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Abstract. Gastric cancer (GC), which primarily originates
from gastric mucosal epithelium, is driven by factors such
as Helicobacter pylori infection, genetic susceptibility
and lifestyle. GC poses a serious threat to patient survival
and quality of life. Metabolic reprogramming, a hallmark
of tumorigenesis and progression, enables cancer cells to
continuously adapt their energy metabolism to support
proliferation, invasion, metastasis and drug resistance.
Circular RNAs (circRNAs) are a class of non-coding RNAs
characterized by a covalently closed circular structure, which
confers high stability. They are differentially expressed in
tumor cells and facilitate tumor proliferation and metas-
tasis through multiple mechanisms such as microRNA
sponging, protein binding, short peptide translation and
NS-methyladenosine modification. Furthermore, circRNAs
contribute to tumor metabolic remodeling, meeting the
energy demands of tumor cells by regulating key enzymes
and transporters involved in metabolic pathways, thereby
modulating the synthesis or degradation of metabolites.
The present review summarizes the mechanisms by which
circRNAs mediate different metabolic modes during the
initiation and progression of GC as well as discusses their
potential as biomarkers for GC. By systematically eluci-
dating the intricate interactions between circRNAs and
metabolic reprogramming in GC, the present study aims
to provide a theoretical foundation for the development of
innovative therapeutic strategies against GC.
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1. Introduction

According to a 2024 report by The International Agency for
Research on Cancer, gastric cancer (GC) ranked as the fifth
most commonly diagnosed malignancy globally in 2022,
accounting for ~968,000 new cases (4.9% of total cancer cases)
and 660,000 deaths (6.8% of total cancer mortality) (1,2). This
positions GC as a major public health challenge requiring
urgent attention worldwide. Although improvements in health-
care and social development have contributed to a gradual
reduction in the overall burden of GC, countries with large
populations such as China and India continue to experience a
high incidence of early-stage GC (1,2). The incidence of GC
exhibits distinct geographical variation, with age-standard-
ized rates in Asia, Latin America and Europe being notably
higher than those in other regions (3), indicating substantial
disease risk. The high morbidity and mortality rates associ-
ated with GC are largely attributed to limitations in early
diagnosis, with the majority of patients diagnosed at locally
advanced or metastatic stages, posing a severe threat to both
survival and quality of life (4). In recent years, the emergence
of novel targeted agents and immunotherapies has partially
enhanced clinical management strategies. However, their
efficacy is influenced by factors including patient pathology,
disease stage, clinical symptoms and performance status (5).
The tumor microenvironment (TME), comprising cellular
components such as cancer-associated fibroblasts and endo-
thelial cells, as well as non-cellular components including
cytokines, chemokines and the extracellular matrix (ECM),
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plays a pivotal role in tumor progression; it promotes ECM
remodeling, epithelial-mesenchymal transition and sustained
tumor proliferation, while also fostering an immunosup-
pressive milieu. Consequently, a considerable proportion
of patients exhibit a poor response to immunotherapy and
are prone to developing treatment resistance (6). Therefore,
enhancing GC prevention and treatment capabilities, along
with continuously refining clinical strategies, represents a
critical and pressing challenge in the fields of gastroenterology
and oncology worldwide.

Tumor tissues exhibit metabolic pathways distinct from
those in normal tissues. Normal cells in the quiescent phase
maintain basal metabolic activity with limited uptake of
nutrients such as glucose and amino acids to support essential
life activities, and during proliferation moderately upregulate
nutrient transporters to facilitate orderly synthesis of genetic
materials in a tightly regulated manner. However, tumor cells
display markedly enhanced nutrient uptake to sustain their
high energy and biosynthetic demands (7). This metabolic
reprogramming in the TME is characterized by dysregulated
metabolic fluxes and serves as a critical basis for tumor
proliferation, metastasis, invasion and therapy resistance,
particularly in digestive system cancer types (8). In the
1920s, Professor Otto Warburg observed that under aerobic
conditions, the ATP yield relative to oxygen consumption in
oxidative phosphorylation (OXPHOS) is ~1:7. By contrast,
tumor cells exhibit notable metabolic plasticity during
proliferation and metastasis. They activate cytokines and
metabolism-related signaling pathways, adapt their metabolic
routes, induce mitochondrial abnormalities and remodel the
entire metabolic network. These alterations enhance energy
production efficiency, facilitate immune evasion, acidify
the TME and collectively promote rapid tumor growth
and dissemination (9,10). Despite these insights, current
understanding of tumor metabolic reprogramming remains
insufficient to meet the precision requirements for GC
prevention and treatment. Recent advances in microarray
and high-throughput sequencing technologies have acceler-
ated the recognition of epigenetic modifications (11), initially
conceptualized by Professor Conrad Waddington. These
heritable yet reversible chemical modifications, affecting
DNA, histones or RNA, regulate gene expression without
altering the DNA sequence and thereby influence cellular
phenotypes (11).

