Med. 2019;381(17):1632-43. https://doi.org/
10.1056/NEJM0a1908075.

Canon J, Rex K, Saiki AY, Mohr C, Cooke K, Bagal D, et al. The clinical
KRAS(G12C) inhibitor AMG 510 drives anti-tumour immunity. Nature.
2019;575(7781):217-23. https://doi.org/10.1038/541586-019-1694-1.
Fedele C, Li S, Teng KW, Foster CJR, Peng D, Ran H, et al. SHP2 inhibition
diminishes KRASG12C cycling and promotes tumor microenvironment
remodeling. J Exp Med. 2021. https://doi.org/10.1084/jem.20201414.
Chan EM, Shibue T, McFarland JM, Gaeta B, Ghandi M, Dumont N, et al.
WRN helicase is a synthetic lethal target in microsatellite unstable
cancers. Nature. 2019;568(7753):551-6. https://doi.org/10.1038/
$41586-019-1102-x.


https://doi.org/10.1038/nm.2772
https://doi.org/10.1016/j.cell.2012.11.026
https://doi.org/10.1016/j.cell.2012.11.026
https://doi.org/10.1002/cac2.12507
https://doi.org/10.1038/s41388-019-0983-3
https://doi.org/10.1172/JCI61216
https://doi.org/10.1172/JCI61216
https://doi.org/10.1016/j.cell.2004.07.013
https://doi.org/10.1016/j.cell.2004.07.013
https://doi.org/10.1016/j.devcel.2014.11.016
https://doi.org/10.1002/emmm.200900039
https://doi.org/10.1074/jbc.273.22.13375
https://doi.org/10.1074/jbc.273.22.13375
https://doi.org/10.1126/science.296.5573.1655
https://doi.org/10.1074/jbc.273.23.14484
https://doi.org/10.1126/science.1096502
https://doi.org/10.1016/s0092-8674(00)80405-5
https://doi.org/10.1016/s0092-8674(00)80405-5
https://doi.org/10.1038/s41419-018-0776-6
https://doi.org/10.1016/j.ccell.2017.07.007
https://doi.org/10.1038/nm.1890
https://doi.org/10.1038/nature20805
https://doi.org/10.1159/000333254
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1101/cshperspect.a006098
https://doi.org/10.1016/j.cell.2018.03.035
https://doi.org/10.1158/0008-5472.CAN-11-2612
https://doi.org/10.1158/0008-5472.CAN-11-2612
https://doi.org/10.1038/srep08535
https://doi.org/10.1038/srep08535
https://doi.org/10.1038/nrc3106
https://doi.org/10.1038/nrc3106
https://doi.org/10.1038/nature00766
https://doi.org/10.1016/s0092-8674(04)00215-6
https://doi.org/10.1016/s0092-8674(04)00215-6
https://doi.org/10.1080/02699050500284218
https://doi.org/10.1074/jbc.271.34.20608
https://doi.org/10.1038/sj.cdd.4401688
https://doi.org/10.1038/sj.onc.1203076
https://doi.org/10.1038/sj.onc.1203076
https://doi.org/10.1016/j.cmet.2007.10.002
https://doi.org/10.1126/science.1073096
https://doi.org/10.1126/science.1073096
https://doi.org/10.1016/j.cell.2009.02.024
https://doi.org/10.1016/j.cell.2009.02.024
https://doi.org/10.1038/nrd4281
https://doi.org/10.1038/nature10868
https://doi.org/10.1056/NEJMoa1908075
https://doi.org/10.1056/NEJMoa1908075
https://doi.org/10.1038/s41586-019-1694-1
https://doi.org/10.1084/jem.20201414
https://doi.org/10.1038/s41586-019-1102-x
https://doi.org/10.1038/s41586-019-1102-x

Jin et al. Molecular Biomedicine

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

177.

(2025) 6:136

Bragelmann J, Lorenz C, Borchmann S, Nishii K, Wegner J, Meder L,

et al. MAPK-pathway inhibition mediates inflammatory reprogram-
ming and sensitizes tumors to targeted activation of innate immunity
sensor RIG-I. Nat Commun. 2021;12(1):5505. https://doi.org/10.1038/
s41467-021-25728-8.

Xu C, Fan CD, Wang X. Regulation of Mdm2 protein stability and the
p53 response by NEDD4-1 E3 ligase. Oncogene. 2015;34(3):281-9.
https://doi.org/10.1038/0nc.2013.557.

Lee JT, Gu W.The multiple levels of regulation by p53 ubiquitination.
Cell Death Differ. 2010;17(1):86-92. https://doi.org/10.1038/cdd.2009.
77.

Park SY, Choi HK, Choi Y, Kwak S, Choi KC, Yoon HG. Deubiquitinase
OTUDS5 mediates the sequential activation of PDCD5 and p53 in
response to genotoxic stress. Cancer Lett. 2015;357(1):419-27. https.//
doi.org/10.1016/j.canlet.2014.12.005.

Gu W, Roeder RG. Activation of p53 sequence-specific DNA binding

by acetylation of the p53 C-terminal domain. Cell. 1997;90(4):595-606.
https://doi.org/10.1016/50092-8674(00)80521-8.

Luo J, Li M, Tang Y, Laszkowska M, Roeder RG, Gu W. Acetylation of p53
augments its site-specific DNA binding both in vitro and in vivo. Proc
Natl Acad Sci USA. 2004;101(8):2259-64. https://doi.org/10.1073/pnas.
0308762101.

Connor AA, Denroche RE, Jang GH, Timms L, Kalimuthu SN, Selander

|, et al. Association of distinct mutational signatures with correlates of
increased immune activity in pancreatic ductal adenocarcinoma. JAMA
Oncol. 2017;3(6):774-83. https://doi.org/10.1001/jamaoncol.2016.3916.
Frankell AM, Jammula S, Li X, Contino G, Killcoyne S, Abbas S, et al. The
landscape of selection in 551 esophageal adenocarcinomas defines
genomic biomarkers for the clinic. Nat Genet. 2019;51(3):506-16.
https://doi.org/10.1038/541588-018-0331-5.

Rahnamoun H, Lu H, Duttke SH, Benner C, Glass CK, Lauberth SM.
Mutant p53 shapes the enhancer landscape of cancer cells in response
to chronic immune signaling. Nat Commun. 2017;8(1):754. https://doi.
0rg/10.1038/541467-017-01117-y.

Sallman DA, DeZern AE, Garcia-Manero G, Steensma DP, Roboz GJ, Sek-
eres MA, et al. Eprenetapopt (APR-246) and azacitidine in TP53-mutant
myelodysplastic syndromes. J Clin Oncol. 2021;39(14):1584-94. https://
doi.org/10.1200/JC0O.20.02341.

Gluck WL, Gounder MM, Frank R, Eskens F, Blay JY, Cassier PA, et al. Phase
1 study of the MDM2 inhibitor AMG 232 in patients with advanced

P53 wild-type solid tumors or multiple myeloma. Invest New Drugs.
2020;38(3):831-43. https://doi.org/10.1007/510637-019-00840-1.

Zhao B, Ye X, Yu J, Li L, LiW, Li S, et al. Tead mediates YAP-dependent
gene induction and growth control. Genes Dev. 2008;22(14):1962-71.
https://doi.org/10.1101/gad.1664408.

Zhao B, Tumaneng K, Guan KL. The hippo pathway in organ size
control, tissue regeneration and stem cell self-renewal. Nat Cell Biol.
2011;13(8):877-83. https://doi.org/10.1038/ncb2303.

Calvo F, Ege N, Grande-Garcia A, Hooper S, Jenkins RP, Chaudhry SI,

et al. Mechanotransduction and YAP-dependent matrix remodelling

is required for the generation and maintenance of cancer-associated
fibroblasts. Nat Cell Biol. 2013;15(6):637-46. https://doi.org/10.1038/
nch2756.

Aragona M, Panciera T, Manfrin A, Giulitti S, Michielin F, Elvassore N, et al.
A mechanical checkpoint controls multicellular growth through YAP/
TAZ regulation by actin-processing factors. Cell. 2013;154(5):1047-59.
https://doi.org/10.1016/j.cell.2013.07.042.

Kapoor A, Yao W, Ying H, Hua S, Liewen A, Wang Q, et al. Yap1 activation
enables bypass of oncogenic Kras addiction in pancreatic cancer. Cell.
2019;179(5):1239. https://doi.org/10.1016/j.cell.2019.10.037.

Kwon A, Lee NY, Yu JH, Choi MG, Park J, Koo JH. Mitochondrial stress
activates YAP/TAZ through RhoA oxidation to promote liver injury. Cell
Death Dis. 2024;15(1):51. https://doi.org/10.1038/541419-024-06448-5.
Janse van Rensburg HJ, Azad T, Ling M, Hao Y, Snetsinger B, Khanal P

et al. The Hippo Pathway Component TAZ Promotes Immune Evasion in
Human Cancer through PD-L1. Cancer Res. 2018;78(6):1457-70. https://
doi.org/10.1158/0008-5472.CAN-17-3139.

Ridgway J, Zhang G, Wu Y, Stawicki S, Liang WC, Chanthery Y, et al.
Inhibition of DII4 signalling inhibits tumour growth by deregulating
angiogenesis. Nature. 2006;444(7122):1083-7. https://doi.org/10.1038/
nature05313.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

194.

195.

196.

198.

Page 31 of 40

Steele NG, Biffi G, Kemp SB, Zhang Y, Drouillard D, Syu L, et al. Inhibition
of hedgehog signaling alters fibroblast composition in pancreatic
cancer. Clin Cancer Res. 2021;27(7):2023-37. https://doi.org/10.1158/
1078-0432.CCR-20-3715.

Calon A, Lonardo E, Berenguer-Llergo A, Espinet E, Hernando-Mom-
blona X, Iglesias M, et al. Stromal gene expression defines poor-progno-
sis subtypes in colorectal cancer. Nat Genet. 2015;47(4):320-9. https://
doi.org/10.1038/ng.3225.

Tauriello DVF, Palomo-Ponce S, Stork D, Berenguer-Llergo A, Badia-
Ramentol J, Iglesias M, et al. TGF drives immune evasion in genetically
reconstituted colon cancer metastasis. Nature. 2018;554(7693):538-43.
https://doi.org/10.1038/nature25492.

Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen K, Wang Y, et al.
TGFbeta attenuates tumour response to PD-L1 blockade by contribut-
ing to exclusion of T cells. Nature. 2018;554(7693):544-8. https://doi.
org/10.1038/nature25501.

Principe DR, DeCant B, Mascarinas E, Wayne EA, Diaz AM, Akagi N, et al.
TGFB Signaling in the Pancreatic Tumor Microenvironment Promotes
Fibrosis and Immune Evasion to Facilitate Tumorigenesis. Cancer Res.
2016;76(9):2525-39. https://doi.org/10.1158/0008-5472.CAN-15-1293.
Elhanani O, Ben-Uri R, Keren L. Spatial profiling technologies illuminate
the tumor microenvironment. Cancer Cell. 2023;41(3):404-20. https://
doi.org/10.1016/j.ccell.2023.01.010.

Arneth B. Tumor microenvironment. Medicina (Kaunas). 2019;56(1):15.
https://doi.org/10.3390/medicina56010015.

Galasso L, Termite F, Mignini |, Esposto G, Borriello R, Vitale F, et al.
Unraveling the role of Fusobacterium nucleatum in colorectal cancer:
molecular mechanisms and pathogenic insights. Cancers (Basel).
2025;17(3):368. https://doi.org/10.3390/cancers17030368.

Kostic AD, Gevers D, Pedamallu CS, Michaud M, Duke F, Earl AM, et al.
Genomic analysis identifies association of Fusobacterium with colorec-
tal carcinoma. Genome Res. 2012;22(2):292-8. https://doi.org/10.1101/
gr.126573.111.

Gur C, Ibrahim'Y, Isaacson B, Yamin R, Abed J, Gamliel M, et al. Binding
of the Fap2 protein of Fusobacterium nucleatum to human inhibitory
receptor TIGIT protects tumors from immune cell attack. Immunity.
2015;42(2):344-55. https://doi.org/10.1016/j.immuni.2015.01.010.
Abed J, Emgard JE, Zamir G, Faroja M, Almogy G, Grenov A, et al. Fap2
Mediates Fusobacterium nucleatum Colorectal Adenocarcinoma
Enrichment by Binding to Tumor-Expressed Gal-GalNAc. Cell Host
Microbe. 2016;20(2):215-25. https://doi.org/10.1016/j.chom.2016.07.
006.

Mima K, Nishihara R, Qian ZR, Cao 'Y, Sukawa Y, Nowak JA, et al. Fusobac-
terium nucleatum in colorectal carcinoma tissue and patient prognosis.
Gut. 2016;65(12):1973-80. https://doi.org/10.1136/gutjnl-2015-310101.
Ye C, Liu X, Liu Z, Pan C, Zhang X, Zhao Z, et al. Fusobacterium nuclea-
tum in tumors: from tumorigenesis to tumor metastasis and tumor
resistance. Cancer Biol Ther. 2024;25(1):2306676. https://doi.org/10.
1080/15384047.2024.2306676.

Chen GY.The role of the gut microbiome in colorectal cancer. Clin
Colon Rectal Surg. 2018;31(3):192-8. https://doi.org/10.1055/5-0037-
1602239.

Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, et al. Conversion

of peripheral CD44+CD25- naive T cells to CD4+CD25+ regulatory T
cells by TGF-beta induction of transcription factor Foxp3. J Exp Med.
2003;198(12):1875-86. https://doi.org/10.1084/jem.20030152.

Sanjabi S, Zenewicz LA, Kamanaka M, Flavell RA. Anti-inflammatory
and pro-inflammatory roles of TGF-B, IL-10, and IL-22 in immunity and
autoimmunity. Curr Opin Pharmacol. 2009;9(4):447-53. https://doi.org/
10.1016/j.coph.2009.04.008.

Huang XM, Zhang NR, Lin XT, Zhu CY, Zou YF, Wu XJ, et al. Antitumor
immunity of low-dose cyclophosphamide: changes in T cells and
cytokines TGF-beta and IL-10 in mice with colon-cancer liver metastasis.
Gastroenterol Rep. 2020;8(1):56-65. https://doi.org/10.1093/gastro/
goz060.

Waldner MJ, Neurath MF. TGFbeta and the Tumor Microenvironment in
Colorectal Cancer. Cells. 2023;12(8). https://doi.org/10.3390/cells12081
139.

Ma X, GaoY, ChenY, Liu J, Yang C, Bao C, et al. M2-Type Macrophages
Induce Tregs Generation by Activating the TGF-3/Smad Signalling


https://doi.org/10.1038/s41467-021-25728-8
https://doi.org/10.1038/s41467-021-25728-8
https://doi.org/10.1038/onc.2013.557
https://doi.org/10.1038/cdd.2009.77
https://doi.org/10.1038/cdd.2009.77
https://doi.org/10.1016/j.canlet.2014.12.005
https://doi.org/10.1016/j.canlet.2014.12.005
https://doi.org/10.1016/s0092-8674(00)80521-8
https://doi.org/10.1073/pnas.0308762101
https://doi.org/10.1073/pnas.0308762101
https://doi.org/10.1001/jamaoncol.2016.3916
https://doi.org/10.1038/s41588-018-0331-5
https://doi.org/10.1038/s41467-017-01117-y
https://doi.org/10.1038/s41467-017-01117-y
https://doi.org/10.1200/JCO.20.02341
https://doi.org/10.1200/JCO.20.02341
https://doi.org/10.1007/s10637-019-00840-1
https://doi.org/10.1101/gad.1664408
https://doi.org/10.1038/ncb2303
https://doi.org/10.1038/ncb2756
https://doi.org/10.1038/ncb2756
https://doi.org/10.1016/j.cell.2013.07.042
https://doi.org/10.1016/j.cell.2019.10.037
https://doi.org/10.1038/s41419-024-06448-5
https://doi.org/10.1158/0008-5472.CAN-17-3139
https://doi.org/10.1158/0008-5472.CAN-17-3139
https://doi.org/10.1038/nature05313
https://doi.org/10.1038/nature05313
https://doi.org/10.1158/1078-0432.CCR-20-3715
https://doi.org/10.1158/1078-0432.CCR-20-3715
https://doi.org/10.1038/ng.3225
https://doi.org/10.1038/ng.3225
https://doi.org/10.1038/nature25492
https://doi.org/10.1038/nature25501
https://doi.org/10.1038/nature25501
https://doi.org/10.1158/0008-5472.CAN-15-1293
https://doi.org/10.1016/j.ccell.2023.01.010
https://doi.org/10.1016/j.ccell.2023.01.010
https://doi.org/10.3390/medicina56010015
https://doi.org/10.3390/cancers17030368
https://doi.org/10.1101/gr.126573.111
https://doi.org/10.1101/gr.126573.111
https://doi.org/10.1016/j.immuni.2015.01.010
https://doi.org/10.1016/j.chom.2016.07.006
https://doi.org/10.1016/j.chom.2016.07.006
https://doi.org/10.1136/gutjnl-2015-310101
https://doi.org/10.1080/15384047.2024.2306676
https://doi.org/10.1080/15384047.2024.2306676
https://doi.org/10.1055/s-0037-1602239
https://doi.org/10.1055/s-0037-1602239
https://doi.org/10.1084/jem.20030152
https://doi.org/10.1016/j.coph.2009.04.008
https://doi.org/10.1016/j.coph.2009.04.008
https://doi.org/10.1093/gastro/goz060
https://doi.org/10.1093/gastro/goz060
https://doi.org/10.3390/cells12081139
https://doi.org/10.3390/cells12081139

Jin et al. Molecular Biomedicine

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214,

(2025) 6:136

Pathway to Promote Colorectal Cancer Development. Onco Targets
Ther. 2021. https://doi.org/10.2147/0TT.S336548.