Over the past two decades, non-coding RNAs (ncRNAs),
once considered transcriptional ‘noise’, have been demon-
strated to participate in the development and progression
of multiple cancer types through their regulatory modifica-
tions (12). ncRNAs represent a diverse class of RNAs that lack
open reading frames and do not encode proteins. Notably,
up to 98% of RNAs in numerous organisms are non-coding,
highlighting their crucial functional roles at the RNA
level within the transcriptome (13). Among these, circular
RNAs (circRNAs) have emerged as key regulatory ncRNA
molecules. They influence the expression of metabolic
enzymes and transporters, encode short peptides in certain
cases and regulate gene expression at transcriptional and
post-transcriptional levels, thereby participating in various
metabolic processes in GC (14). The present review focuses
on circRNAs as potential key regulatory nodes in metabolic

reprogramming, which may reflect tumor metabolic activity
and drug sensitivity. By integrating circRNAs into the meta-
bolic remodeling network of GC, the present review aims to
contribute to the development of precise targeted therapies
for GC.

2. Biological characteristics of circRNA

Linear RNAs are processed by splicing out introns,
connecting exons and adding a 5' cap and a 3' poly(A)
tail (Fig. 1A). By contrast, circRNAs are generated from
pre-mRNAs through back-splicing mediated by cis-acting
elements and specific trans-acting factors, resulting in
exonic circRNAs or exon-intron circRNAs when introns
are retained. circular intronic RNA are derived from
intronic lariats that escape debranching and undergo cycli-
zation (15) (Fig. 1B-D). circRNAs lack a 5' m’GpppN cap
and a 3' poly(A) tail, possess a covalently closed non-linear
structure, are resistant to exonuclease digestion and have a
longer half-life in blood, making them more stable for detec-
tion in tissues and body fluids (16). Efficient identification
and enrichment of circRNAs can be achieved through two
principal strategies: i) Enzymatic digestion of linear RNAs
using RNase R, followed by high-throughput sequencing
of the resistant circRNA fraction; and ii) immunopre-
cipitation or affinity-based depletion of linear RNAs using
antibodies against the 5' cap (such as anti-m’G) or oligo(dT)
probes targeting the poly(A) tail (17,18). Notably, certain
circRNAs exhibit higher abundance than their linear mRNA
counterparts derived from the same parental gene (19).

The biogenesis of circRNAs is facilitated by structural
motifs in pre-mRNA introns. Alu repeat elements, which are
enriched in intronic regions, contain inverted complemen-
tary sequences that enable the formation of intramolecular
double-stranded RNA (dsRNA) structures. These structures
bring distal splice sites into spatial proximity, creating a
favorable configuration for the spliceosome to perform
backsplicing (20,21). Additionally, specific RNA-binding
proteins (RBPs) recognize cis-elements in pre-mRNAs and
promote circRNA circularization (22). Quaking (QKI), a
member of the STAR family of KH domain-containing
proteins, dynamically regulates ~1/3 of all circRNAs (23).
The N-terminal Qual domain of QKI mediates dimerization,
enabling the protein to recognize and bind specific Quaking
response elements within introns. This facilitates the align-
ment of a downstream 5' splice site with an upstream 3' splice
site, driving efficient and specific circRNA biogenesis via
backsplicing (24).

Adenosine deaminase acting on RNA 1 (ADARI), which
catalyzes adenosine-to-inosine editing, also plays a critical role
in circRNA formation, particularly near regions with inverted
complementary matches (25). Notably, ADARI1 knockdown
in 293 cells leads to upregulation of circRNA levels (26).
This phenomenon may be attributed to ADARI-mediated
destabilization of intramolecular dsSRNA structures. In the
absence of editing, stable dSRNA bridges bring the upstream
3" and downstream 5' splice sites into proximity, facilitating
backsplicing. ADARI1 expression disrupts these dsRNA
interactions, preventing spliceosome recognition and efficient
circRNA production.
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Figure 1. Schematic illustration of circRNA biogenesis and functions in the nucleus and cytoplasm. (A) Canonical linear splicing of precursor mRNA produces
a linear transcript containing a 5' cap and 3' poly(A) tail, whereas back-splicing generates circRNA molecules. (B) EIciRNAs: Formed when back-splicing
retains an intron between the circularizing exons, mediated by QKI and facilitated by base-pairing interactions. (C) EcircRNAs: Formed by back-splicing
of exons (such as Exon2 and Exon3) with the introns removed. This results in a circular molecule composed entirely of exons. (D) ciRNAs: Generated from
introns that escape debranching and form a circle (shown here as Exonl-derived ciRNA). The diagram also illustrates an EIciRNA variant comprising Exonl
directly spliced to Exon3/4. circRNAs (E) acting as miRNA sponges, (F) interacting with RBPs, (G) serving as templates for cap-independent translation
via IRESs and (H) undergoing m°A-dependent translation mediated by Mettl3/14 and eIF4G2. circRNA, circular RNA; ElcircRNAs, exon-intron circRNAs;
EcircRNAs, exonic circRNAs; ciRNAs, intronic circRNAs; RBPs, RNA-binding proteins; IRESs, internal ribosome entry sites; m°A, N6-methyladenosine;
Mettl, methyltransferase-like; QKI, quaking; FTO, complex and fat mass and obesity-associated protein. Created in Adobe Illustrator.

circRNAs can participate in metabolic regulation by
sponging microRNAs (miRNAs/miRs) (Fig. 1E), inter-
acting with RBPs (Fig. 1F) and driving cap-independent
translation through internal ribosome entry sites (IRESs)

(Fig. 1G) or N6-methyladenosine (m®A) modification
co-regulated by the methyltransferase-like (Mettl)3)/Mettl14
complex and fat mass and obesity-associated protein (FTO)
(Fig. 1H).
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3. Metabolic reprogramming in GC

Glycolysis. Under oxygen-sufficient conditions, normal cells
primarily satisfy their energy requirements through the
sequential biological processes of ‘glucose uptake — glycol-
ysis — pyruvate entry into the tricarboxylic acid (TCA) cycle
— OXPHOS’. By contrast, tumor cells preferentially utilize
aerobic glycolysis, consuming large amounts of glucose and
converting pyruvate into lactate, yielding a net gain of only
two ATP molecules per glucose molecule (27). This meta-
bolic shift is partly driven by mitochondrial reprogramming,
wherein tumor cells maintain TCA cycle activity to support
biosynthetic precursor synthesis, partially compensating for
the reduced ATP yield from OXPHOS (28).

Glycolytic reprogramming occurs predominantly within
the cytosol. In highly migratory tumor cells, glycolytic
enzymes are recruited to the cell cortex, where they propa-
gate as self-organizing waves along the membrane/cortex and
interact with actin filaments (29). Key regulatory enzymes,
including hexokinase (HK), pyruvate dehydrogenase kinase
(PDK), phosphofructokinase-1 (PFK1) and the pyruvate kinase
M2 (PKM?2) isoform, orchestrate a series of catalytic reac-
tions (30). These protein-protein interactions among metabolic
enzymes lead to altered levels of glucose-metabolizing proteins
and glycolytic intermediates such as fructose, glyceraldehyde
and pyruvate. Most pyruvate is subsequently converted into
lactate, which is exported extracellularly via monocarboxylate
transporters (MCTs). Extracellular lactate accumulation
further drives histone lysine lactylation, influencing tran-
scriptional regulation, post-transcriptional modifications and
post-translational processes in tumor cells (31). By accelerating
glycolytic flux, tumor cells rapidly generate energy, thereby
promoting proliferation, invasion, metastasis and therapy
resistance, a mechanism critically involved in GC pathogen-
esis (32,33). Consequently, targeting key glycolytic enzymes
represents a promising strategy to suppress the Warburg effect
and impede GC progression (Fig. 2A).