Tripathi A, Debelius J, Brenner DA, Karin M, Loomba R, Schnabl B, et al.
The gut-liver axis and the intersection with the microbiome. Nat Rev
Gastroenterol Hepatol. 2018;15(7):397-411. https://doi.org/10.1038/
$41575-018-0011-z.

Chen SN, Tan Y, Xiao XC, Li Q Wu Q, Peng YY, et al. Deletion of TLR4
attenuates lipopolysaccharide-induced acute liver injury by inhibiting
inflammation and apoptosis. Acta Pharmacol Sin. 2021;42(10):1610-9.
https://doi.org/10.1038/541401-020-00597-x.

Lu YC, Yeh WC, Ohashi PS. LPS/TLR4 signal transduction pathway.
Cytokine. 2008:42(2):145-51. https://doi.org/10.1016/j.cyt0.2008.01.006.
Yin H, PuN, Chen Q, Zhang J, Zhao G, Xu X, et al. Gut-derived lipopoly-
saccharide remodels tumoral microenvironment and synergizes with
PD-L1 checkpoint blockade via TLR4/MyD88/AKT/NF-kB pathway in
pancreatic cancer. Cell Death Dis. 2021;12(11):1033. https://doi.org/10.
1038/541419-021-04293-4.

Udayasuryan B, Ahmad RN, Nguyen TTD, Umana A, Monet Roberts

L, Sobol P, et al. Fusobacterium nucleatum induces proliferation and
migration in pancreatic cancer cells through host autocrine and par-
acrine signaling. Sci Signal. 2022;15(756):eabn4948. https://doi.org/10.
1126/scisignal.abn4948.

Colosimo S, Tomlinson JW. Bile acids as drivers and biomarkers

of hepatocellular carcinoma. World J Hepatol. 2022;14(9):1730-8.
https://doi.org/10.4254/wjh.v14.i9.1730.

Mager LF, Burkhard R, Pett N, Cooke NCA, Brown K, Ramay H, et al.
Microbiome-derived inosine modulates response to checkpoint
inhibitor immunotherapy. Science. 2020;369(6510):1481-9. https://
doi.org/10.1126/science.abc3421.

Hinnebusch BF, Meng S, Wu JT, Archer SY, Hodin RA. The effects of
short-chain fatty acids on human colon cancer cell phenotype are
associated with histone hyperacetylation. J Nutr. 2002;132(5):1012-7.
https://doi.org/10.1093/jn/132.5.1012.

Donohoe DR, Garge N, Zhang X, Sun W, O'Connell TM, Bunger MK,
et al. The microbiome and butyrate regulate energy metabolism and
autophagy in the mammalian colon. Cell Metab. 2011;13(5):517-26.
https://doi.org/10.1016/j.cmet.2011.02.018.

Donohoe DR, Collins LB, Wali A, Bigler R, Sun W, Bultman SJ. The war-
burg effect dictates the mechanism of butyrate-mediated histone
acetylation and cell proliferation. Mol Cell. 2012;48(4):612-26. https://
doi.org/10.1016/j.molcel.2012.08.033.

Chang PV, Hao L, Offermanns S, Medzhitov R. The microbial metabo-
lite butyrate regulates intestinal macrophage function via histone
deacetylase inhibition. Proc Natl Acad Sci U S A. 2014;111(6):2247-52.
https://doi.org/10.1073/pnas.1322269111.

Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken J, deRoos P, et al.
Metabolites produced by commensal bacteria promote peripheral
regulatory T-cell generation. Nature. 2013;504(7480):451-5. https://
doi.org/10.1038/nature12726.

Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, et al.
Commensal microbe-derived butyrate induces the differentiation of
colonic regulatory T cells. Nature. 2013;504(7480):446-50. https://doi.
org/10.1038/nature12721.

Kumar S, Metz DC, Ellenberg S, Kaplan DE, Goldberg DS. Risk factors
and incidence of gastric cancer after detection of helicobacter pylori
infection: a large cohort study. Gastroenterology. 2020;158(3):527-
36e7. https://doi.org/10.1053/j.gastro.2019.10.019.

Amieva M, Peek RM Jr. Pathobiology of Helicobacter pylori-induced
gastric cancer. Gastroenterology. 2016;150(1):64-78. https://doi.org/
10.1053/j.gastro.2015.09.004.

Fei X, Li N, Xu X, Zhu Y. Macrophage biology in the pathogenesis of
Helicobacter pylori infection. Crit Rev Microbiol. 2025;51(3):399-416.
https://doi.org/10.1080/1040841X.2024.2366944.

Bartfeld S, Bayram T, van de Wetering M, Huch M, Begthel H,

Kujala P, et al. In vitro expansion of human gastric epithelial stem
cells and their responses to bacterial infection. Gastroenterology.
2015;148(1):126-36 €6. https://doi.org/10.1053/j.gastro.2014.09.042.
Houghton J, Wang TC. Helicobacter pylori and gastric cancer: a new
paradigm for inflammation-associated epithelial cancers. Gastroen-
terology. 2005;128(6):1567-78. https://doi.org/10.1053/j.gastro.2005.
03.037.

217.

220.

221.

222.

223.

224

225.

226.

227.

228.

229.

230.

231,

232.

233.

234,

Page 32 of 40

Van Acker H, Coenye T. The role of reactive oxygen species in antibi-
otic-mediated killing of bacteria. Trends Microbiol. 2017;25(6):456-66.
https://doi.org/10.1016/j.tim.2016.12.008.

Nagata K, Yu H, Nishikawa M, Kashiba M, Nakamura A, Sato EF, et al.
Helicobacter pylori generates superoxide radicals and modulates
nitric oxide metabolism. J Biol Chem. 1998;273(23):14071-3. https://
doi.org/10.1074/jbc.273.23.14071.

Shen J, Zhai J, You Q, Zhang G, He M, Yao X, et al. Cancer-associated
fibroblasts-derived VCAM1 induced by H. pylori infection facilitates
tumor invasion in gastric cancer. Oncogene. 2020;39(14):2961-74.
https://doi.org/10.1038/541388-020-1197-4.

Krzysiek-Maczka G, Brzozowski T, Ptak-Belowska A. Helicobacter pylori-
activated fibroblasts as a silent partner in gastric cancer develop-
ment. Cancer Metastasis Rev. 2023;42(4):1219-56. https://doi.org/10.
1007/510555-023-10122-1.

Chang LL, Wang SW, Wu IC, Yu FJ, Su YC, Chen YP, et al. Impaired
dendritic cell maturation and IL-10 production following H. pylori
stimulation in gastric cancer patients. Appl Microbiol Biotechnol.
2012;96(1):211-20. https://doi.org/10.1007/500253-012-4034-z.
Wang YH, Gorvel JP, Chu YT, Wu JJ, Lei HY. Helicobacter pylori

impairs murine dendritic cell responses to infection. PLoS ONE.
2010;5(5):210844. https://doi.org/10.1371/journal.pone.0010844.
Fuca G, Cohen R, Lonardi S, Shitara K, Elez ME, Fakih M, et al. Ascites and
resistance to immune checkpoint inhibition in dMMR/MSI-H metastatic
colorectal and gastric cancers. J Immunother Cancer. 2022. https://doi.
org/10.1136/jitc-2021-004001.

Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillere R, et al.
Gut microbiome influences efficacy of PD-1-based immunotherapy
against epithelial tumors. Science. 2018;359(6371):91-7. https://doi.org/
10.1126/science.aan3706.

Pei B, Peng S, Huang C, Zhou F. Bifidobacterium modulation of tumor
immunotherapy and its mechanism. Cancer Immunol Immunother.
2024;73(5):94. https://doi.org/10.1007/500262-024-03665-x.

Lee SH, Cho SY, Yoon Y, Park C, Sohn J, Jeong JJ, et al. Bifidobacterium
bifidum strains synergize with immune checkpoint inhibitors to reduce
tumour burden in mice. Nat Microbiol. 2021;6(3):277-88. https://doi.
0rg/10.1038/541564-020-00831-6.

Zhang J, Huang D, Saw PE, Song E. Turning cold tumors hot: from
molecular mechanisms to clinical applications. Trends Immunol.
2022;43(7):523-45. https://doi.org/10.1016/}.it.2022.04.010.

Lin KX, Istl AC, Quan D, Skaro A, Tang E, Zheng X. PD-1 and PD-L1
inhibitors in cold colorectal cancer: challenges and strategies. Cancer
Immunol Immunother. 2023;72(12):3875-93. https://doi.org/10.1007/
500262-023-03520-5.

Maby P, Tougeron D, Hamieh M, Mlecnik B, Kora H, Bindea G, et al.
Correlation between density of CD8+ T-cell infiltrate in microsatellite
unstable colorectal cancers and frameshift mutations: a rationale for
personalized immunotherapy. Cancer Res. 2015;75(17):3446-55. https://
doi.org/10.1158/0008-5472.CAN-14-3051.

Jiang SS, Xie YL, Xiao XY, Kang ZR, Lin XL, Zhang L, et al. Fusobacterium
nucleatum-derived succinic acid induces tumor resistance to immuno-
therapy in colorectal cancer. Cell Host Microbe. 2023;31(5):781-97 €9.
https://doi.org/10.1016/j.chom.2023.04.010.

Hamada T, Zhang X, Mima K, Bullman S, Sukawa Y, Nowak JA, et al.
Fusobacterium nucleatum in colorectal cancer relates to immune
response differentially by tumor microsatellite instability status. Cancer
Immunol Res. 2018;6(11):1327-36. https://doi.org/10.1158/2326-6066.
CIR-18-0174.

GaoY, Bi D, Xie R, Li M, Guo J, Liu H, et al. Fusobacterium nuclea-

tum enhances the efficacy of PD-L1 blockade in colorectal cancer.
Signal Transduct Target Ther. 2021;6(1):398. https://doi.org/10.1038/
$41392-021-00795-x.

Provenzano PP, Cuevas C, Chang AE, Goel VK, Von Hoff DD, Hingo-

rani SR. Enzymatic targeting of the stroma ablates physical barriers

to treatment of pancreatic ductal adenocarcinoma. Cancer Cell.
2012;21(3):418-29. https://doi.org/10.1016/j.ccr.2012.01.007.

Whatcott CJ, Diep CH, Jiang P, Watanabe A, LoBello J, Sima C, et al.
Desmoplasia in primary tumors and metastatic lesions of pancreatic
cancer. Clin Cancer Res. 2015;21(15):3561-8. https://doi.org/10.1158/
1078-0432.CCR-14-1051.


https://doi.org/10.2147/OTT.S336548
https://doi.org/10.1038/s41575-018-0011-z
https://doi.org/10.1038/s41575-018-0011-z
https://doi.org/10.1038/s41401-020-00597-x
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1038/s41419-021-04293-4
https://doi.org/10.1038/s41419-021-04293-4
https://doi.org/10.1126/scisignal.abn4948
https://doi.org/10.1126/scisignal.abn4948
https://doi.org/10.4254/wjh.v14.i9.1730
https://doi.org/10.1126/science.abc3421
https://doi.org/10.1126/science.abc3421
https://doi.org/10.1093/jn/132.5.1012
https://doi.org/10.1016/j.cmet.2011.02.018
https://doi.org/10.1016/j.molcel.2012.08.033
https://doi.org/10.1016/j.molcel.2012.08.033
https://doi.org/10.1073/pnas.1322269111
https://doi.org/10.1038/nature12726
https://doi.org/10.1038/nature12726
https://doi.org/10.1038/nature12721
https://doi.org/10.1038/nature12721
https://doi.org/10.1053/j.gastro.2019.10.019
https://doi.org/10.1053/j.gastro.2015.09.004
https://doi.org/10.1053/j.gastro.2015.09.004
https://doi.org/10.1080/1040841X.2024.2366944
https://doi.org/10.1053/j.gastro.2014.09.042
https://doi.org/10.1053/j.gastro.2005.03.037
https://doi.org/10.1053/j.gastro.2005.03.037
https://doi.org/10.1016/j.tim.2016.12.008
https://doi.org/10.1074/jbc.273.23.14071
https://doi.org/10.1074/jbc.273.23.14071
https://doi.org/10.1038/s41388-020-1197-4
https://doi.org/10.1007/s10555-023-10122-1
https://doi.org/10.1007/s10555-023-10122-1
https://doi.org/10.1007/s00253-012-4034-z
https://doi.org/10.1371/journal.pone.0010844
https://doi.org/10.1136/jitc-2021-004001
https://doi.org/10.1136/jitc-2021-004001
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1007/s00262-024-03665-x
https://doi.org/10.1038/s41564-020-00831-6
https://doi.org/10.1038/s41564-020-00831-6
https://doi.org/10.1016/j.it.2022.04.010
https://doi.org/10.1007/s00262-023-03520-5
https://doi.org/10.1007/s00262-023-03520-5
https://doi.org/10.1158/0008-5472.CAN-14-3051
https://doi.org/10.1158/0008-5472.CAN-14-3051
https://doi.org/10.1016/j.chom.2023.04.010
https://doi.org/10.1158/2326-6066.CIR-18-0174
https://doi.org/10.1158/2326-6066.CIR-18-0174
https://doi.org/10.1038/s41392-021-00795-x
https://doi.org/10.1038/s41392-021-00795-x
https://doi.org/10.1016/j.ccr.2012.01.007
https://doi.org/10.1158/1078-0432.CCR-14-1051
https://doi.org/10.1158/1078-0432.CCR-14-1051

Jin et al. Molecular Biomedicine

235.

236.

237.

238.

239.

240.

241,

242.

243.

244,

245,

246.

247.

248.

249.

250.

251.

252.

253.

(2025) 6:136

Yamamoto H, Itoh F, Iku S, Adachi Y, Fukushima H, Sasaki S, et al. Expres-
sion of matrix metalloproteinases and tissue inhibitors of metallopro-
teinases in human pancreatic adenocarcinomas: clinicopathologic
and prognostic significance of matrilysin expression. J Clin Oncol.
2001;19(4):1118-27. https://doi.org/10.1200/JC0O.2001.19.4.1118.
Nazemi M, Rainero E. Cross-talk between the tumor microenviron-
ment, extracellular matrix, and cell metabolism in cancer. Front Oncol.
2020;10:239. https://doi.org/10.3389/fonc.2020.00239.

Bulle A, Lim KH. Beyond just a tight fortress: contribution of stroma

to epithelial-mesenchymal transition in pancreatic cancer. Sig-

nal Transduct Target Ther. 2020;5(1):249. https://doi.org/10.1038/
$41392-020-00341-1.

Murphy KJ, Chambers CR, Herrmann D, Timpson P, Pereira BA. Dynamic
stromal alterations influence tumor-stroma crosstalk to promote pan-
creatic cancer and treatment resistance. Cancers (Basel). 2021. https://
doi.org/10.3390/cancers13143481.

Johnson PJ, Kalyuzhnyy A, Boswell E, Toyoda H. Progression of chronic
liver disease to hepatocellular carcinoma: implications for surveillance
and management. BJC Rep. 2024;2(1):39. https://doi.org/10.1038/
$44276-024-00050-0.

Mederacke I, Hsu CC, Troeger JS, Huebener P, Mu X, Dapito DH, et al.
Fate tracing reveals hepatic stellate cells as dominant contributors to
liver fibrosis independent of its aetiology. Nat Commun. 2013;4:2823.
https://doi.org/10.1038/ncomms3823.

Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell activation.
Nat Rev Gastroenterol Hepatol. 2017;14(7):397-411. https://doi.org/10.
1038/nrgastro.2017.38.

Seyhan D, Allaire M, Fu Y, Conti F, Wang XW, Gao B, et al. Immune
microenvironment in hepatocellular carcinoma: from pathogenesis

to immunotherapy. Cell Mol Immunol. 2025. https://doi.org/10.1038/
541423-025-01308-4.

Matsuoka T, Yashiro M. Novel biomarkers for early detection of gastric
cancer. World J Gastroenterol. 2023;29(17):2515-33. https://doi.org/10.
3748/wjg.v29.i17.2515.

Zhang Y, Wang Y, Zhang B, Li P, Zhao Y. Methods and biomarkers for
early detection, prediction, and diagnosis of colorectal cancer. Biomed
Pharmacother. 2023;163:114786. https://doi.org/10.1016/j.biopha.2023.
114786.

Sole X, Crous-Bou M, Cordero D, Olivares D, Guino E, Sanz-Pamplona

R, et al. Discovery and validation of new potential biomarkers for early
detection of colon cancer. PLoS ONE. 2014;9(9):e106748. https://doi.
0rg/10.1371/journal.pone.0106748.

Srivastava S, Verma M, Henson DE. Biomarkers for early detection of
colon cancer. Clin Cancer Res. 2001;7(5):1118-26.

Huang Z, Huang D, Ni S, Peng Z, Sheng W, Du X. Plasma microRNAs are
promising novel biomarkers for early detection of colorectal cancer. Int
J Cancer. 2010;127(1):118-26. https://doi.org/10.1002/ijc.25007.

Zhu C,Ren C, Han J, Ding Y, Du J, Dai N, et al. A five-microRNA panel

in plasma was identified as potential biomarker for early detection of
gastric cancer. Br J Cancer. 2014;110(9):2291-9. https://doi.org/10.1038/
bjc.2014.119.

Ameli Mojarad M, Ameli Mojarad M, Shojaee B, Nazemalhosseini-Moja-
rad E. piRNA: a promising biomarker in early detection of gastrointesti-
nal cancer. Pathol Res Pract. 2022;230:153757. https://doi.org/10.1016/j.
prp.2021.153757.

Chen HM, Fang JY. Epigenetic biomarkers for the early detection of
gastrointestinal cancer. Gastrointest Tumors. 2014;1(4):201-8. https://
doi.org/10.1159/000380784.

Bernal C, Aguayo F, Villarroel C, Vargas M, Diaz |, Ossandon FJ, et al. Rep-
rimo as a potential biomarker for early detection in gastric cancer. Clin
Cancer Res. 2008;14(19):6264-9. https://doi.org/10.1158/1078-0432.
CCR-07-4522.