The HK family comprises four isoforms (HK1-4), each
encoded by distinct genes and exhibiting unique functional
and distribution profiles. Among these, HK?2 is upregulated in
most tumor cells, including GC cells, and serves as the key
rate-limiting enzyme catalyzing the first committed step of
glycolysis (34). HK2 transfers a phosphate group from ATP
to glucose, generating glucose-6-phosphate (G6P), which
provides a critical metabolic intermediate for downstream
reactions (35). PFK1, a major regulatory node in the glycolytic
pathway, acts as another essential rate-limiting enzyme that
directs GOP flux into glycolysis; it catalyzes the conversion
of fructose-6-phosphate to fructose-1,6-bisphosphate. Under
conditions of high energy demand or hypoxia, PFK1 activity is
enhanced, accelerating G6P consumption and favoring glyco-
Iytic ATP production (36). The PDK family also consists of four
isoforms (PDK1-4). Elevated expression of PDK isoforms in
GC cells promotes S-phase entry and serves as an independent
prognostic factor in patients with GC (37). PDK plays a decisive
role in directing pyruvate metabolism, where it phosphorylates
and inactivates pyruvate dehydrogenase, thereby preventing
the conversion of pyruvate to acetyl-CoA and entry into the
TCA cycle. This suppression of mitochondrial OXPHOS
shifts metabolism toward anaerobic glycolysis, leading to

lactate accumulation. Concomitantly, altered histone acetyla-
tion patterns and suppressed programmed cell death-ligand
1 (PD-LI) expression contribute to immune evasion, further
enhancing the pro-tumorigenic effects in GC (38). Pyruvate
kinase, the terminal rate-limiting enzyme of glycolysis, trans-
fers a high-energy phosphate group from phosphoenolpyruvate
to ADP, generating pyruvate. The metabolic fate of pyruvate
is closely linked to the oligomeric state of the predominant
tumor isoform PKM2. In its tetrameric form, PKM2 exhibits
high catalytic activity, facilitating pyruvate conversion to
acetyl-CoA and supporting sustained energy production via
OXPHOS. By contrast, the dimeric form of PKM2 displays
reduced activity, leading to the accumulation of glycolytic
intermediates such as phosphoribosyl pyrophosphate and
3-phosphoglycerate. This metabolic configuration prioritizes
biosynthetic precursor supply, thereby supporting rapid tumor
proliferation and metastasis (39,40).

Lipid metabolism. Fatty acids (FAs), essential components
of various cellular structures, play critical roles in biological
processes such as membrane biogenesis and energy provi-
sion (41). Mitochondrial B-oxidation serves as the core
pathway for FA breakdown and energy production. However,
long-chain FAs cannot freely traverse the mitochondrial
membrane. Instead, they are first converted to acyl-CoA in
the cytosol and then transported into the mitochondrial matrix
via the carnitine palmitoyltransferase (CPT) system located
on the inner mitochondrial membrane (42). Subsequently,
through repeated cycles of dehydrogenation, hydration and
thiolysis, FAs are degraded to generate acetyl-CoA,NADH and
NADPH, which enter the TCA cycle to produce ATP (42). To
rapidly adapt to hypoxic and nutrient-deprived microenviron-
ments, tumor cells reprogram lipid metabolism by modulating
FA uptake, synthesis, storage and p-oxidation. They utilize
lipids for membrane construction, to support progression, and
upregulate factors such as CD36 in regulatory T cells and
CD8* T cells. This enhances lipid uptake and alters immune
cell recruitment, activation and function, thereby facilitating
immune evasion and accelerating tumor proliferation and
metastasis (43,44) (Fig. 2B).

The transport of long-chain FAs into cells is a critical step
in lipid metabolic reprogramming, primarily mediated by
transport proteins. The transmembrane glycoprotein CD36,
expressed on various cells within the TME, including endo-
thelial, stromal and immune cells, facilitates long-chain FA
uptake via endocytosis (45). Internalized FAs can be directed to
lipid droplets for storage or undergo (3-oxidation. This process
involves activation of the Lck/Yes novel tyrosine kinase, which
phosphorylates and inactivates zinc finger DHHC-type palmi-
toyltransferase 5 at tyrosine 91. Subsequently, acyl-protein
thioesterase 1 mediates CD36 depalmitoylation, initiating a
new cycle of CD36-mediated endocytosis and FA transport.
This dynamic palmitoylation-depalmitoylation cycle of CD36
forms a closed loop crucial for remodeling the tumor lipidome
and generating oncogenic lipid species, thereby promoting
tumor growth and progression (46). Furthermore, FAs can
upregulate O-GlcNAcylation, which in turn modifies CD36
and enhances its transcriptional expression. This positive
feedback loop increases FA uptake in GC cells, accelerates
metastasis and is closely associated with poor prognosis in
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Figure 2. Overview of the metabolic pathways linking glycolysis, lipid metabolism, amino acid metabolism and nucleotide metabolism. (A) Glucose uptake
via GLUT! triggers glycolysis, producing pyruvate and lactate through the sequential actions of HK2, PFK2, PKM?2 and LDHA. Under anaerobic conditions,
lactate is exported and can re-enter cells via MCTs, serving as a substrate for lactyl-CoA formation that drives histone lactylation. (B) FAs imported through
CD36 and FABP undergo activation to acyl-CoA, conversion to malonyl-CoA and oxidation via mitochondrial CPT1/2, producing ATP, NADH and FADH,
through the TCA cycle. Lipid droplets act as energy reservoirs during starvation. (C) Amino acids, including BCAAs and glutamine transported by LAT and
SLC1AS, feed into the TCA cycle to replenish intermediates such as a-KG. (D) Parallel to glycolysis, the PPP generates NADPH and ribose intermediates to
support nucleotide synthesis and one-carbon metabolism. Together, these integrated metabolic routes coordinate carbon flux and epigenetic regulation through
lactate-derived histone modifications. HK2, hexokinase 2; PFK2, phosphofructokinase-2; PKM2, pyruvate kinase M2; MCTs, monocarboxylate transporters;
FA, fatty acid; CPT, carnitine palmitoyltransferase; TCA, tricarboxylic acid; PPP, pentose phosphate pathway; LAT, L-type amino acid transporter; SLC1AS,
solute carrier family 1 member 5; a-KG, a-ketoglutarate; GLUT], glucose transporter 1; LDHA, lactate dehydrogenase A; FABP, fatty acid-binding protein;

BCAAs, branched-chain amino acids; G-6-P, glucose-6-phosphate; F-6-P, fructose-6-phosphate; FDP, fructose-1,6-bisphosphate; PEP, phosphoenolpyruvate;

Glu, glutamate; Gln, glutamine. Created in Adobe Illustrator.
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patients with GC (47). While transporter-dependent pathways
are important, they are not the sole mechanism for long-chain
FA uptake. The acidic TME can neutralize negatively charged
FAs, promoting their protonation and passive diffusion into
cells. This alternative pathway further drives FA accumulation
and lipid droplet formation, supporting cancer cell metabolism
and rapid proliferation (48).

The CPT system, a key regulator of FA f-oxidation,
is central to lipid metabolic reprogramming. It consists of
two isoforms: i) CPT1, located on the outer mitochondrial
membrane and serving as the primary rate-limiting enzyme
for FA translocation into mitochondria (49); and ii) CPT2,
residing on the inner mitochondrial membrane, which
facilitates the entry of FAs into the mitochondrial matrix
for B-oxidation (50). In GC, CPT1A is highly expressed and
interacts with SI00A 10, promoting its succinylation at lysine
47 (51). CPT1A expression also correlates with CD44, a key
regulator of cancer metastasis. CD44 activates intercellular
signaling pathways that target CPT1A to modulate FA oxida-
tion (FAO), thereby enhancing the invasive and metastatic
potential of GC cells (51,52). Similarly, CPT2 is notably
upregulated in GC cells (53). Nuclear factor of activated T cells
c3, a member of the NFAT transcription factor family, can be
activated by reactive oxygen species (ROS) and translocate to
the nucleus. There, it binds to the CPT2 promoter to enhance
its transcription, elevating 3-oxidation levels. This increase
in FA catabolism raises the NADPH/NADP" ratio, protecting
GC cells from ROS-induced damage and maintaining cellular
homeostasis (53).