Nadauld LD, McDonnell CH, Beer TM, Liu MC, Klein EA, Hudnut A,

et al. The PATHFINDER study: assessment of the implementation of an
investigational multi-cancer early detection test into clinical practice.
Cancers (Basel). 2021. https://doi.org/10.3390/cancers13143501.

Chen X, Gole J, Gore A, He Q, Lu M, Min J, et al. Non-invasive early
detection of cancer four years before conventional diagnosis using a
blood test. Nat Commun. 2020;11(1):3475. https://doi.org/10.1038/
s41467-020-17316-z.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

2609.

270.

271.

272.

Page 33 of 40

Cristiano S, Leal A, Phallen J, Fiksel J, Adleff V, Bruhm DC, et al. Genome-
wide cell-free DNA fragmentation in patients with cancer. Nature.
2019;570(7761):385-9. https://doi.org/10.1038/541586-019-1272-6.
Gong YX, Huang XF, Liang J, Xie J, Qing LS. Aptamer-based micro-
fluidics for the detection of cancer biomarkers. Anal Bioanal Chem.
2025;417(16):3529-50. https://doi.org/10.1007/500216-025-05863-7.
Melo SA, Luecke LB, Kahlert C, Fernandez AF, Gammon ST, Kaye J, et al.
Author Correction: Glypican-1 identifies cancer exosomes and detects
early pancreatic cancer. Nature. 2022;610(7932):E15-7. https://doi.org/
10.1038/541586-022-05062-9.

Mayerle J, Kalthoff H, Reszka R, Kamlage B, Peter E, Schniewind B,

et al. Metabolic biomarker signature to differentiate pancreatic ductal
adenocarcinoma from chronic pancreatitis. Gut. 2018;67(1):128-37.
https://doi.org/10.1136/gutjnl-2016-312432.

Qiu Z, Cheng, Liu H, LiT, Jiang Y, Lu Y, et al. Screening colorectal cancer
associated autoantigens through multi-omics analysis and diagnostic
performance evaluation of corresponding autoantibodies. BMC Cancer.
2025;25(1):713. https://doi.org/10.1186/512885-025-14080-5.
Trebeschi S, van Griethuysen JJM, Lambregts DMJ, Lahaye MJ, Parmar
C, Bakers FCH, et al. Deep learning for fully-automated localization

and segmentation of rectal cancer on multiparametric MR. Sci Rep.
2017;7(1):5301. https://doi.org/10.1038/541598-017-05728-9.

He J, Xu J, Chen W, Cao M, Zhang J, Yang Q, et al. Development of a
deep learning model for TINO gastric cancer diagnosis using 2.5D radi-
omic data in preoperative CT images. NPJ Precis Oncol. 2025;9(1):249.
https://doi.org/10.1038/541698-025-01055-9.

Hatt M, Majdoub M, Vallieres M, Tixier F, Le Rest CC, Groheux D, et al.
18F-FDG PET uptake characterization through texture analysis: inves-
tigating the complementary nature of heterogeneity and functional
tumor volume in a multi-cancer site patient cohort. J Nucl Med.
2015;56(1):38-44. https://doi.org/10.2967/jnumed.114.144055.
Savitsky Z. Twist on PET unlocks hidden signals. Science.
2025;389(6761):670-1. https://doi.org/10.1126/science.aeb4273.
Lyshchik A, Wessner CE, Bradigan K, Eisenbrey JR, Forsberg F, Yi M,

et al. Contrast-enhanced ultrasound liver imaging reporting and data
system: clinical validation in a prospective multinational study in North
America and Europe. Hepatology. 2024,79(2):380-91. https://doi.org/10.
1097/HEP0000000000000558.

Lee M, Li G, Li H, Duan X, Birla MB, Chang TS, et al. Confocal laser
endomicroscope with distal MEMS scanner for real-time histo-
pathology. Sci Rep. 2022;12(1):20155. https://doi.org/10.1038/
$41598-022-24210-9.

Li Q, Ali Z, Zakian C, di Pietro M, Honing J, O'Donovan M, et al. Tethered
optoacoustic and optical coherence tomography capsule endoscopy
for label-free assessment of Barrett's oesophageal neoplasia. Nat
Biomed Eng. 2025. https://doi.org/10.1038/541551-025-01462-0.

LuYB, Lu SC, Huang YN, Weng YC, Chiang TY, Cheng PT, et al. Artificial
intelligence-tailored bowel preparation reduces laxative burden and
promotes sustainable endoscopy. Gut. 2025. https://doi.org/10.1136/
gutjnl-2025-336200.

Dayarathna S, Islam KT, Uribe S, Yang G, Hayat M, Chen Z. Deep learning
based synthesis of MRI, CT and PET: review and analysis. Med Image
Anal. 2024;92:103046. https://doi.org/10.1016/jmedia.2023.103046.

Yu P, Zhang H, Wang D, Zhang R, Deng M, Yang H, et al. Spatial resolu-
tion enhancement using deep learning improves chest disease diagno-
sis based on thick slice CT. NPJ Digit Med. 2024;7(1):335. https://doi.org/
10.1038/541746-024-01338-8.

de Leeuw den Bouter ML, Ippolito G, O'Reilly TPA, Remis RF, van Gijzen
MB, Webb AG. Deep learning-based single image super-resolution for
low-field MR brain images. Sci Rep. 2022;12(1):6362. https://doi.org/10.
1038/541598-022-10298-6.

Chen Z, Pawar K, Ekanayake M, Pain C, Zhong S, Egan GF. Deep learning
for image enhancement and correction in magnetic resonance imag-
ing-state-of-the-art and challenges. J Digit Imaging. 2023;36(1):204-30.
https://doi.org/10.1007/510278-022-00721-9.

Shin H, Hur MH, Song BG, Park SY, Kim GA, Choi G, et al. Al model using
CT-based imaging biomarkers to predict hepatocellular carcinoma in
patients with chronic hepatitis B. J Hepatol. 2025;82(6):1080-8. https://
doi.org/10.1016/j,jhep.2024.12.029.

Berardi R, Onofri A, Pistelli M, Maccaroni E, Scartozzi M, Pierantoni

C, et al. Panitumumab: the evidence for its use in the treatment of


https://doi.org/10.1200/JCO.2001.19.4.1118
https://doi.org/10.3389/fonc.2020.00239
https://doi.org/10.1038/s41392-020-00341-1
https://doi.org/10.1038/s41392-020-00341-1
https://doi.org/10.3390/cancers13143481
https://doi.org/10.3390/cancers13143481
https://doi.org/10.1038/s44276-024-00050-0
https://doi.org/10.1038/s44276-024-00050-0
https://doi.org/10.1038/ncomms3823
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.1038/s41423-025-01308-4
https://doi.org/10.1038/s41423-025-01308-4
https://doi.org/10.3748/wjg.v29.i17.2515
https://doi.org/10.3748/wjg.v29.i17.2515
https://doi.org/10.1016/j.biopha.2023.114786
https://doi.org/10.1016/j.biopha.2023.114786
https://doi.org/10.1371/journal.pone.0106748
https://doi.org/10.1371/journal.pone.0106748
https://doi.org/10.1002/ijc.25007
https://doi.org/10.1038/bjc.2014.119
https://doi.org/10.1038/bjc.2014.119
https://doi.org/10.1016/j.prp.2021.153757
https://doi.org/10.1016/j.prp.2021.153757
https://doi.org/10.1159/000380784
https://doi.org/10.1159/000380784
https://doi.org/10.1158/1078-0432.CCR-07-4522
https://doi.org/10.1158/1078-0432.CCR-07-4522
https://doi.org/10.3390/cancers13143501
https://doi.org/10.1038/s41467-020-17316-z
https://doi.org/10.1038/s41467-020-17316-z
https://doi.org/10.1038/s41586-019-1272-6
https://doi.org/10.1007/s00216-025-05863-7
https://doi.org/10.1038/s41586-022-05062-9
https://doi.org/10.1038/s41586-022-05062-9
https://doi.org/10.1136/gutjnl-2016-312432
https://doi.org/10.1186/s12885-025-14080-5
https://doi.org/10.1038/s41598-017-05728-9
https://doi.org/10.1038/s41698-025-01055-9
https://doi.org/10.2967/jnumed.114.144055
https://doi.org/10.1126/science.aeb4273
https://doi.org/10.1097/HEP.0000000000000558
https://doi.org/10.1097/HEP.0000000000000558
https://doi.org/10.1038/s41598-022-24210-9
https://doi.org/10.1038/s41598-022-24210-9
https://doi.org/10.1038/s41551-025-01462-0
https://doi.org/10.1136/gutjnl-2025-336200
https://doi.org/10.1136/gutjnl-2025-336200
https://doi.org/10.1016/j.media.2023.103046
https://doi.org/10.1038/s41746-024-01338-8
https://doi.org/10.1038/s41746-024-01338-8
https://doi.org/10.1038/s41598-022-10298-6
https://doi.org/10.1038/s41598-022-10298-6
https://doi.org/10.1007/s10278-022-00721-9
https://doi.org/10.1016/j.jhep.2024.12.029
https://doi.org/10.1016/j.jhep.2024.12.029

Jin et al. Molecular Biomedicine

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284,

285.

286.

287.

(2025) 6:136

metastatic colorectal cancer. Core Evid. 2010;5:61-76. https://doi.org/
10.2147/ces7035.

Misale S, Di Nicolantonio F, Sartore-Bianchi A, Siena S, Bardelli A. Resist-
ance to anti-EGFR therapy in colorectal cancer: from heterogeneity to
convergent evolution. Cancer Discov. 2014;4(11):1269-80. https://doi.
0rg/10.1158/2159-8290.CD-14-0462.

Qin S, Xu J,Wang L, Cheng Y, Liu T, Chen J, et al. Impact of tumor epider-
mal growth factor receptor (EGFR) status on the outcomes of first-line
FOLFOX-4 + cetuximab in patients (pts) with RAS-wild-type (wt) meta-
static colorectal cancer (mCRC) in the randomized phase 3 TAILOR trial.
Ann Oncol. 2016;27:vi174. https://doi.org/10.1093/annonc/mdw370.75.
Price TJ, Peeters M, Kim TW, Li J, Cascinu S, Ruff P, et al. Panitumumab
versus cetuximab in patients with chemotherapy-refractory wild-type
KRAS exon 2 metastatic colorectal cancer (ASPECCT): a randomised,
multicentre, open-label, non-inferiority phase 3 study. Lancet Oncol.
2014;15(6):569-79. https://doi.org/10.1016/51470-2045(14)70118-4.
Karapetis CS, Khambata-Ford S, Jonker DJ, O'Callaghan CJ, Tu D, Tebbutt
NG, et al. K-ras mutations and benefit from cetuximab in advanced
colorectal cancer. N Engl J Med. 2008;359(17):1757-65. https://doi.org/
10.1056/NEJM0a0804385.

Van Cutsem E, Kohne CH, Hitre E, Zaluski J, Chang Chien CR, Makhson
A, et al. Cetuximab and chemotherapy as initial treatment for meta-
static colorectal cancer. N Engl J Med. 2009;360(14):1408-17. https://
doi.org/10.1056/NEJM0a0805019.

Douillard JY, Oliner KS, Siena S, Tabernero J, Burkes R, Barugel M, et al.
Panitumumab-FOLFOX4 treatment and RAS mutations in colorectal
cancer. N EnglJ Med. 2013;369(11):1023-34. https://doi.org/10.1056/
NEJMoa1305275.

Saltz LB, Clarke S, Diaz-Rubio E, Scheithauer W, Figer A, Wong R, et al.
Bevacizumab in combination with oxaliplatin-based chemotherapy as
first-line therapy in metastatic colorectal cancer: a randomized phase

Il study. J Clin Oncol. 2008;26(12):2013-9. https://doi.org/10.1200/JCO.
2007.14.9930.

Avallone A, Piccirillo MC, Nasti G, Rosati G, Carlomagno C, Di Gennaro E,
et al. Effect of bevacizumab in combination with standard oxaliplatin-
based regimens in patients with metastatic colorectal cancer: a
randomized clinical trial. JAMA Netw Open. 2021;4(7):e2118475. https://
doi.org/10.1001/jamanetworkopen.2021.18475.

Wilke H, Muro K, Van Cutsem E, Oh SC, Bodoky G, Shimada Y, et al.
Ramucirumab plus paclitaxel versus placebo plus paclitaxel in patients
with previously treated advanced gastric or gastro-oesophageal junc-
tion adenocarcinoma (RAINBOW): a double-blind, randomised phase 3
trial. Lancet Oncol. 2014;15(11):1224-35. https://doi.org/10.1016/51470-
2045(14)70420-6.

Finn RS, Qin S, lkeda M, Galle PR, Ducreux M, Kim TY, et al. Atezolizumab
plus bevacizumab in unresectable hepatocellular carcinoma. N Engl J
Med. 2020;382(20):1894-905. https://doi.org/10.1056/NEJMoa1915745.
Shitara K, Bang YJ, Iwasa S, Sugimoto N, Ryu MH, Sakai D, et al. Trastu-
zumab deruxtecan in previously treated HER2-positive gastric cancer.

N Engl J Med. 2020;382(25):2419-30. https://doi.org/10.1056/NEJMo
a2004413.

Shitara K, Lordick F, Bang YJ, Enzinger P, llson D, Shah MA, et al.
Zolbetuximab plus mMFOLFOX6 in patients with CLDN18.2-positive,
HER2-negative, untreated, locally advanced unresectable or metastatic
gastric or gastro-oesophageal junction adenocarcinoma (SPOT-
LIGHT): a multicentre, randomised, double-blind, phase 3 trial. Lancet.
2023;401(10389):1655-68. https://doi.org/10.1016/S0140-6736(23)
00620-7.

Shah MA, Shitara K, Ajani JA, Bang YJ, Enzinger P, llson D, et al. Zolbetuxi-
mab plus CAPOX in CLDN18.2-positive gastric or gastroesophageal
junction adenocarcinoma: the randomized, phase 3 GLOW trial. Nat
Med. 2023;29(8):2133-41. https://doi.org/10.1038/541591-023-02465-7.
Elez E, Hendlisz A, Delaunoit T, Sastre J, Cervantes A, Varea R, et al. Phase
I study of necitumumab plus modified FOLFOX6 as first-line treatment
in patients with locally advanced or metastatic colorectal cancer. Br J
Cancer. 2016;114(4):372-80. https://doi.org/10.1038/bjc.2015.480.
Wainberg ZA, Kang YK, Lee KW, Qin S, Yamaguchi K, Kim IH, et al. Bemar-
ituzumab as first-line treatment for locally advanced or metastatic
gastric/gastroesophageal junction adenocarcinoma: final analysis of
the randomized phase 2 FIGHT trial. Gastric Cancer. 2024,27(3):558-70.
https://doi.org/10.1007/510120-024-01466-w.

288.

289.

290.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

Page 34 of 40

Houvast RD, Sier VQ, van Duijvenvoorde M, Baart VM, Schomann T, Chua
J, et al. Preclinical evaluation of glycan-targeting monoclonal antibodies
for bimodal near-infrared fluorescence and photoacoustic imaging of
gastrointestinal cancers. EINMMI Res. 2025;15(1):67. https://doi.org/10.
1186/513550-025-01258-y.

Zeng Z, Li L, Tao J, Liu J, Li H, Qian X, et al. [177Lu]Lu-labeled anti-
claudin-18.2 antibody demonstrated radioimmunotherapy potential in
gastric cancer mouse xenograft models. Eur J Nucl Med Mol Imaging.
2024;51(5):1221-32. https://doi.org/10.1007/500259-023-06561-1.
Nishibata T, Weng J, Omori K, Sato Y, Nakazawa T, Suzuki T, et al. Effect

of anti-claudin 18.2 monoclonal antibody zolbetuximab alone or
combined with chemotherapy or programmed cell death-1 blockade
in syngeneic and xenograft gastric cancer models. J Pharmacol Sci.
2024;155(3):84-93. https://doi.org/10.1016/jjphs.2024.04.004.

Weisser NE, Sanches M, Escobar-Cabrera E, O'Toole J, Whalen E, Chan
PWY, et al. An anti-HER2 biparatopic antibody that induces unique
HER2 clustering and complement-dependent cytotoxicity. Nat Com-
mun. 2023;14(1):1394. https://doi.org/10.1038/541467-023-37029-3.
Kast F, Schwill M, Stuber JC, Pfundstein S, Nagy-Davidescu G, Rodriguez
JMM, et al. Engineering an anti-HER2 biparatopic antibody with a multi-
modal mechanism of action. Nat Commun. 2021;12(1):3790. https://doi.
0rg/10.1038/541467-021-23948-6.

Kotani D, Yamaguchi K, Kato K, Hara H, Miura A, Satoh T, et al. A phase

2, open-label study of amivantamab in patients with previously treated
advanced or metastatic gastric or esophageal cancer. J Clin Oncol.
2024;42(3_suppl):363. https://doi.org/10.1200/JC0O.2024.42.3_suppl.363.
Elimova E, Ajani J, Burris H, Denlinger CS, Igbal S, Kang YK, et al. Zani-
datamab plus chemotherapy as first-line treatment for patients with
HER2-positive advanced gastro-oesophageal adenocarcinoma: primary
results of a multicentre, single-arm, phase 2 study. Lancet Oncol.
2025;26(7):847-59. https://doi.org/10.1016/51470-2045(25)00287-6.
Meric-Bernstam F, Rha SY, Hamilton E, Kang YK, Hanna DL, Igbal S,

et al. Zanidatamab monotherapy or combined with chemotherapy

in HER2-expressing gastroesophageal adenocarcinoma: a phase

1 trial. Nat Commun. 2025;16(1):4293. https://doi.org/10.1038/
$41467-025-59279-z.