Amino acid metabolism. Through metabolic reprogramming
of amino acid networks, tumor cells continuously adapt
to survival pressures. Glutamine (Gln), the most abundant
free amino acid in systemic circulation, plays a particularly
critical role. As tumor cells are unable to synthesize Gln
de novo, they compete with normal cells for exogenous Gln,
developing a metabolic dependency to sustain proliferation
and metastasis (54). Given its hydrophilic nature, Gln requires
specific solute carriers, such as solute carrier family 1 member
5 (SLC1AS; also known as ASCT?2), to traverse the plasma
membrane. Once intracellular, Gln is sequentially deamidated
by glutaminase (GLS) and glutamate dehydrogenase to produce
glutamate (Glu), which is further converted to a-ketoglutarate
(0-KG). This metabolite replenishes the TCA cycle, provides
biosynthetic precursors, enhances mitochondrial activity and
ultimately fuels cancer proliferation (55-57).

Due to their rapid energy consumption, tumor cells
frequently face glucose starvation in the TME. To address
this, they reconfigure intrinsic metabolic pathways to main-
tain NADPH homeostasis, thereby meeting the high energy
demands and preserving the NADPH/NADP* balance (58). In
GC, upregulation of malic enzyme 1 (ME1) helps replenish
intracellular NADPH pools and maintain redox homeostasis.
Conversely, ME1 knockdown depletes NADPH, lowers the
glutathione (GSH)/GSH disulfide ratio, elevates ROS, exac-
erbates oxidative stress and promotes GC cell death (58,59).
A portion of the Glu generated from GIn in mitochondria is
transported back to the cytosol, where it serves as a substrate
for GSH synthesis. Glu-cysteine ligase catalyzes the conjuga-
tion of Glu and cysteine to form y-glutamylcysteine, which

is subsequently combined with glycine by GSH synthase to
produce GSH. This pathway assists tumor cells in countering
oxidative stress (60-62) and modulates host immune surveil-
lance and suppression. When Gln is extensively depleted by
tumors, impaired GSH synthesis triggers Fas/CD95-mediated
apoptosis. However, concurrent upregulation of PD-L1
expression can suppress CD8" T cell antitumor activity. Thus,
simultaneously targeting Gln deprivation and PD-L1 activity,
by blocking PD-L1/PD-1 interactions, presents a promising
clinical strategy to alleviate immunosuppression in the
TME (63). The oncogenic transcription factor c-Myc further
supports Gln metabolism by binding to E-box sequences in
target gene promoters. This upregulates GLS expression,
enhances Gln uptake and catabolism, supplies TCA cycle
intermediates, promotes nucleotide synthesis and sustains the
malignant proliferative phenotype of tumors (64,65) (Fig. 2C).

In addition to Gln, other amino acids contribute to metabolic
remodeling in GC, enabling tumor cells to compete for energy
resources and support disease progression. Branched-chain
amino acids (BCAAs), such as leucine, isoleucine and valine,
are non-polar aliphatic amino acids characterized by carboxyl
groups, amino groups and isopropyl side chains. They can be
directly incorporated into proteins or catabolized into various
metabolites to fuel related metabolic pathways (66). BCAAs
enter cells via L-type amino acid transporters (LATs) and
are shuttled into mitochondria by SLC25A44. Within mito-
chondria, they are transaminated to branched-chain a-keto
acids (BCKAs), which subsequently transfer amino groups
to a-KG. BCKAs are further metabolized to acetyl-CoA
and succinyl-CoA, while generating Glu. The resulting
metabolites ultimately enter the TCA cycle to support energy
production (67).