Harding JJ, Macarulla T, Pant S, Wu X, Garfin PM, Okusaka T. HERIZON-
BTC-302: a phase 3 study of zanidatamab with standard-of-care (SOC)
therapy vs SOC alone for first-line treatment of human epidermal
growth factor receptor 2 (HER2)-positive advanced/metastatic biliary
tract cancer (BTC). J Clin Oncol. 2025;43(4_suppl):-TPS648-TPS. https://
doi.org/10.1200/JC0O.2025.43.4_suppl.TPS648.

Tabernero J, Shen L, Elimova E, Ku G, Liu T, Shitara K, et al. HERIZON-
GEA-01: Zanidatamab + chemo + tislelizumab for 1L treatment of
HER2-positive gastroesophageal adenocarcinoma. Future Oncol.
2022;18(29):3255-66. https://doi.org/10.2217/fon-2022-0595.

Liu D, Gong J, Li J, Qi C, Niu Z, Liu B, et al. Efficacy and safety of KN026,

a bispecific anti-HER2 antibody, in combination with KN046, an
anti-CTLA4/PD-L1 antibody, in patients with advanced HER2-positive
nonbreast cancer: a combined analysis of a phase Ib and a phase Il
study. Signal Transduct Target Ther. 2025;10(1):104. https://doi.org/10.
1038/541392-025-02195-x.

Schram AM, Odintsov |, Espinosa-Cotton M, Khodos |, Sisso WJ, Mat-

tar MS, et al. Zenocutuzumab, a HER2xHER3 bispecific antibody, is
effective therapy for tumors driven by NRG1 gene rearrangements.
Cancer Discov. 2022;12(5):1233-47. https://doi.org/10.1158/2159-8290.
CD-21-1119.

Tsuchikama K, Anami'Y, Ha SYY, Yamazaki CM. Exploring the next gener-
ation of antibody-drug conjugates. Nat Rev Clin Oncol. 2024;21(3):203-
23. https://doi.org/10.1038/541571-023-00850-2.

Shitara K, Bang YJ, Iwasa S, Sugimoto N, Ryu MH, Sakai D, et al.
Trastuzumab deruxtecan in HER2-positive advanced gastric cancer:
exploratory biomarker analysis of the randomized, phase 2 DESTINY-
Gastric01 trial. Nat Med. 2024;30(7):1933-42. https://doi.org/10.1038/
s41591-024-02992-x.

Van Cutsem E, di Bartolomeo M, Smyth E, Chau |, Park H, Siena S, et al.
Trastuzumab deruxtecan in patients in the USA and Europe with
HER2-positive advanced gastric or gastroesophageal junction cancer
with disease progression on or after a trastuzumab-containing regimen
(DESTINY-Gastric02): primary and updated analyses from a single-arm,


https://doi.org/10.2147/ce.s7035
https://doi.org/10.2147/ce.s7035
https://doi.org/10.1158/2159-8290.CD-14-0462
https://doi.org/10.1158/2159-8290.CD-14-0462
https://doi.org/10.1093/annonc/mdw370.75
https://doi.org/10.1016/S1470-2045(14)70118-4
https://doi.org/10.1056/NEJMoa0804385
https://doi.org/10.1056/NEJMoa0804385
https://doi.org/10.1056/NEJMoa0805019
https://doi.org/10.1056/NEJMoa0805019
https://doi.org/10.1056/NEJMoa1305275
https://doi.org/10.1056/NEJMoa1305275
https://doi.org/10.1200/JCO.2007.14.9930
https://doi.org/10.1200/JCO.2007.14.9930
https://doi.org/10.1001/jamanetworkopen.2021.18475
https://doi.org/10.1001/jamanetworkopen.2021.18475
https://doi.org/10.1016/S1470-2045(14)70420-6
https://doi.org/10.1016/S1470-2045(14)70420-6
https://doi.org/10.1056/NEJMoa1915745
https://doi.org/10.1056/NEJMoa2004413
https://doi.org/10.1056/NEJMoa2004413
https://doi.org/10.1016/S0140-6736(23)00620-7
https://doi.org/10.1016/S0140-6736(23)00620-7
https://doi.org/10.1038/s41591-023-02465-7
https://doi.org/10.1038/bjc.2015.480
https://doi.org/10.1007/s10120-024-01466-w
https://doi.org/10.1186/s13550-025-01258-y
https://doi.org/10.1186/s13550-025-01258-y
https://doi.org/10.1007/s00259-023-06561-1
https://doi.org/10.1016/j.jphs.2024.04.004
https://doi.org/10.1038/s41467-023-37029-3
https://doi.org/10.1038/s41467-021-23948-6
https://doi.org/10.1038/s41467-021-23948-6
https://doi.org/10.1200/JCO.2024.42.3_suppl.363
https://doi.org/10.1016/S1470-2045(25)00287-6
https://doi.org/10.1038/s41467-025-59279-z
https://doi.org/10.1038/s41467-025-59279-z
https://doi.org/10.1200/JCO.2025.43.4_suppl.TPS648
https://doi.org/10.1200/JCO.2025.43.4_suppl.TPS648
https://doi.org/10.2217/fon-2022-0595
https://doi.org/10.1038/s41392-025-02195-x
https://doi.org/10.1038/s41392-025-02195-x
https://doi.org/10.1158/2159-8290.CD-21-1119
https://doi.org/10.1158/2159-8290.CD-21-1119
https://doi.org/10.1038/s41571-023-00850-2
https://doi.org/10.1038/s41591-024-02992-x
https://doi.org/10.1038/s41591-024-02992-x

Jin et al. Molecular Biomedicine

303.

304.

305.

306.

307.

308.

300.

310.

312.

314.

315.

317.

318.

(2025) 6:136

phase 2 study. Lancet Oncol. 2023;24(7):744-56. https://doi.org/10.
1016/51470-2045(23)00215-2.

QiuMZ, Zhang Y, Guo Y, Guo W, Nian W, Liao W, et al. Evaluation of
safety of treatment with anti-epidermal growth factor receptor anti-
body drug conjugate MRG003 in patients with advanced solid tumors:
a phase 1 nonrandomized clinical trial. JAMA Oncol. 2022;8(7):1042-6.
https://doi.org/10.1001/jamaoncol.2022.0503.

Wu X, Xu L, Li X, Zhou Y, Han X, Zhang W, et al. A HER2-targeting
antibody-MMAE conjugate RC48 sensitizes immunotherapy in HER2-
positive colon cancer by triggering the cGAS-STING pathway. Cell
Death Dis. 2023;14(8):550. https://doi.org/10.1038/541419-023-06073-8.
Zhang J, Liu R, Gao S, LiW, Chen Y, Meng Y, et al. Phase | study of A166,
an antibody-drug conjugate in advanced HER2-expressing solid
tumours. NPJ Breast Cancer. 2023;9(1):28. https://doi.org/10.1038/
s41523-023-00522-5.

Liu J,Yang J, SunY, Gong J, Yue J, Pan Y, et al. CLDN18.2-targeting anti-
body-drug conjugate IBI343 in advanced gastric or gastroesophageal
junction adenocarcinoma: a phase 1 trial. Nat Med. 2025;31(9):3028-36.
https://doi.org/10.1038/541591-025-03783-8.

Yue J, Shao S, Zhou J, Luo W, Xu Y, Zhang Q, et al. A bispecific antibody
targeting HER2 and CLDN18.2 eliminates gastric cancer cells expressing
dual antigens by enhancing the immune effector function. Invest New
Drugs. 2024;42(1):106-15. https://doi.org/10.1007/510637-024-01417-3.
Xue W, Xu C, Zhang K, Cui L, Huang X, Nan 'Y, et al. Enhancing
antitumor efficacy of CLDN18.2-directed antibody-drug conjugates
through autophagy inhibition in gastric cancer. Cell Death Discov.
2024;10(1):393. https://doi.org/10.1038/541420-024-02167-0.

Singh P Toom S, Huang Y. Anti-claudin 18.2 antibody as new targeted
therapy for advanced gastric cancer. J Hematol Oncol. 2017;10(1):105.
https://doi.org/10.1186/513045-017-0473-4.

Ruan DY, Liu FR, Wei XL, Luo SX, Zhuang ZX, Wang ZN, et al. Claudin
18.2-targeting antibody-drug conjugate CMG901 in patients with
advanced gastric or gastro-oesophageal junction cancer (KYM901):

a multicentre, open-label, single-arm, phase 1 trial. Lancet Oncol.
2025;26(2):227-38. https://doi.org/10.1016/51470-2045(24)00636-3.
Sultana R, Chen S, Lim EH, Dent R, Chowbay B. Efficacy and safety of
sacituzumab govitecan Trop-2-targeted antibody-drug conjugate

in solid tumors and UGTTA1*28 polymorphism: a systematic review
and meta-analysis. BJC Rep. 2024;2(1):85. https://doi.org/10.1038/
$44276-024-00106-1.

Cardillo TM, Govindan SV, Sharkey RM, Trisal P, Arrojo R, Liu D, et al.
Sacituzumab govitecan (IMMU-132), an anti-Trop-2/SN-38 antibody-
drug conjugate: characterization and efficacy in pancreatic, gastric, and
other cancers. Bioconjug Chem. 2015;26(5):919-31. https://doi.org/10.
1021/acs.bioconjchem.5b00223.

Garrett JT, Tendler S, Feroz W, Kilroy MK, Yu H. Emerging importance

of HER3 in tumorigenesis and cancer therapy. Nat Rev Clin Oncol.
2025;22(5):348-70. https://doi.org/10.1038/541571-025-01008-y.

WuY, Zhu M, Sun B, Chen Y, Huang Y, Gai J, et al. A humanized trivalent
Nectin-4-targeting nanobody drug conjugate displays potent antitu-
mor activity in gastric cancer. J Nanobiotechnology. 2024;22(1):256.
https://doi.org/10.1186/512951-024-02521-5.

Kim R, Leal AD, Parikh A, Ryan DP, Wang S, Bahamon B, et al. A phase

|, first-in-human study of TAK-164, an antibody-drug conjugate, in
patients with advanced gastrointestinal cancers expressing guanylyl
cyclase C. Cancer Chemother Pharmacol. 2023;91(4):291-300. https://
doi.org/10.1007/500280-023-04507-w.

Almhanna K, Kalebic T, Cruz C, Faris JE, Ryan DP, Jung J, et al. Phase |
study of the investigational anti-guanylyl cyclase antibody-drug conju-
gate TAK-264 (MLN0264) in adult patients with advanced gastrointesti-
nal malignancies. Clin Cancer Res. 2016;22(20):5049-57. https://doi.org/
10.1158/1078-0432.CCR-15-2474.

Kopetz S, Garcia-Carbonero R, Han S-W, Rivera IR, Ruffinelli JC, BoniV,
et al. Precemtabart tocentecan (M9140), an anti-CEACAM5 ADC with

exatecan payload, in patients with metastatic colorectal cancer (mCRC):

results from the dose optimization of the phase 1 PROCEADE CRC-01
study. J Clin Oncol. 2025;43(16_suppl):3038-3038. https://doi.org/10.
1200/JC0.2025.43.16_suppl.3038.

Grothey A, Van Cutsem E, Sobrero A, Siena S, Falcone A, Ychou M, et al.
Regorafenib monotherapy for previously treated metastatic colo-
rectal cancer (CORRECT): an international, multicentre, randomised,

319.

320.

322.

323.

324.

325.

326.

327.

328.

329.

330.

332.

333.

334,

Page 35 of 40

placebo-controlled, phase 3 trial. Lancet. 2013;381(9863):303-12.
https://doi.org/10.1016/50140-6736(12)61900-X.

Sanoff HK, Goldberg RM, Ivanova A, O'Reilly S, Kasbari SS, Kim RD, et al.
Multicenter, randomized, double-blind phase 2 trial of FOLFIRI with
regorafenib or placebo as second-line therapy for metastatic colorectal
cancer. Cancer. 2018;124(15):3118-26. https://doi.org/10.1002/cncr.
31552,

Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, Blanc JF, et al.
Sorafenib in advanced hepatocellular carcinoma. N Engl J Med.
2008;359(4):378-90. https://doi.org/10.1056/NEJM0a0708857.

Vogel A, SahaiV, Hollebecque A, Vaccaro G, Melisi D, Al-Rajabi R, et al.
FIGHT-202: a phase Il study of pemigatinib in patients (pts) with previ-
ously treated locally advanced or metastatic cholangiocarcinoma (CCA).
Ann Oncol. 2019;30:v876. https://doi.org/10.1093/annonc/mdz394.031.
Yamashita T, Kudo M, lkeda K, Izumi N, Tateishi R, Ikeda M, et al.
REFLECT-a phase 3 trial comparing efficacy and safety of lenvatinib to
sorafenib for the treatment of unresectable hepatocellular carcinoma:
an analysis of Japanese subset. J Gastroenterol. 2020;55(1):113-22.
https://doi.org/10.1007/500535-019-01642-1.

Skorupan N, Arda E, Kozlov S, Alewine CC. Phase Il study of olaparib in
patients with advanced pancreatic acinar cell carcinoma. J Clin Oncol.
2025;43(4_suppl):TPS789-TPS. https://doi.org/10.1200/JC0O.2025.43.4_
suppl.TPS789.

White K, Anwar Al, Jin K, Bollich V, Kelkar RA, Talbot NC, et al. Infigratinib
for the treatment of metastatic or locally advanced cholangiocarci-
noma with known FGFR2 gene fusions or rearrangements. Cureus.
2023;15(10):46792. https://doi.org/10.7759/cureus.46792.

Neuzillet C. Infigratinib in pretreated cholangiocarcinoma with
<em>FGFR2</em> fusions or rearrangements. The Lancet Gastroenter-
ology & Hepatology. 2021;6(10):773-5. https://doi.org/10.1016/52468-
1253(21)00220-X.

Goyal L, Meric-Bernstam F, Hollebecque A, Valle JW, Morizane C, Karasic
TB, et al. Futibatinib for FGFR2-rearranged intrahepatic cholangiocar-
cinoma. N Engl J Med. 2023;388(3):228-39. https://doi.org/10.1056/
NEJMo0a2206834.

Abou-Alfa GK, Sahai V, Hollebecque A, Vaccaro G, Melisi D, Al-Rajabi R,
et al. Pemigatinib for previously treated, locally advanced or metastatic
cholangiocarcinoma: a multicentre, open-label, phase 2 study. Lancet
Oncol. 2020;21(5):671-84. https://doi.org/10.1016/S1470-2045(20)
30109-1.

Kelley RK, Ryoo BY, Merle P, Park JW, Bolondi L, Chan SL, et al. Second-
line cabozantinib after sorafenib treatment for advanced hepatocellular
carcinoma: a subgroup analysis of the phase 3 CELESTIAL trial. ESMO
Open. 2020. https://doi.org/10.1136/esmoopen-2020-000714.

Pal SK, McGregor B, Suarez C, Tsao CK, Kelly W, Vaishampayan U, et al.
Cabozantinib in combination with atezolizumab for advanced renal
cell carcinoma: results from the COSMIC-021 studly. J Clin Oncol.
2021;39(33):3725-36. https://doi.org/10.1200/JC0O.21.00939.

Van Cutsem E, Bang YJ, Mansoor W, Petty RD, Chao Y, Cunningham

D, et al. A randomized, open-label study of the efficacy and safety of
AZD4547 monotherapy versus paclitaxel for the treatment of advanced
gastric adenocarcinoma with FGFR2 polysomy or gene amplification.
Ann Oncol. 2017;28(6):1316-24. https://doi.org/10.1093/annonc/
mdx107.

Smyth EC, Turner NC, Peckitt C, Pearson A, Brown G, Chua S, et al. Phase
Il multicenter proof of concept study of AZD4547 in FGFR amplified
tumours. J Clin Oncol. 2015;33(15_suppl):2508. https://doi.org/10.1200/
j€0.2015.33.15_suppl.2508.

Heuser M, Palmisiano N, Mantzaris |, Mims A, DiNardo C, Silverman LR,
et al. Safety and efficacy of BAY1436032 in IDH1-mutant AML: phase |
study results. Leukemia. 2020;34(11):2903-13. https://doi.org/10.1038/
$41375-020-0996-5.

Harding JJ, Oh DY, Mercade TM, Goyal L, Varkaris A, Palmieri LJ, et al.
Final Results from a First-in-Human Phase 1 Study of the Dual Isocitrate
Dehydrogenase (IDH) 1/2 Inhibitor, LY3410738, in Advanced Solid
Tumors Harboring IDH1 or IDH2 Mutations. Clin Cancer Res. 2025.
https://doi.org/10.1158/1078-0432.CCR-25-0174.

Bendell JC, Hochster H, Hart LL, Firdaus |, Mace JR, McFarlane JJ, et al. A
phase Il randomized trial (GO27827) of first-line FOLFOX plus bevaci-
zumab with or without the MET inhibitor onartuzumab in patients with


https://doi.org/10.1016/S1470-2045(23)00215-2
https://doi.org/10.1016/S1470-2045(23)00215-2
https://doi.org/10.1001/jamaoncol.2022.0503
https://doi.org/10.1038/s41419-023-06073-8
https://doi.org/10.1038/s41523-023-00522-5
https://doi.org/10.1038/s41523-023-00522-5
https://doi.org/10.1038/s41591-025-03783-8
https://doi.org/10.1007/s10637-024-01417-3
https://doi.org/10.1038/s41420-024-02167-0
https://doi.org/10.1186/s13045-017-0473-4
https://doi.org/10.1016/S1470-2045(24)00636-3
https://doi.org/10.1038/s44276-024-00106-1
https://doi.org/10.1038/s44276-024-00106-1
https://doi.org/10.1021/acs.bioconjchem.5b00223
https://doi.org/10.1021/acs.bioconjchem.5b00223
https://doi.org/10.1038/s41571-025-01008-y
https://doi.org/10.1186/s12951-024-02521-5
https://doi.org/10.1007/s00280-023-04507-w
https://doi.org/10.1007/s00280-023-04507-w
https://doi.org/10.1158/1078-0432.CCR-15-2474
https://doi.org/10.1158/1078-0432.CCR-15-2474
https://doi.org/10.1200/JCO.2025.43.16_suppl.3038
https://doi.org/10.1200/JCO.2025.43.16_suppl.3038
https://doi.org/10.1016/S0140-6736(12)61900-X
https://doi.org/10.1002/cncr.31552
https://doi.org/10.1002/cncr.31552
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1093/annonc/mdz394.031
https://doi.org/10.1007/s00535-019-01642-1
https://doi.org/10.1200/JCO.2025.43.4_suppl.TPS789
https://doi.org/10.1200/JCO.2025.43.4_suppl.TPS789
https://doi.org/10.7759/cureus.46792
https://doi.org/10.1016/S2468-1253(21)00220-X
https://doi.org/10.1016/S2468-1253(21)00220-X
https://doi.org/10.1056/NEJMoa2206834
https://doi.org/10.1056/NEJMoa2206834
https://doi.org/10.1016/S1470-2045(20)30109-1
https://doi.org/10.1016/S1470-2045(20)30109-1
https://doi.org/10.1136/esmoopen-2020-000714
https://doi.org/10.1200/JCO.21.00939
https://doi.org/10.1093/annonc/mdx107
https://doi.org/10.1093/annonc/mdx107
https://doi.org/10.1200/jco.2015.33.15_suppl.2508
https://doi.org/10.1200/jco.2015.33.15_suppl.2508
https://doi.org/10.1038/s41375-020-0996-5
https://doi.org/10.1038/s41375-020-0996-5
https://doi.org/10.1158/1078-0432.CCR-25-0174

Jin et al. Molecular Biomedicine

335.

336.

337.

338.

339.

340.

341,

342.

343.

344,

345,

346.

347.

348.

349.

(2025) 6:136

metastatic colorectal cancer. Oncologist. 2017;22(3):264-71. https://doi.
0rg/10.1634/theoncologist.2016-0223.

Gan HK, Millward M, Hua Y, Qi C, Sai Y, SuW, et al. First-in-human phase

I study of the selective MET inhibitor, savolitinib, in patients with
advanced solid tumors: safety, pharmacokinetics, and antitumor activ-
ity. Clin Cancer Res. 2019;25(16):4924-32. https://doi.org/10.1158/1078-
0432.CCR-18-1189.

WangY, LiuT, Chen G, Gong J, Bai Y, Zhang T, et al. Phase la/Ib Study of
the Selective MET inhibitor, savolitinib, in patients with advanced solid

tumors: safety, efficacy, and biomarkers. Oncologist. 2022;27(5):342-e83.

https://doi.org/10.1093/oncolo/oyab066.

Subbiah V, Wolf J, Konda B, Kang H, Spira A, Weiss J, et al. Tumour-
agnostic efficacy and safety of selpercatinib in patients with RET
fusion-positive solid tumours other than lung or thyroid tumours
(LIBRETTO-001): a phase 1/2, open-label, basket trial. Lancet Oncol.
2022;23(10):1261-73. https://doi.org/10.1016/51470-2045(22)00541-1.
Modest DP, Ricard |, Heinemann V, Hegewisch-Becker S, Schmiegel W,
Porschen R, et al. Outcome according to KRAS-, NRAS- and BRAF-
mutation as well as KRAS mutation variants: pooled analysis of five
randomized trials in metastatic colorectal cancer by the AlO colorectal
cancer study group. Ann Oncol. 2016;27(9):1746-53. https://doi.org/10.
1093/annonc/mdw261.

Foote JB, Mattox TE, Keeton AB, Chen X, Smith FT, Berry K, et al. A pan-
RAS inhibitor with a unique mechanism of action blocks tumor growth
and induces antitumor immunity in gastrointestinal cancer. Cancer Res.
2025;85(5):956-72. https://doi.org/10.1158/0008-5472.Can-24-0323.
Hallin J, Bowcut V, Calinisan A, Briere DM, Hargis L, Engstrom LD, et al.
Anti-tumor efficacy of a potent and selective non-covalent KRAS(G12D)
inhibitor. Nat Med. 2022;28(10):2171-82. https://doi.org/10.1038/
$41591-022-02007-7.

Patricelli MP, Janes MR, Li LS, Hansen R, Peters U, Kessler LV, et al. Selec-
tive inhibition of oncogenic KRAS output with small molecules target-
ing the inactive state. Cancer Discov. 2016;6(3):316-29. https://doi.org/
10.1158/2159-8290.CD-15-1105.

Garrido-Laguna |, Wolpin BM, Park W, Azad NS, Spira Al, Starodub A,

et al. Safety, efficacy, and on-treatment circulating tumor DNA (ctDNA)
changes from a phase 1 study of RMC-6236, a RAS(ON) multi-selective,
tri-complex inhibitor, in patients with RAS mutant pancreatic ductal
adenocarcinoma (PDAC). J Clin Oncol. 2025;43(4_suppl):722. https://
doi.org/10.1200/JC0.2025 434_suppl.722.

Pachter JA, Yan F, Coma S, Malvezzi CC, Liu X, Berardelli E, et al. Abstract
4394: GFH375 (VS-7375): an oral, selective KRAS G12D (ON/OFF) inhibi-
tor with potent anti-tumor efficacy as single agent and in combina-
tion with other anticancer therapies in preclinical models. Cancer Res.
2025;85(8_Supplement_1):4394. https://doi.org/10.1158/1538-7445.
Am2025-4394.

Robert C. A decade of immune-checkpoint inhibitors in cancer
therapy. Nat Commun. 2020;11(1):3801. https://doi.org/10.1038/
541467-020-17670-y.

Lee J, Kim D, Kong J, Ha D, Kim I, Park M, et al. Cell-cell commu-
nication network-based interpretable machine learning predicts
cancer patient response to immune checkpoint inhibitors. Sci Adv.
2024;10(5):eadj0785. https://doi.org/10.1126/sciadv.adj0785.

Johnson PC, Gainor JF, Sullivan RJ, Longo DL, Chabner B. Immune
checkpoint inhibitors - the need for innovation. N Engl J Med.
2023;388(16):1529-32. https://doi.org/10.1056/NEJMsb2300232.
Andre T, Shiu KK, Kim TW, Jensen BV, Jensen LH, Punt C, et al. Pembroli-
zumab in Microsatellite-Instability-High Advanced Colorectal Cancer.
N Engl J Med. 2020;383(23):2207-18. https://doi.org/10.1056/NEJMo
a2017699.

Fuchs CS, Doi T, Jang RW, Muro K, Satoh T, Machado M, et al. Safety and
efficacy of pembrolizumab monotherapy in patients with previously
treated advanced gastric and gastroesophageal junction cancer: phase
2 Clinical KEYNOTE-059 Trial. JAMA Oncology. 2018;4(5):e180013-e.
https://doi.org/10.1001/jamaoncol.2018.0013.

Shitara K, Ozguroglu M, Bang YJ, Di Bartolomeo M, Mandala M, Ryu
MH, et al. Pembrolizumab versus paclitaxel for previously treated,
advanced gastric or gastro-oesophageal junction cancer (KEY-
NOTE-061): a randomised, open-label, controlled, phase 3 trial. Lancet.
2018;392(10142):123-33. https://doi.org/10.1016/S0140-6736(18)
31257-1.

350.

352.

353.

354,

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

Page 36 of 40

Shitara K, Van Cutsem E, Bang YJ, Fuchs C, Wyrwicz L, Lee KW, et al.
Efficacy and safety of pembrolizumab or pembrolizumab plus chemo-
therapy vs chemotherapy alone for patients with first-line, advanced
gastric cancer: the KEYNOTE-062 phase 3 randomized clinical trial.
JAMA Oncol. 2020;6(10):1571-80. https://doi.org/10.1001/jamaoncol.
2020.3370.

Kelly RJ, Ajani JA, Kuzdzal J, Zander T, Van Cutsem E, Piessen G, et al.
Adjuvant nivolumab in resected esophageal or gastroesophageal junc-
tion cancer. N Engl J Med. 2021;384(13):1191-203. https://doi.org/10.
1056/NEJM0a2032125.

Overman MJ, McDermott R, Leach JL, Lonardi S, Lenz HJ, Morse MA,

et al. Nivolumab in patients with metastatic DNA mismatch repair-
deficient or microsatellite instability-high colorectal cancer (Check-
Mate 142): an open-label, multicentre, phase 2 study. Lancet Oncol.
2017;18(9):1182-91. https://doi.org/10.1016/51470-2045(17)30422-9.
Abou-Alfa GK, Lau G, Kudo M, Chan SL, Kelley RK, Furuse J, et al. Treme-
limumab plus durvalumab in unresectable hepatocellular carcinoma.
NEJM Evid. 2022;1(8):EVID0a2100070. https://doi.org/10.1056/EVIDo
a2100070.

Kelly RJ, Landon BV, Zaidi AH, Singh D, Canzoniero JV, Balan A, et al.
Neoadjuvant nivolumab or nivolumab plus LAG-3 inhibitor relatlimab
in resectable esophageal/gastroesophageal junction cancer: a phase Ib
trial and ctDNA analyses. Nat Med. 2024;30(4):1023-34. https://doi.org/
10.1038/541591-024-02877-z.

Hegewisch-Becker S, Mendez G, Chao J, Nemecek R, Feeney K, Van
Cutsem E, et al. First-line Nivolumab and Relatlimab plus chemotherapy
for gastric or gastroesophageal junction adenocarcinoma: the phase

Il RELATIVITY-060 study. J Clin Oncol. 2024;42(17):2080-93. https://doi.
0rg/10.1200/JC0O.23.01636.

Finn RS, Ryoo BY, Hsu CH, Li D, Burgoyne AM, Cotter C, et al.
Tiragolumab in combination with atezolizumab and bevacizumab in
patients with unresectable, locally advanced or metastatic hepatocel-
lular carcinoma (MORPHEUS-Liver): a randomised, open-label, phase
1b-2, study. Lancet Oncol. 2025;26(2):214-26. https://doi.org/10.1016/
$1470-2045(24)00679-X.

Curigliano G, Gelderblom H, Mach N, Doi T, Tai D, Forde PM, et al. Phase
I/Ib clinical trial of Sabatolimab, an anti-TIM-3 antibody, alone and in
combination with Spartalizumab, an anti-PD-1 antibody, in advanced
solid tumors. Clin Cancer Res. 2021;27(13):3620-9. https://doi.org/10.
1158/1078-0432.CCR-20-4746.

Abou-Alfa GK, Chan SL, Kudo M, Lau G, Kelley RK, Furuse J et al. Phase
3 randomized, open-label, multicenter study of tremelimumab (T) and
durvalumab (D) as first-line therapy in patients (pts) with unresectable
hepatocellular carcinoma (UHCC): HIMALAYA. Journal of Clinical Oncol-
0gy. 2022;40(4_suppl):379-. https://doi.org/10.1200/JC0O.2022.40.4_
suppl.379.

Anjum Z, Hussaini H, Mandal S, Rasheed A, Tarig M, Memon BA, et al.
Efficacy of PD-1 inhibitor plus chemotherapy versus chemotherapy in
advanced esophageal carcinoma: a meta-analysis of phase Il clinical
trials. J Clin Oncol. 2025;43(4_suppl):397-397. https://doi.org/10.1200/
JC0.2025.43.4_suppl.397.

DokiY, Ajani JA, Kato K, Xu J, Wyrwicz L, Motoyama S, et al. Nivolumab
combination therapy in advanced esophageal squamous-cell car-
cinoma. N Engl J Med. 2022;386(5):449-62. https://doi.org/10.1056/
NEJMoa2111380.

Ai D, Hao S, Shen W,Wu Q, Zhang S, ChenY, et al. Induction sintilimab
and chemotherapy followed by concurrent chemoradiotherapy for
locally advanced esophageal cancer: a proof-of-concept, single-arm,
multicenter, phase 2 trial. EClinicalMedicine. 2024;69:102471. https://
doi.org/10.1016/j.eclinm.2024.102471.

Stein A, Goekkurt E, Al-Batran SE, Moosmann N, Ettrich TJ, Goetze T,

et al. Perioperative pembrolizumab, trastuzumab and FLOT in HER2-
positive localized esophagogastric adenocarcinoma: a phase 2 trial. Nat
Med. 2025. https://doi.org/10.1038/541591-025-03979-y.

Akturk Esen S, Ergun’Y, Erol C, Arikan R, Er MM, Atci MM, et al. First-line
treatment of patients with HER2-positive metastatic gastric and gas-
troesophageal junction cancer. Bosn J Basic Med Sci. 2022;22(5):818-25.
https://doi.org/10.17305/bjbms.2021.7069.

Randon G, Lonardi S, Fassan M, Palermo F, Tamberi S, Giommoni E,

et al. Ramucirumab plus paclitaxel as switch maintenance versus
continuation of first-line oxaliplatin-based chemotherapy in patients


https://doi.org/10.1634/theoncologist.2016-0223
https://doi.org/10.1634/theoncologist.2016-0223
https://doi.org/10.1158/1078-0432.CCR-18-1189
https://doi.org/10.1158/1078-0432.CCR-18-1189
https://doi.org/10.1093/oncolo/oyab066
https://doi.org/10.1016/S1470-2045(22)00541-1
https://doi.org/10.1093/annonc/mdw261
https://doi.org/10.1093/annonc/mdw261
https://doi.org/10.1158/0008-5472.Can-24-0323
https://doi.org/10.1038/s41591-022-02007-7
https://doi.org/10.1038/s41591-022-02007-7
https://doi.org/10.1158/2159-8290.CD-15-1105
https://doi.org/10.1158/2159-8290.CD-15-1105
https://doi.org/10.1200/JCO.2025.43.4_suppl.722
https://doi.org/10.1200/JCO.2025.43.4_suppl.722
https://doi.org/10.1158/1538-7445.Am2025-4394
https://doi.org/10.1158/1538-7445.Am2025-4394
https://doi.org/10.1038/s41467-020-17670-y
https://doi.org/10.1038/s41467-020-17670-y
https://doi.org/10.1126/sciadv.adj0785
https://doi.org/10.1056/NEJMsb2300232
https://doi.org/10.1056/NEJMoa2017699
https://doi.org/10.1056/NEJMoa2017699
https://doi.org/10.1001/jamaoncol.2018.0013
https://doi.org/10.1016/S0140-6736(18)31257-1
https://doi.org/10.1016/S0140-6736(18)31257-1
https://doi.org/10.1001/jamaoncol.2020.3370
https://doi.org/10.1001/jamaoncol.2020.3370
https://doi.org/10.1056/NEJMoa2032125
https://doi.org/10.1056/NEJMoa2032125
https://doi.org/10.1016/S1470-2045(17)30422-9
https://doi.org/10.1056/EVIDoa2100070
https://doi.org/10.1056/EVIDoa2100070
https://doi.org/10.1038/s41591-024-02877-z
https://doi.org/10.1038/s41591-024-02877-z
https://doi.org/10.1200/JCO.23.01636
https://doi.org/10.1200/JCO.23.01636
https://doi.org/10.1016/S1470-2045(24)00679-X
https://doi.org/10.1016/S1470-2045(24)00679-X
https://doi.org/10.1158/1078-0432.CCR-20-4746
https://doi.org/10.1158/1078-0432.CCR-20-4746
https://doi.org/10.1200/JCO.2022.40.4_suppl.379
https://doi.org/10.1200/JCO.2022.40.4_suppl.379
https://doi.org/10.1200/JCO.2025.43.4_suppl.397
https://doi.org/10.1200/JCO.2025.43.4_suppl.397
https://doi.org/10.1056/NEJMoa2111380
https://doi.org/10.1056/NEJMoa2111380
https://doi.org/10.1016/j.eclinm.2024.102471
https://doi.org/10.1016/j.eclinm.2024.102471
https://doi.org/10.1038/s41591-025-03979-y
https://doi.org/10.17305/bjbms.2021.7069

Jin et al. Molecular Biomedicine

365.

366.

367.

368.

369.

370.

371,

372.

373.

374.

375.

376.

377.

378.

(2025) 6:136

with advanced HER2-negative gastric or gastro-oesophageal junction
cancer (ARMANI): a randomised, open-label, multicentre, phase 3 trial.
Lancet Oncol. 2024;25(12):1539-50. https://doi.org/10.1016/51470-
2045(24)00580-1.

LiJ, Qin'S,Wen L, Wang J, Deng W, Guo W, et al. Safety and efficacy of
apatinib in patients with advanced gastric or gastroesophageal junc-
tion adenocarcinoma after the failure of two or more lines of chemo-

therapy (AHEAD): a prospective, single-arm, multicenter, phase IV study.

BMC Med. 2023;21(1):173. https://doi.org/10.1186/512916-023-02841-7.
LiJ, Qin S, Wen L, Wang J, Deng W, Guo W et al. Safety and efficacy of
apatinib as third or later line treatment for advanced gastric cancer or
gastroesophageal junction adenocarcinoma: A post-marketing phase
IV study. Journal of Clinical Oncology. 2021,39(15_suppl):e16034-e.
https://doi.org/10.1200/JC0O.2021.39.15_suppl.e16034.

Janjigian YY, Ajani JA, Moehler M, Shen L, Garrido M, Gallardo C, et al.
First-line nivolumab plus chemotherapy for advanced gastric, gastroe-
sophageal junction, and esophageal adenocarcinoma: 3-year follow-up
of the phase Ill CheckMate 649 Trial. J Clin Oncol. 2024;42(17):2012-20.
https://doi.org/10.1200/JCO.23.01601.

Chau I. Pembrolizumab as a first-line treatment for advanced gastric
cancer. Lancet Oncol. 2023;24(11):1158-9. https://doi.org/10.1016/
$1470-2045(23)00526-0.

Kawazoe A, Yamaguchi K, Yasui H, Negoro Y, Azuma M, Amagai K, et al.
Safety and efficacy of pembrolizumab in combination with S-1 plus
oxaliplatin as a first-line treatment in patients with advanced gastric/
gastroesophageal junction cancer: cohort 1 data from the KEY-
NOTE-659 phase IIb study. Eur J Cancer. 2020;129:97-106. https://doi.
0rg/10.1016/}.jca.2020.02.002.