In addition, an inter-amino acid compensatory mechanism
exists. Under Gln-deficient conditions, elevated expression of
the PPM1K protein promotes BCAA catabolism to sustain
tumor cell survival (68). Previous studies suggest that elevated
circulating BCAA levels may be associated with several
human cancer types (69,70). However, a large-scale prospective
cohort study by Yu et al (71) reached a contrasting conclusion,
indicating that higher BCAA levels correlate with a reduced
risk of GC, particularly among elderly populations. Given this
dual role of BCAAs in tumor development, further investiga-
tion is needed to determine whether these context-dependent
effects stem from distinct components within BCA A catabolic
pathways.

Nucleotide metabolism. Nucleotides, composed of a nucleo-
side and a phosphate group, are essential for DNA and RNA
synthesis, enzyme regulation, substrate activation and various
metabolic processes in cells. Their synthesis is energy-inten-
sive and requires carbon and nitrogen donors for support (72).
This process relies on the cytosolic one-carbon (1C) metabolic
pathway. To meet the demands of proliferation and metastasis,
tumor cells upregulate the expression of enzymes related to
1C metabolism, altering their metabolic patterns to support
the de novo synthesis of purines and pyrimidines (73).
Pyrimidines and purines are the core structural components
of nucleotides, and nucleotide synthesis involves two path-
ways: i) De novo synthesis; and ii) salvage pathways (74). In
the de novo synthesis process, precursor molecules generated
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by various metabolic pathways are utilized. For example,
Gln is deaminated by GLS to produce Glu, which is then
converted by glutamate dehydrogenase, releasing ammonia
in the process. In glucose metabolism, the pentose phosphate
pathway produces G6P, which then undergoes dehydrogena-
tion, decarboxylation and isomerization reactions to form
ribose-5-phosphate. Together, these intermediates provide
essential raw materials for nucleotide synthesis.

The salvage pathway allows cells to rapidly generate nucle-
oside monophosphates from free nucleobases or nucleosides
through phosphorylation or phosphoribosyl transfer reactions.
This process avoids base wastage, is relatively energy-efficient
and helps replenish the nucleotide pool (75). Normal cells
primarily rely on the salvage pathway for nucleotide synthesis.
However, the aggressive behavior of tumor cells depends on
higher nucleotide synthesis and metabolic activity, requiring
faster and greater acquisition of nucleotides to support rapid
proliferation, drug resistance, immune evasion and metastasis.
Therefore, tumor cells mainly utilize the de novo synthesis
pathway for nucleotide production (76). U2AF homology
motif kinase 1 (UHMK(1) is a nuclear-localized serine/threo-
nine kinase and acts as an effective oncogenic factor. In GC,
UHMKI1 expression is upregulated; it can phosphorylate
nuclear receptor coactivator 3 at serine 1062 and threonine
1067, promoting its interaction with activating transcrip-
tion factor 4 (ATF4) and inducing the nuclear translocation
of ATF4. This activates transcriptional activity, mediates
oligomeric nucleotide synthesis pathways and simultaneously
enhances the de novo purine synthesis pathway, providing
a material basis for GC cell proliferation and driving GC
progression (77,78) (Fig. 2D).

Cells can secrete nucleotides and nucleosides to initiate
paracrine and autocrine signaling, thereby driving cellular
metabolic networks, regulating immune responses and influ-
encing the development and progression of tumor cells (79).
Due to genomic mutations, the expression level of major
histocompatibility complex (MHC) class I polypeptide-related
sequence A (MICA) increases in tumors. MICA binds to the
natural killer group 2 member D receptor, thereby triggering
NK cell-mediated immune surveillance. This process is asso-
ciated with the high levels of nucleotide metabolism observed
in tumor cells (80,81). A study found that certain nucleotide
metabolism-related genes are associated with levels of immune
cell infiltration (82). Patients with GC exhibiting high nucleo-
tide metabolism have poorer overall survival, disease-specific
survival, disease-free interval and progression-free interval.
Additionally, these patients show increased expression of
immunosuppressive factors and MHC molecules (82).