Wei J, Lu X, Liu Q, FuY, Liu S, Zhao Y, et al. Neoadjuvant sintilimab in
combination with concurrent chemoradiotherapy for locally advanced
gastric or gastroesophageal junction adenocarcinoma: a single-arm
phase 2 trial. Nat Commun. 2023;14(1):4904. https://doi.org/10.1038/
541467-023-40480-x.

Shitara K, Shah MA, Lordick F, Van Cutsem E, llson DH, Klempner SJ,

et al. Zolbetuximab in gastric or gastroesophageal junction adenocar-
cinoma. N Engl J Med. 2024;391(12):1159-62. https://doi.org/10.1056/
NEJMc2409512.

Wainberg ZA, Enzinger PC, Kang YK, Qin S, Yamaguchi K, Kim IH,

et al. Bemarituzumab in patients with FGFR2b-selected gastric or
gastro-oesophageal junction adenocarcinoma (FIGHT): a randomised,
double-blind, placebo-controlled, phase 2 study. Lancet Oncol.
2022;23(11):1430-40. https://doi.org/10.1016/51470-2045(22)00603-9.
Jonker DJ, O'Callaghan CJ, Karapetis CS, Zalcberg JR, Tu D, Au HJ,

et al. Cetuximab for the treatment of colorectal cancer. N Engl J Med.
2007;357(20):2040-8. https://doi.org/10.1056/NEJMoa071834.

Van Cutsem E, Peeters M, Siena S, Humblet Y, Hendlisz A, Neyns B,

et al. Open-label phase Ill trial of panitumumab plus best support-

ive care compared with best supportive care alone in patients with
chemotherapy-refractory metastatic colorectal cancer. J Clin Oncol.
2007;25(13):1658-64. https://doi.org/10.1200/JCO.2006.08.1620.

Pan QZ, Zhao JJ, Liu L, Zhang DS, Wang LP, Hu WW, et al. XELOX
(capecitabine plus oxaliplatin) plus bevacizumab (anti-VEGF-A anti-
body) with or without adoptive cell immunotherapy in the treatment
of patients with previously untreated metastatic colorectal cancer:

a multicenter, open-label, randomized, controlled, phase 3 trial.

Signal Transduct Target Ther. 2024;9(1):79. https://doi.org/10.1038/
s41392-024-01788-2.

Dasari A, Lonardi S, Garcia-Carbonero R, Elez E, Yoshino T, Sobrero A,

et al. Fruquintinib versus placebo in patients with refractory metastatic
colorectal cancer (FRESCO-2): an international, multicentre, ran-
domised, double-blind, phase 3 study. Lancet. 2023;402(10395):41-53.
https://doi.org/10.1016/50140-6736(23)00772-9.

Doebele RC, Drilon A, Paz-Ares L, Siena S, Shaw AT, Farago AF, et al.
Entrectinib in patients with advanced or metastatic NTRK fusion-posi-
tive solid tumours: integrated analysis of three phase 1-2 trials. Lancet
Oncol. 2020;21(2):271-82. https://doi.org/10.1016/51470-2045(19)
30691-6.

Hong DS, Fakih MG, Strickler JH, Desai J, Durm GA, Shapiro Gl, et al.
KRAS(G12C) inhibition with sotorasib in advanced solid tumors. N Engl J
Med. 2020;383(13):1207-17. https://doi.org/10.1056/NEJM0oa1917239.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391,

392.

393.

394,

395.

396.

Page 37 of 40

Yaeger R, Weiss J, Pelster MS, Spira Al, Barve M, Ou S|, et al. Adagrasib
with or without cetuximab in colorectal cancer with mutated KRAS
G12C. N Engl J Med. 2023;388(1):44-54. https://doi.org/10.1056/NEJMo
a2212419.

Kudo M, Finn RS, Qin S, Han KH, Ikeda K, Piscaglia F, et al. Lenvatinib
versus sorafenib in first-line treatment of patients with unresectable
hepatocellular carcinoma: a randomised phase 3 non-inferiority trial.
Lancet. 2018;391(10126):1163-73. https://doi.org/10.1016/S0140-
6736(18)30207-1.

Bruix J, Qin S, Merle P, Granito A, Huang YH, Bodoky G, et al. Regorafenib
for patients with hepatocellular carcinoma who progressed on
sorafenib treatment (RESORCE): a randomised, double-blind, placebo-
controlled, phase 3 trial. Lancet. 2017;389(10064):56-66. https://doi.org/
10.1016/50140-6736(16)32453-9.

Abou-Alfa GK, Meyer T, Cheng AL, El-Khoueiry AB, Rimassa L, Ryoo BY,
et al. Cabozantinib in patients with advanced and progressing hepato-
cellular carcinoma. N Engl J Med. 2018;379(1):54-63. https://doi.org/10.
1056/NEJMoal1717002.

Reiss KA, Mick R, O'Hara MH, Teitelbaum U, Karasic TB, Schneider

C, et al. Phase Il Study of Maintenance Rucaparib in Patients With
Platinum-Sensitive Advanced Pancreatic Cancer and a Pathogenic
Germline or Somatic Variant in BRCAT, BRCA2, or PALB2. J Clin Oncol.
2021;39(22):2497-505. https://doi.org/10.1200/jco.21.00003.

Le DT, Durham JN, Smith KN, Wang H, Bartlett BR, Aulakh LK, et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1
blockade. Science. 2017;357(6349):409-13. https://doi.org/10.1126/
science.aan6733.

Strickler JH, Satake H, George TJ, Yaeger R, Hollebecque A, Garrido-
Lagunal, et al. Sotorasib in KRAS p. G12C-mutated advanced pancreatic
cancer. N Engl J Med. 2023;388(1):33-43. https://doi.org/10.1056/
NEJM0a2208470.

Abou-Alfa GK, Macarulla T, Javle MM, Kelley RK, Lubner SJ, Adeva J, et al.
Ivosidenib in IDH1-mutant, chemotherapy-refractory cholangiocarci-
noma (ClarIDHy): a multicentre, randomised, double-blind, placebo-
controlled, phase 3 study. Lancet Oncol. 2020;21(6):796-807. https://
doi.org/10.1016/51470-2045(20)30157-1.

Oh DY, Lee KH, Lee DW, Yoon J, Kim TY, Bang JH, et al. Gemcitabine

and cisplatin plus durvalumab with or without tremelimumab in
chemotherapy-naive patients with advanced biliary tract cancer: an
open-label, single-centre, phase 2 study. Lancet Gastroenterol Hepatol.
2022;7(6):522-32. https://doi.org/10.1016/52468-1253(22)00043-7.
Caplin ME, Pavel M, Ruszniewski P. Lanreotide in metastatic enteropan-
creatic neuroendocrine tumors. N Engl J Med. 2014;371(16):1556-7.
https://doi.org/10.1056/NEJMc1409757.

Yao JC, Shah MH, Ito T, Bohas CL, Wolin EM, Cutsem EV, et al. Everoli-
mus for advanced pancreatic neuroendocrine tumors. N Engl J Med.
2011;364(6):514-23. https://doi.org/10.1056/NEJMoa1009290.
Raymond E, Dahan L, Raoul JL, Bang YJ, Borbath I, Lombard-Bohas C,

et al. Sunitinib malate for the treatment of pancreatic neuroendocrine
tumors. N Engl J Med. 2011;364(6):501-13. https://doi.org/10.1056/
NEJMoa1003825.

Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao J, Chasen B, et al.
Phase 3 trial of (177)Lu-Dotatate for midgut neuroendocrine tumors. N
EnglJ Med. 2017;376(2):125-35. https://doi.org/10.1056/NEJMoa1607
427.

QI C,Wu S, Kim I-H, Cai S, Wang J, Kim ST et al. Global multi-center
phase | trial of the intraperitoneal infusion of anti-EpCAM x anti-CD3
bispecific antibody catumaxomab for advanced gastric carcinoma
with peritoneal metastasis. Journal of Clinical Oncology. 2022;40(16_
suppl):e16102-e. https://doi.org/10.1200/JC0O.2022.40.16_suppl.e16102.
Sun J, Li X, Chen P, Gao Y. From Anti-HER-2 to Anti-HER-2-CAR-T cells: an
evolutionary immunotherapy approach for gastric Cancer. J Inflamm
Res. 2022;15:4061-85. https://doi.org/10.2147/JIR.S368138.

Klampatsa A, Dimou V, Albelda SM. Mesothelin-targeted CAR-T cell
therapy for solid tumors. Expert Opin Biol Ther. 2021;21(4):473-86.
https://doi.org/10.1080/14712598.2021.1843628.

Qi C, Liu C, Gong J, Liu D,Wang X, Zhang P, et al. Claudin18.2-specific
CART cells in gastrointestinal cancers: phase 1 trial final results. Nat
Med. 2024;30(8):2224-34. https://doi.org/10.1038/541591-024-03037-z.
Qi C, Liu G, Peng Z, Zhang Y, Wei J, Qiu W, et al. Claudin-18 isoform
2-specific CAR T-cell therapy (satri-cel) versus treatment of physician’s


https://doi.org/10.1016/S1470-2045(24)00580-1
https://doi.org/10.1016/S1470-2045(24)00580-1
https://doi.org/10.1186/s12916-023-02841-7
https://doi.org/10.1200/JCO.2021.39.15_suppl.e16034
https://doi.org/10.1200/JCO.23.01601
https://doi.org/10.1016/S1470-2045(23)00526-0
https://doi.org/10.1016/S1470-2045(23)00526-0
https://doi.org/10.1016/j.ejca.2020.02.002
https://doi.org/10.1016/j.ejca.2020.02.002
https://doi.org/10.1038/s41467-023-40480-x
https://doi.org/10.1038/s41467-023-40480-x
https://doi.org/10.1056/NEJMc2409512
https://doi.org/10.1056/NEJMc2409512
https://doi.org/10.1016/S1470-2045(22)00603-9
https://doi.org/10.1056/NEJMoa071834
https://doi.org/10.1200/JCO.2006.08.1620
https://doi.org/10.1038/s41392-024-01788-2
https://doi.org/10.1038/s41392-024-01788-2
https://doi.org/10.1016/S0140-6736(23)00772-9
https://doi.org/10.1016/S1470-2045(19)30691-6
https://doi.org/10.1016/S1470-2045(19)30691-6
https://doi.org/10.1056/NEJMoa1917239
https://doi.org/10.1056/NEJMoa2212419
https://doi.org/10.1056/NEJMoa2212419
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1016/S0140-6736(16)32453-9
https://doi.org/10.1016/S0140-6736(16)32453-9
https://doi.org/10.1056/NEJMoa1717002
https://doi.org/10.1056/NEJMoa1717002
https://doi.org/10.1200/jco.21.00003
https://doi.org/10.1126/science.aan6733
https://doi.org/10.1126/science.aan6733
https://doi.org/10.1056/NEJMoa2208470
https://doi.org/10.1056/NEJMoa2208470
https://doi.org/10.1016/S1470-2045(20)30157-1
https://doi.org/10.1016/S1470-2045(20)30157-1
https://doi.org/10.1016/S2468-1253(22)00043-7
https://doi.org/10.1056/NEJMc1409757
https://doi.org/10.1056/NEJMoa1009290
https://doi.org/10.1056/NEJMoa1003825
https://doi.org/10.1056/NEJMoa1003825
https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.1200/JCO.2022.40.16_suppl.e16102
https://doi.org/10.2147/JIR.S368138
https://doi.org/10.1080/14712598.2021.1843628
https://doi.org/10.1038/s41591-024-03037-z

Jin et al. Molecular Biomedicine

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411,

412.

(2025) 6:136

choice for previously treated advanced gastric or gastro-oesophageal
junction cancer (CT041-ST-01): a randomised, open-label, phase 2

trial. Lancet. 2025;405(10494):2049-60. https://doi.org/10.1016/50140-
6736(25)00860-8.

Parkhurst M, Goff SL, Lowery FJ, Beyer RK, Halas H, Robbins PF, et al.
Adoptive transfer of personalized neoantigen-reactive TCR-transduced
T cells in metastatic colorectal cancer: phase 2 trial interim results. Nat
Med. 2024;30(9):2586-95. https://doi.org/10.1038/541591-024-03109-0.
Leidner R, Sanjuan Silva N, Huang H, Sprott D, Zheng C, Shih YP, et al.
Neoantigen T-cell receptor gene therapy in pancreatic cancer. N Engl J
Med. 2022;386(22):2112-9. https://doi.org/10.1056/NEJM0oa2119662.
Brown TJ, Reiss KA, O'Hara MH. Advancements in systemic therapy for
pancreatic cancer. Am Soc Clin Oncol Educ Book. 2023;43:e397082.
https://doi.org/10.1200/EDBK_397082.

Chiorean EG, Chapuis A, Coveler AL, Yeung CC, Gooley T, Zhen DB et al.
Phase I study of autologous transgenic T cells expressing high affinity
mesothelin-specific T-cell receptor (TCR; FH-TCR Ty ) in patients with
metastatic pancreatic ductal adenocarcinoma (mPDA). Journal of Clini-
cal Oncology. 2023;41(4_suppl):TPS779-TPS. https://doi.org/10.1200/
JCO.2023414_suppl.TPS779.

Tan AT, Yang N, Lee Krishnamoorthy T, OeiV, Chua A, Zhao X, et al. Use
of expression profiles of HBV-DNA Integrated into genomes of hepato-
cellular carcinoma cells to select T cells for immunotherapy. Gastroen-
terology. 2019;156(6):1862-76 €9. https://doi.org/10.1053/j.gastro.2019.
01.251.

Meng F, Zhao J, Tan AT, Hu W, Wang SY, Jin J, et al. Immunotherapy

of HBV-related advanced hepatocellular carcinoma with short-term
HBV-specific TCR expressed T cells: results of dose escalation, phase

| trial. Hepatol Int. 2021;15(6):1402-12. https://doi.org/10.1007/
$12072-021-10250-2.

Lin MJ, Svensson-Arvelund J, Lubitz GS, Marabelle A, Melero |, Brown
BD, et al. Cancer vaccines: the next immunotherapy frontier. Nat Cancer.
2022;3(8):911-26. https://doi.org/10.1038/543018-022-00418-6.

Zaidi N, Jaffee EM, Yarchoan M. Recent advances in therapeutic cancer
vaccines. Nat Rev Cancer. 2025;25(7):517-33. https://doi.org/10.1038/
$41568-025-00820-z.

Koido S, Taguchi J, Shimabuku M, Kan'S, Bito T, Misawa T, et al. Dendritic
cells pulsed with multifunctional Wilms'tumor 1 (WT1) peptides
combined with multiagent chemotherapy modulate the tumor
microenvironment and enable conversion surgery in pancreatic cancer.
JImmunother Cancer. 2024. https://doi.org/10.1136/jitc-2024-009765.
Shindo Y, Hazama S, Maeda Y, Matsui H, lida M, Suzuki N, et al.

Adoptive immunotherapy with MUCT-mRNA transfected dendritic
cells and cytotoxic lymphocytes plus gemcitabine for unresectable
pancreatic cancer. J Transl Med. 2014;12:175. https://doi.org/10.1186/
1479-5876-12-175.

Morse MA, Niedzwiecki D, Marshall JL, Garrett C, Chang DZ, Aklilu M,

et al. A randomized phase Il study of immunization with dendritic cells
modified with poxvectors encoding CEA and MUCT compared with
the same poxvectors plus GM-CSF for resected metastatic colorectal
cancer. Ann Surg. 2013;258(6):879-86. https://doi.org/10.1097/SLA.
0b013e318292919%.

Rodriguez J, Castanon E, Perez-Gracia JL, Rodriguez |, Viudez A, Alfaro

C, et al. Arandomized phase Il clinical trial of dendritic cell vaccination
following complete resection of colon cancer liver metastasis. J Immu-
nother Cancer. 2018;6(1):96. https://doi.org/10.1186/540425-018-0405-z.
Bujas T, Marusic Z, Peric Balja M, Mijic A, Kruslin B, Tomas D. MAGE-A3/4
and NY-ESO-1 antigens expression in metastatic esophageal squamous
cell carcinoma. Eur J Histochem. 2011;55(1):e7. https://doi.org/10.4081/
ejh.2011.e7.

linuma H, Fukushima R, Inaba T, Tamura J, Inoue T, Ogawa E, et al. Phase
| clinical study of multiple epitope peptide vaccine combined with
chemoradiation therapy in esophageal cancer patients. J Transl Med.
2014;12:84. https://doi.org/10.1186/1479-5876-12-84.

Zhang W, Lu X, Cui P, Piao C, Xiao M, Liu X, et al. Phase I/Il clinical trial of
a Wilms'tumor 1-targeted dendritic cell vaccination-based immuno-
therapy in patients with advanced cancer. Cancer Immunol Immu-
nother. 2019;68(1):121-30. https://doi.org/10.1007/500262-018-2257-2.
Miyazawa M, Katsuda M, Maguchi H, Katanuma A, Ishii H, Ozaka M, et al.
Phase Il clinical trial using novel peptide cocktail vaccine as a postop-
erative adjuvant treatment for surgically resected pancreatic cancer

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

Page 38 of 40

patients. Int J Cancer. 2017;140(4):973-82. https://doi.org/10.1002/ijc.
30510.

Jo JH, Kim YT, Choi HS, Kim HG, Lee HS, Choi YW, et al. Efficacy of
GV1001 with gemcitabine/capecitabine in previously untreated
patients with advanced pancreatic ductal adenocarcinoma having
high serum eotaxin levels (KG4/2015): an open-label, randomised,
phase 3 trial. Br J Cancer. 2024;130(1):43-52. https://doi.org/10.1038/
$41416-023-02474-w.

Okuno K, Sugiura F, Inoue K, Sukegawa Y. Clinical trial of a 7-peptide
cocktail vaccine with oral chemotherapy for patients with metastatic
colorectal cancer. Anticancer Res. 2014;34(6):3045-52.

Kopetz S, Prenen H, Sharma S, Van Cutsem E, Mayol J, Trapani F, et al.
SO-11 KISIMA-01 trial: Safety, tolerability and immunogenicity of
ATP128 with or without ezabenlimab (Bl 754091) in patients with stage
IV colorectal cancer - preliminary results from a phase 1b study. Ann
Oncol. 2021;32:5206. https://doi.org/10.1016/j.annonc.2021.05.035.
Hecht JR, Shergill A, Goldstein MG, Fang B, Cho MT, Lenz H-J, et al. Phase
2/3, randomized, open-label study of an individualized neoantigen
vaccine (self-amplifying mRNA and adenoviral vectors) plus immune
checkpoint blockade as maintenance for patients with newly diag-
nosed metastatic colorectal cancer (GRANITE). J Clin Oncol. 2022;40(16_
suppl):TPS3635. https://doi.org/10.1200/JCO.2022.40.16_suppl.TPS3635.
Hubbard JM, Toke ER, Moretto R, Graham RP, Youssoufian H, Lorincz O,
et al. Safety and activity of PolyPEPI1018 combined with maintenance
therapy in metastatic colorectal cancer: an open-label, multicenter.
Phase Ib Study Clin Cancer Res. 2022;28(13):2818-29. https://doi.org/10.
1158/1078-0432.CCR-22-0112.

Hubbard JM, Zemla TJ, Graham RP, Jin Z, Zhu M, Mitchell JL, et al.
PolyPEPI1018 vaccine in combination with TAS-102 in participants
with late-stage microsatellite-stable metastatic colorectal cancer (MSS
mCRC): a phase Ib study to evaluate safety, tolerability, immunogenic-
ity and efficacy (OBERTO-201). J Clin Oncol. 2023;41(16_suppl):3595.
https://doi.org/10.1200/JC0O.2023.41.16_suppl.3595.

Snook A, Baybutt T, Mastrangelo M, Lewis N, Goldstein S, Kraft W, et al.
A Phase | study of AD5-GUCY2C-PADRE in stage | and Il colon cancer
patients. J ImmunoTher Cancer. 2015;3:P450. https://doi.org/10.1186/
2051-1426-3-S2-P450.

Scurr M, Pembroke T, Bloom A, Roberts D, Thomson A, Smart K, Bridge-
man H, Adams R, Brewster A, Jones R, Gwynne S, Blount D, Harrop R,
Wright M, Hills R, Gallimore A, Godkin A. Effect of Modified Vaccinia
Ankara-5T4 and Low-Dose Cyclophosphamide on Antitumor Immunity
in Metastatic Colorectal Cancer: A Randomized Clinical Trial. JAMA
Oncol. 2017;3(10):e172579. https://doi.org/10.1001/jamaoncol.2017.
2579. Epub 2017 Oct 12. PMID: 28880972; PMCID: PM(C5824319.
Crosby EJ, Hobeika AC, Niedzwiecki D, Rushing C, Hsu D, Berglund

P, Smith J, Osada T, Gwin lii WR, Hartman ZC, Morse MA, Lyerly HK.
Long-term survival of patients with stage Ill colon cancer treated with
VRP-CEA(6D), an alphavirus vector that increases the CD8+ effector
memory T cell to Treg ratio. J Immunother Cancer. 2020;8(2):e001662.
https://doi.org/10.1136/jitc-2020-001662. PMID: 33177177; PMCID:
PMC7661359.

Perez-Banos A, Gleisner MA, Flores |, Pereda C, Navarrete M, Araya JP,

et al. Whole tumour cell-based vaccines: tuning the instruments to
orchestrate an optimal antitumour immune response. Br J Cancer.
2023;129(4):572-85. https://doi.org/10.1038/541416-023-02327-6.

Le DT, Picozzi VJ, Ko AH, Wainberg ZA, Kindler H, Wang-Gillam A, et al.
Results from a phase llb, randomized, multicenter study of GVAX
pancreas and CRS-207 compared with chemotherapy in adults with
previously treated metastatic pancreatic adenocarcinoma (ECLIPSE
study). Clin Cancer Res. 2019;25(18):5493-502. https://doi.org/10.1158/
1078-0432.CCR-18-2992.

Hardacre JM, Mulcahy M, Small W, Talamonti M, Obel J, Krishnamurthi
S, et al. Addition of algenpantucel-L immunotherapy to standard
adjuvant therapy for pancreatic cancer: a phase 2 study. J Gastrointest
Surg. 2013;17(1):94-100. https://doi.org/10.1007/511605-012-2064-6.
(discussion p -1).

Ma M, Chen S, Liu Z, Xie H, Deng H, Shang S, et al. MiRNA-221 of
exosomes originating from bone marrow mesenchymal stem cells
promotes oncogenic activity in gastric cancer. Onco Targets Ther.
2017;10:4161-71. https://doi.org/10.2147/0TT.5143315.


https://doi.org/10.1016/S0140-6736(25)00860-8
https://doi.org/10.1016/S0140-6736(25)00860-8
https://doi.org/10.1038/s41591-024-03109-0
https://doi.org/10.1056/NEJMoa2119662
https://doi.org/10.1200/EDBK_397082
https://doi.org/10.1200/JCO.2023.41.4_suppl.TPS779
https://doi.org/10.1200/JCO.2023.41.4_suppl.TPS779
https://doi.org/10.1053/j.gastro.2019.01.251
https://doi.org/10.1053/j.gastro.2019.01.251
https://doi.org/10.1007/s12072-021-10250-2
https://doi.org/10.1007/s12072-021-10250-2
https://doi.org/10.1038/s43018-022-00418-6
https://doi.org/10.1038/s41568-025-00820-z
https://doi.org/10.1038/s41568-025-00820-z
https://doi.org/10.1136/jitc-2024-009765
https://doi.org/10.1186/1479-5876-12-175
https://doi.org/10.1186/1479-5876-12-175
https://doi.org/10.1097/SLA.0b013e318292919e
https://doi.org/10.1097/SLA.0b013e318292919e
https://doi.org/10.1186/s40425-018-0405-z
https://doi.org/10.4081/ejh.2011.e7
https://doi.org/10.4081/ejh.2011.e7
https://doi.org/10.1186/1479-5876-12-84
https://doi.org/10.1007/s00262-018-2257-2
https://doi.org/10.1002/ijc.30510
https://doi.org/10.1002/ijc.30510
https://doi.org/10.1038/s41416-023-02474-w
https://doi.org/10.1038/s41416-023-02474-w
https://doi.org/10.1016/j.annonc.2021.05.035
https://doi.org/10.1200/JCO.2022.40.16_suppl.TPS3635
https://doi.org/10.1158/1078-0432.CCR-22-0112
https://doi.org/10.1158/1078-0432.CCR-22-0112
https://doi.org/10.1200/JCO.2023.41.16_suppl.3595
https://doi.org/10.1186/2051-1426-3-S2-P450
https://doi.org/10.1186/2051-1426-3-S2-P450
https://doi.org/10.1001/jamaoncol.2017.2579
https://doi.org/10.1001/jamaoncol.2017.2579
https://doi.org/10.1136/jitc-2020-001662
https://doi.org/10.1038/s41416-023-02327-6
https://doi.org/10.1158/1078-0432.CCR-18-2992
https://doi.org/10.1158/1078-0432.CCR-18-2992
https://doi.org/10.1007/s11605-012-2064-6
https://doi.org/10.2147/OTT.S143315

Jin et al. Molecular Biomedicine

426.

427.

428.

429.

430.

431.

432.

433.

434.

435.

436.

437.

438.

439.

440.

441,

442.

443,

(2025) 6:136

Choi DW, Cho KA, Kim J, Lee HJ, Kim YH, Park JW, et al. Extracellular vesi-
cles from tonsil-derived mesenchymal stromal cells show anti-tumor
effect via miR-199a-3p. Int J Mol Med. 2021. https://doi.org/10.3892/
ijmm.2021.5054.

Yuan Z, Xiong B, Liu L, Lu, Liu Y, Wang G, et al. Exosomal circ_0037104
derived from Hu-MSCs inhibits cholangiocarcinoma progression

by sponging miR-620 and targeting AFAP1. J Biochem Mol Toxicol.
2024;38(2):223656. https://doi.org/10.1002/jbt.23656.

Pascucci L, Cocce V, Bonomi A, Ami D, Ceccarelli P, Ciusani E, et al.
Paclitaxel is incorporated by mesenchymal stromal cells and released in
exosomes that inhibit in vitro tumor growth: a new approach for drug
delivery. J Control Release. 2014;192:262-70. https://doi.org/10.1016/j.
jconrel.2014.07.042.

LiH,Yang C, ShiY, Zhao L. Exosomes derived from siRNA against GRP78
modified bone-marrow-derived mesenchymal stem cells suppress
Sorafenib resistance in hepatocellular carcinoma. J Nanobiotechnology.
2018;16(1):103. https://doi.org/10.1186/512951-018-0429-z.

Zhou W, Zhou Y, Chen X, Ning T, Chen H, Guo Q, et al. Pancreatic cancer-
targeting exosomes for enhancing immunotherapy and reprogram-
ming tumor microenvironment. Biomaterials. 2021;268:120546. https://
doi.org/10.1016/j.biomaterials.2020.120546.

Shan F, Somasundaram A, Bruno TC, Workman CJ, Vignali DAA.
Therapeutic targeting of regulatory T cells in cancer. Trends Cancer.
2022;8(11):944-61. https://doi.org/10.1016/j.trecan.2022.06.008.

Sohn BH, Hwang JE, Jang HJ, Lee HS, Oh SC, Shim JJ, et al. Clinical
significance of four molecular subtypes of gastric cancer identified by
the cancer genome atlas project. Clin Cancer Res. 2017;23(15):4441-9.
https://doi.org/10.1158/1078-0432.CCR-16-2211.

Cancer Genome Atlas Research N, Weinstein JN, Collisson EA, Mills GB,
Shaw KR, Ozenberger BA, et al. The cancer genome atlas pan-cancer
analysis project. Nat Genet. 2013;45(10):1113-20. https://doi.org/10.
1038/ng.2764.

Nakano H, Saito M, Nakajima S, Saito K, Nakayama Y, Kase K, et al. PD-L1
overexpression in EBV-positive gastric cancer is caused by unique
genomic or epigenomic mechanisms. Sci Rep. 2021;11(1):1982. https://
doi.org/10.1038/541598-021-81667-w.

Lee SM, Oh H. Association of PD-L1 positivity with Epstein Barr virus
infection and microsatellite instability in gastric carcinomas with
lymphoid stroma. Sci Rep. 2024;14(1):30932. https://doi.org/10.1038/
541598-024-81764-6.

Sasaki S, Nishikawa J, Sakai K, lizasa H, Yoshiyama H, Yanagihara M, et al.
EBV-associated gastric cancer evades T-cell immunity by PD-1/PD-L1
interactions. Gastric Cancer. 2019;22(3):486-96. https://doi.org/10.1007/
510120-018-0880-4.

He CY, Qiu MZ, Yang XH, Zhou DL, Ma JJ, Long YK, et al. Classification

of gastric cancer by EBV status combined with molecular profiling
predicts patient prognosis. Clin Transl Med. 2020;10(1):353-62. https://
doi.org/10.1002/ctm2.32.

Budczies J, Kazdal D, Menzel M, Beck S, Kluck K, Altburger C, et al.
Tumour mutational burden: clinical utility, challenges and emerging
improvements. Nat Rev Clin Oncol. 2024;21(10):725-42. https://doi.org/
10.1038/541571-024-00932-9.

Ling Y, Watanabe Y, Nagahashi M, Shimada Y, Ichikawa H, Wakai T, et al.
Genetic profiling for diffuse type and genomically stable subtypes in
gastric cancer. Comput Struct Biotechnol J. 2020;18:3301-8. https://doi.
0rg/10.1016/).csbj.2020.10.021.

Donehower LA, Soussi T, Korkut A, Liu'Y, Schultz A, Cardenas M, et al.
Integrated analysis of TP53 gene and pathway alterations in the cancer
genome atlas. Cell Rep. 2019;28(5):1370-84 e5. https://doi.org/10.
1016/j.celrep.2019.07.001.

Sahin IH, Akce M, Alese O, Shaib W, Lesinski GB, El-Rayes B, et al.
Immune checkpoint inhibitors for the treatment of MSI-H/MMR-D colo-
rectal cancer and a perspective on resistance mechanisms. Br J Cancer.
2019;121(10):809-18. https://doi.org/10.1038/541416-019-0599-y.
Sinkala M, Nkhoma P, Mulder N, Martin DP. Integrated molecular charac-
terisation of the MAPK pathways in human cancers reveals pharmaco-
logically vulnerable mutations and gene dependencies. Commun Biol.
2021;4(1):9. https://doi.org/10.1038/542003-020-01552-6.

Hatzivassiliou G, Song K, Yen |, Brandhuber BJ, Anderson DJ, Alvarado R,
et al. RAF inhibitors prime wild-type RAF to activate the MAPK pathway

444,

445.

446.

447.

448,

449,

450.

452.

453.

454,

455.

456.

457.

458.

459.

Page 39 of 40

and enhance growth. Nature. 2010;464(7287):431-5. https://doi.org/10.
1038/nature08833.

Mitrea DA, Froicu EM, Prenen H, Gambacorta MA, Span PN, Poortmans
P. Combining immunotherapy and radiation therapy in gastrointestinal
cancers: a review. Crit Rev Oncol Hematol. 2024;199:104381. https://doi.
org/10.1016/j.critrevonc.2024.104381.

Fakih MG, Salvatore L, Esaki T, Modest DP, Lopez-Bravo DP, Taieb J,

et al. Sotorasib plus panitumumab in refractory colorectal cancer with
mutated KRAS G12C. N Engl J Med. 2023;389(23):2125-39. https://doi.
org/10.1056/NEJM0a2308795.

Ruan DY, Wu HX, XuY, Munster PN, Deng Y, Richardson G, et al. Gar-
sorasib, a KRAS G12C inhibitor, with or without cetuximab, an EGFR
antibody, in colorectal cancer cohorts of a phase Il trial in advanced
solid tumors with KRAS G12C mutation. Signal Transduct Target Ther.
2025;10(1):189. https://doi.org/10.1038/541392-025-02274-z.

Modest DP, Fakih M, Salvatore L, Esaki T, Lopez-Bravo DP, Taieb J et al.
Health-related quality of life in patients with <em>KRAS</em>%1
mutated chemorefractory metastatic colorectal cancer treated with
sotorasib plus panitumumab or standard of care (CodeBreaK 300):
results from a phase 3, randomised clinical trial. The Lancet Oncology.
https://doi.org/10.1016/51470-2045(25)00352-3.

Kopetz S, Yoshino T, Van Cutsem E, Eng C, Kim TW, Wasan HS, et al.
Encorafenib, cetuximab and chemotherapy in BRAF-mutant colorectal
cancer: a randomized phase 3 trial. Nat Med. 2025;31(3):901-8. https://
doi.org/10.1038/541591-024-03443-3.

Kopetz S, Murphy DA, Pu J, Ciardiello F, Desai J, Van Cutsem E, et al.
Molecular profiling of BRAF-V600E-mutant metastatic colorectal cancer
in the phase 3 BEACON CRC trial. Nat Med. 2024;30(11):3261-71.
https://doi.org/10.1038/541591-024-03235-9.

Zwart K, van Nassau S, van der Baan FH, Koopman M, Snaebjornsson

P, van Gestel AJ, et al. Efficacy-effectiveness analysis on survival in a
population-based real-world study of BRAF-mutated metastatic colo-
rectal cancer patients treated with encorafenib-cetuximab. Br J Cancer.
2024;131(1):110-6. https://doi.org/10.1038/541416-024-02711-w.

Elez E, Yoshino T, Shen L, Lonardi S, Van Cutsem E, Eng C, et al.
Encorafenib, cetuximab, and mFOLFOX6 in BRAF-mutated colorectal
cancer. N EnglJ Med. 2025;392(24):2425-37. https://doi.org/10.1056/
NEJM0a2501912.

Dorado Garcia H. Innovative ways to target (K)RAS dependencies. Nat
Cancer. 2025. https://doi.org/10.1038/543018-025-01040-y.

Killock D. Next-generation KRAS-G12C inhibitor D35-001 shows
promise. Nat Rev Clin Oncol. 2025;22(7):459. https://doi.org/10.1038/
s41571-025-01028-8.

Lenz HJ, Parikh A, Spigel DR, Cohn AL, Yoshino T, Kochenderfer M, et al.
Modified FOLFOX6 plus bevacizumab with and without nivolumab for
first-line treatment of metastatic colorectal cancer: phase 2 results from
the CheckMate 9X8 randomized clinical trial. J Immunother Cancer.
2024. https://doi.org/10.1136/jitc-2023-008409.

Gao Z,Wang X, Song T, Wu S, Jin X. Real world effectiveness of chemo-
therapy plus bevacizumab with immunotherapy in colorectal cancer.
Sci Rep. 2025;15(1):29170. https://doi.org/10.1038/s41598-025-13701-0.
Shitara K, Van Cutsem E, Gumus M, Lonardi S, de la Fouchardiere C,
Coutzac C, et al. Trastuzumab Deruxtecan or Ramucirumab plus Pacli-
taxel in Gastric Cancer. N Engl J Med. 2025,393(4):336-48. https://doi.
0rg/10.1056/NEJM0oa2503119.

Xu RH, Zhang Y, Pan H, Feng J, Zhang T, Liu T, et al. Efficacy and safety of
weekly paclitaxel with or without ramucirumab as second-line therapy
for the treatment of advanced gastric or gastroesophageal junction
adenocarcinoma (RAINBOW-Asia): a randomised, multicentre, double-
blind, phase 3 trial. Lancet Gastroenterol Hepatol. 2021;6(12):1015-24.
https://doi.org/10.1016/52468-1253(21)00313-7.

Janjigian YY, Shitara K, Moehler M, Garrido M, Salman P, Shen L, et al.
First-line nivolumab plus chemotherapy versus chemotherapy alone
for advanced gastric, gastro-oesophageal junction, and oesophageal
adenocarcinoma (CheckMate 649): a randomised, open-label, phase

3 trial. Lancet. 2021;398(10294):27-40. https://doi.org/10.1016/50140-
6736(21)00797-2.

Shitara K, Janjigian YY, Ajani J, Moehler M, Yao J, Wang X, et al.
Nivolumab plus chemotherapy or ipilimumab in gastroesophageal can-
cer: exploratory biomarker analyses of a randomized phase 3 trial. Nat
Med. 2025;31(5):1519-30. https://doi.org/10.1038/541591-025-03575-0.


https://doi.org/10.3892/ijmm.2021.5054
https://doi.org/10.3892/ijmm.2021.5054
https://doi.org/10.1002/jbt.23656
https://doi.org/10.1016/j.jconrel.2014.07.042
https://doi.org/10.1016/j.jconrel.2014.07.042
https://doi.org/10.1186/s12951-018-0429-z
https://doi.org/10.1016/j.biomaterials.2020.120546
https://doi.org/10.1016/j.biomaterials.2020.120546
https://doi.org/10.1016/j.trecan.2022.06.008
https://doi.org/10.1158/1078-0432.CCR-16-2211
https://doi.org/10.1038/ng.2764
https://doi.org/10.1038/ng.2764
https://doi.org/10.1038/s41598-021-81667-w
https://doi.org/10.1038/s41598-021-81667-w
https://doi.org/10.1038/s41598-024-81764-6
https://doi.org/10.1038/s41598-024-81764-6
https://doi.org/10.1007/s10120-018-0880-4
https://doi.org/10.1007/s10120-018-0880-4
https://doi.org/10.1002/ctm2.32
https://doi.org/10.1002/ctm2.32
https://doi.org/10.1038/s41571-024-00932-9
https://doi.org/10.1038/s41571-024-00932-9
https://doi.org/10.1016/j.csbj.2020.10.021
https://doi.org/10.1016/j.csbj.2020.10.021
https://doi.org/10.1016/j.celrep.2019.07.001
https://doi.org/10.1016/j.celrep.2019.07.001
https://doi.org/10.1038/s41416-019-0599-y
https://doi.org/10.1038/s42003-020-01552-6
https://doi.org/10.1038/nature08833
https://doi.org/10.1038/nature08833
https://doi.org/10.1016/j.critrevonc.2024.104381
https://doi.org/10.1016/j.critrevonc.2024.104381
https://doi.org/10.1056/NEJMoa2308795
https://doi.org/10.1056/NEJMoa2308795
https://doi.org/10.1038/s41392-025-02274-z
https://doi.org/10.1016/S1470-2045(25)00352-3
https://doi.org/10.1038/s41591-024-03443-3
https://doi.org/10.1038/s41591-024-03443-3
https://doi.org/10.1038/s41591-024-03235-9
https://doi.org/10.1038/s41416-024-02711-w
https://doi.org/10.1056/NEJMoa2501912
https://doi.org/10.1056/NEJMoa2501912
https://doi.org/10.1038/s43018-025-01040-y
https://doi.org/10.1038/s41571-025-01028-8
https://doi.org/10.1038/s41571-025-01028-8
https://doi.org/10.1136/jitc-2023-008409
https://doi.org/10.1038/s41598-025-13701-0
https://doi.org/10.1056/NEJMoa2503119
https://doi.org/10.1056/NEJMoa2503119
https://doi.org/10.1016/S2468-1253(21)00313-7
https://doi.org/10.1016/s0140-6736(21)00797-2
https://doi.org/10.1016/s0140-6736(21)00797-2
https://doi.org/10.1038/s41591-025-03575-0

Jin et al. Molecular Biomedicine

460.

461.

462.

463.

464.

465.

466.

467.

468.

469.

470.

471.

472.

473.
474,

(2025) 6:136

Yanez PE, Ben-Aharon |, Rojas C, Eyzaguirre DA, Hubert A, Araya H, et al.
First-line lenvatinib plus pembrolizumab plus chemotherapy versus
chemotherapy in advanced/metastatic gastroesophageal adeno-
carcinoma (LEAP-015): safety run-in results. J Clin Oncol. 2023;41(4_
suppl):411-411. https://doi.org/10.1200/JCO.2023.41.4_suppl411.
Xiang 'Y, Liu X, Wang Y, Zheng D, Meng Q, Jiang L, et al. Mechanisms of
resistance to targeted therapy and immunotherapy in non-small cell
lung cancer: promising strategies to overcoming challenges. Front
Immunol. 2024;15:1366260. https://doi.org/10.3389/fimmu.2024.13662
60.

LiuT, Zhong L, Sun X, He Z, LvW, Deng L, et al. Machine learning-
driven multi-targeted drug discovery in colon cancer using biomarker
signatures. NPJ Precis Oncol. 2025;9(1):297. https://doi.org/10.1038/
$41698-025-01058-6.

Xue C, Xu YH. Trastuzumab combined chemotherapy for the treatment
of HER2-positive advanced gastric cancer: a systematic review and
meta-analysis of randomized controlled trial. Medicine (Baltimore).
2022;101(34):29992. https://doi.org/10.1097/MD.0000000000029992.
Janjigian YY, Kawazoe A, Bai Y, Xu J, Lonardi S, Metges JP, et al. Pembroli-
zumab plus trastuzumab and chemotherapy for HER2-positive gastric
or gastro-oesophageal junction adenocarcinoma: interim analyses from
the phase 3 KEYNOTE-811 randomised placebo-controlled trial. Lancet.
2023;402(10418):2197-208. https://doi.org/10.1016/S0140-6736(23)
02033-0.

Kopetz S, Grothey A, Yaeger R, Ciardiello F, Desai J, Kim TW et al. BREAK-
WATER: Randomized phase 3 study of encorafenib (enco) + cetuximab
(cetux) &#xb1; chemotherapy for first-line (1L) treatment (tx) of BRAF
V600E-mutant (BRAF/9%%) metastatic colorectal cancer (mCRC). Journal
of Clinical Oncology. 2021;39(15_suppl):TPS3619-TPS. https://doi.org/
10.1200/JC0O.2021.39.15_suppl.TPS3619.

Rha SY, Oh DY, Yanez P, Bai Y, Ryu MH, Lee J, et al. Pembrolizumab plus
chemotherapy versus placebo plus chemotherapy for HER2-negative
advanced gastric cancer (KEYNOTE-859): a multicentre, randomised,
double-blind, phase 3 trial. Lancet Oncol. 2023;24(11):1181-95. https://
doi.org/10.1016/51470-2045(23)00515-6.

Shitara K, Kawazoe A, Hirakawa A, Nakanishi Y, Furuki S, Fukuda M, et al.
Phase 1 trial of zolbetuximab in Japanese patients with CLDN18.2+
gastric or gastroesophageal junction adenocarcinoma. Cancer Sci.
2023;114(4):1606-15. https://doi.org/10.1111/cas.15684.

Fuchs CS, Shitara K, Di Bartolomeo M, Lonardi S, Al-Batran S-E, Van
Cutsem E, et al. Ramucirumab with cisplatin and fluoropyrimidine as
first-line therapy in patients with metastatic gastric or junctional adeno-
carcinoma (RAINFALL): a double-blind, randomised, placebo-controlled,
phase 3 trial. Lancet Oncol. 2019,;20(3):420-35. https://doi.org/10.1016/
S1470-2045(18)30791-5.

LiJ, LiN,Yang M, Zhang Y, Zhong D, Qiu M, et al. Updated results of
HLX22 plus trastuzumab and XELOX for first-line treatment of human
epidermal growth factor receptor 2 (HER2)-positive locally advanced
or metastatic gastric/gastroesophageal junction cancer (G/GEJC). J Clin
Oncol. 2025;43(16_suppl):e16021. https://doi.org/10.1200/JC0O.2025 43.
16_suppl.e16021.

Shen L, Zhang Y, Li Z, Zhang X, Gao X, Liu B, et al. First-line cadonilimab
plus chemotherapy in HER2-negative advanced gastric or gastroe-
sophageal junction adenocarcinoma: a randomized, double-blind,
phase 3 trial. Nat Med. 2025;31(4):1163-70. https://doi.org/10.1038/
$41591-024-03450-4.

Llovet JM, Kudo M, Merle P, Meyer T, Qin S, Ikeda M, et al. Lenvatinib
plus pembrolizumab versus lenvatinib plus placebo for advanced
hepatocellular carcinoma (LEAP-002): a randomised, double-blind,
phase 3 trial. Lancet Oncol. 2023;24(12):1399-410. https://doi.org/10.
1016/51470-2045(23)00469-2.

Janjigian YY, Al-Batran SE, Wainberg ZA, Muro K, Molena D, Van Cutsem
E, et al. Perioperative durvalumab in gastric and gastroesophageal junc-
tion cancer. N Engl J Med. 2025;393(3):217-30. https://doi.org/10.1056/
NEJMoa2503701.

. GCO. International Agency for Research on Cancer. https://gco.iarcfr/.
Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram |, et al.
Global cancer statistics 2022: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2024;74(3):229-63. https://doi.org/10.3322/caac.21834.

475.

476.

477.

478.

479.

480.

482.

483.

484.

485.

486.

487.

Page 40 of 40

Guo F, Gong H, Zhao H, Chen J, Zhang Y, Zhang L, et al. Mutation status
and prognostic values of KRAS, NRAS, BRAF and PIK3CA in 353 Chinese
colorectal cancer patients. Sci Rep. 2018;8(1):6076. https://doi.org/10.
1038/541598-018-24306-1.

De Roock W, Claes B, Bernasconi D, De Schutter J, Biesmans B, Fountzi-
las G, et al. Effects of KRAS, BRAF, NRAS, and PIK3CA mutations on the
efficacy of cetuximab plus chemotherapy in chemotherapy-refractory
metastatic colorectal cancer: a retrospective consortium analysis. Lan-
cet Oncol. 2010;11(8):753-62. https://doi.org/10.1016/51470-2045(10)
70130-3.

Hewish M, Lord CJ, Martin SA, Cunningham D, Ashworth A. Mismatch
repair deficient colorectal cancer in the era of personalized treatment.
Nat Rev Clin Oncol. 2010;7(4):197-208. https://doi.org/10.1038/nrcli
nonc.2010.18.

Sorich MJ, Wiese MD, Rowland A, Kichenadasse G, McKinnon RA, Kara-
petis CS. Extended RAS mutations and anti-EGFR monoclonal antibody
survival benefit in metastatic colorectal cancer: a meta-analysis of
randomized, controlled trials. Ann Oncol. 2015;26(1):13-21. https://doi.
0rg/10.1093/annonc/mdu378.

Santos C, Azuara D, Garcia-Carbonero R, Alfonso PG, Carrato A, Elez ME,
et al. Optimization of RAS/BRAF mutational analysis confirms improve-
ment in patient selection for clinical benefit to anti-EGFR treatment in
metastatic colorectal cancer. Mol Cancer Ther. 2017;16(9):1999-2007.
https://doi.org/10.1158/1535-7163.MCT-17-0153.

Chen Z,ChenY, SunY, Tang L, Zhang L, Hu Y, et al. Predicting gastric
cancer response to anti-HER2 therapy or anti-HER2 combined immu-
notherapy based on multi-modal data. Signal Transduct Target Ther.
2024;9(1):222. https://doi.org/10.1038/541392-024-01932-y.

Rha SY, Lee C-K, Kim HS, Kang B, Jung M, Bae WK, et al. Targeting HER2
in combination with anti-PD-1 and chemotherapy confers a significant
tumor shrinkage of gastric cancer: a multi-institutional phase Ib/Il trial
of first-line triplet regimen (pembrolizumab, trastuzumab, chemo-
therapy) for HER2-positive advanced gastric cancer (AGC). J Clin Oncol.
2020;38(15_suppl):3081. https://doi.org/10.1200/JC0O.2020.38.15_suppl.
3081.

Garcia J, Kamps-Hughes N, Geiguer F, Couraud S, Sarver B, Payen L, et al.
Sensitivity, specificity, and accuracy of a liquid biopsy approach utilizing
molecular amplification pools. Sci Rep. 2021;11(1):10761. https://doi.
0rg/10.1038/541598-021-89592-8.

Ahmed Z, Wan S, Zhang F, Zhong W. Artificial intelligence for omics
data analysis. BMC Methods. 2024;1(1):4. https://doi.org/10.1186/
$44330-024-00004-5.

Tarantino P, Ricciuti B, Pradhan SM, Tolaney SM. Optimizing the safety of
antibody-drug conjugates for patients with solid tumours. Nat Rev Clin
Oncol. 2023;20(8):558-76. https://doi.org/10.1038/s41571-023-00783-w.
Nguyen TM, Sreekanth V, Deb A, Kokkonda P, Tiwari PK, Donovan KA,

et al. Proteolysis-targeting chimeras with reduced off-targets. Nat
Chem. 2024;16(2):218-28. https://doi.org/10.1038/s41557-023-01379-8.
Zhao L, LiuY, Zhang S, Wei L, Cheng H, Wang J, et al. Impacts and
mechanisms of metabolic reprogramming of tumor microenvironment
for immunotherapy in gastric cancer. Cell Death Dis. 2022;13(4):378.
https://doi.org/10.1038/541419-022-04821-w.

Akbari A, Nazari-Khanamiri F, Ahmadi M, Shoaran M, Rezaie J. Engi-
neered exosomes for tumor-targeted drug delivery: a focus on genetic
and chemical functionalization. Pharmaceutics. 2022. https://doi.org/
10.3390/pharmaceutics15010066.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1200/JCO.2023.41.4_suppl.411
https://doi.org/10.3389/fimmu.2024.1366260
https://doi.org/10.3389/fimmu.2024.1366260
https://doi.org/10.1038/s41698-025-01058-6
https://doi.org/10.1038/s41698-025-01058-6
https://doi.org/10.1097/MD.0000000000029992
https://doi.org/10.1016/S0140-6736(23)02033-0
https://doi.org/10.1016/S0140-6736(23)02033-0
https://doi.org/10.1200/JCO.2021.39.15_suppl.TPS3619
https://doi.org/10.1200/JCO.2021.39.15_suppl.TPS3619
https://doi.org/10.1016/S1470-2045(23)00515-6
https://doi.org/10.1016/S1470-2045(23)00515-6
https://doi.org/10.1111/cas.15684
https://doi.org/10.1016/S1470-2045(18)30791-5
https://doi.org/10.1016/S1470-2045(18)30791-5
https://doi.org/10.1200/JCO.2025.43.16_suppl.e16021
https://doi.org/10.1200/JCO.2025.43.16_suppl.e16021
https://doi.org/10.1038/s41591-024-03450-4
https://doi.org/10.1038/s41591-024-03450-4
https://doi.org/10.1016/s1470-2045(23)00469-2
https://doi.org/10.1016/s1470-2045(23)00469-2
https://doi.org/10.1056/NEJMoa2503701
https://doi.org/10.1056/NEJMoa2503701
https://gco.iarc.fr/
https://doi.org/10.3322/caac.21834
https://doi.org/10.1038/s41598-018-24306-1
https://doi.org/10.1038/s41598-018-24306-1
https://doi.org/10.1016/S1470-2045(10)70130-3
https://doi.org/10.1016/S1470-2045(10)70130-3
https://doi.org/10.1038/nrclinonc.2010.18
https://doi.org/10.1038/nrclinonc.2010.18
https://doi.org/10.1093/annonc/mdu378
https://doi.org/10.1093/annonc/mdu378
https://doi.org/10.1158/1535-7163.MCT-17-0153
https://doi.org/10.1038/s41392-024-01932-y
https://doi.org/10.1200/JCO.2020.38.15_suppl.3081
https://doi.org/10.1200/JCO.2020.38.15_suppl.3081
https://doi.org/10.1038/s41598-021-89592-8
https://doi.org/10.1038/s41598-021-89592-8
https://doi.org/10.1186/s44330-024-00004-5
https://doi.org/10.1186/s44330-024-00004-5
https://doi.org/10.1038/s41571-023-00783-w
https://doi.org/10.1038/s41557-023-01379-8
https://doi.org/10.1038/s41419-022-04821-w
https://doi.org/10.3390/pharmaceutics15010066
https://doi.org/10.3390/pharmaceutics15010066

	Gastrointestinal cancer: molecular pathogenesis and targeted therapy
	Abstract 
	Introduction
	Molecular pathogenesis of GI cancer
	Genetic alterations
	Esophageal squamous cell carcinoma
	Cholangiocarcinoma
	Colorectal cancer
	Gastric cancer
	ancreatic cancer
	GEP-NENs
	Other GI cancers

	Epigenetic alterations
	Pancreatic cancer
	Colorectal cancer
	Gastric cancer
	Other GI cancer

	Key signaling pathways
	Wntβ-catenin pathway
	PI3KAKTmTOR pathway
	MAPKERK signaling
	p53 Axis
	Other signaling pathways

	TME
	Direct immunomodulatory role of the gut microbiota
	Tripartite metabolic competition and crosstalk among the host, microbiota, and tumor
	TME heterogeneity in major GI cancers


	Diagnostic biomarkers and techniques
	Biomarkers in early detection
	Advanced imaging techniques

	Current targeted therapies for GI cancer
	Monoclonal antibodies and small molecular drugs
	Monoclonal antibodies
	Small molecule drugs

	Immunotherapy approaches
	Immune checkpoint inhibitors
	Adoptive cell therapy
	Tumor vaccines


	Emerging therapies and future directions
	Mesenchymal stem cell-derived exosomes
	Personalized medicine and genomic approaches
	Combination therapies

	Conclusions
	Acknowledgements
	References