Adenosine can receive a phosphate group under the
catalysis of adenosine kinase, which is an important pathway
for nucleotide synthesis. Conversely, nucleotides can be
dephosphorylated by phosphatases to generate adenosine;
this bidirectional conversion is a key node in intracellular
purine metabolism (83). Adenosine receptors are present on
the surface of various cell types including human dendritic
cells (DCs), which mainly express Al and A3 receptors (84).
Adenosine can mediate the migration of DCs to lymphoid
organs, promote antigen presentation and T cell activation,
thereby driving immune regulation (85,86). Additionally,
regulatory B cells can regulate their own function through
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adenosine signaling derived from ATP enzymatic degrada-
tion, maintaining an immunosuppressive cell phenotype and
inhibiting T cell activation, thus participating in the regula-
tion of adaptive immunity. Excessive adenosine signaling
can impede immune surveillance and thereby promote tumor
progression (84).

4. Core mechanisms of circRNA in regulating metabolic
reprogramming in GC

Non-coding mechanism: Acting as a ‘molecular sponge’
to competitively bind miRNA. Early transcriptome studies
mainly focused on the competing endogenous RNA (ceRNA)
interactions between mRNA and long ncRNA. With advances
in high-throughput sequencing and RNA interaction analysis
technologies, it was discovered that circRNAs retain only the
circularized regions of exons, introns or exon-intron sequences,
and naturally lack a 5' cap and 3' poly(A) tail. This makes them
more stable within the ceRNA network and enables them to
have specific regulatory functions (87). circRNAs can bind to
miRNA through sequence-complementary miRNA response
elements, competitively inhibiting the degradation or trans-
lational repression of target mRNAs by miRNAs. Therefore,
circRNAs regulate the expression level of target gene
transcripts and are extensively involved in various cellular
biological processes (88).

circDNMT]1 can act as a molecular sponge for miR-576-3p,
thereby relieving its inhibitory effect on the hypoxia-inducible
factor 1-a (HIF-1a) 3' untranslated region (3'UTR). This
accelerates glucose uptake in GC cells, increases lactate
production, suppresses pyruvate and ATP generation and
promotes tumor progression (89). Similarly, inhibition of
circSLAMF®6 can enhance the targeted regulation of myosin
heavy chain 9 (MYHY9) by miR-204-5p, thereby weakening
the glycolytic capacity of GC cells under hypoxia and further
suppressing tumor metastasis and invasion (90). As shown in
Table I, numerous circRNAs have been reported to participate
in GC glycolysis via the ceRNA network in previous years.
The majority of circRNAs linked to GC are upregulated and
act as miRNA sponges to abolish the inhibition of key glyco-
lytic enzymes or transcription factors, consequently enhancing
glucose uptake and lactate production as well as promoting
GC proliferation, migration and invasion.

GC cells can recruit mesenchymal stem cells (MSCs) by
secreting microvesicles. Under the combined induction of
immune cells and Helicobacter pylori, these MSCs are trans-
formed into GC-MSCs, which retain mesenchymal lineage
and stem cell properties, possess multipotent differentiation
potential and strongly promote GC cell proliferation, migration
and angiogenesis (91). circ_0024107 derived from GC-MSCs
can act as a molecular sponge for miR-5572 and miR-6855-5p,
negatively regulating their expression, upregulating CPT1A
mRNA and protein expression, participating in FA transport
and activating FAO, thus promoting GC proliferation and
metastasis (92). Additionally, circRNAs can enhance the
expression of amino acid metabolism-related transporters
by sponging miRNAs through sequence complementarity. A
study has shown that circAKT3 targets miR-515-5p, relieving
its suppression of SLC1AS5 by binding to the SLC1AS 3'UTR,
thereby increasing the expression of the SLC1AS transporter
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and enhancing Gln uptake in GC cells, which in turn promotes
malignant proliferation (93). circB3GNTLI1 and circSFMBT?2
can also participate in amino acid metabolism in GC by
sponging miR-598 and miR-665, respectively (94,95). Although
direct research focusing on circRNA-mediated regulation of
nucleotide metabolic reprogramming in GC via the ceRNA
network is limited, a study has found that hsa_circ_0008434
in GC can sponge miR-6838-5p, relieving its inhibition of
ubiquitin-specific peptidase 9X (USP9X), resulting in USP9X
protein accumulation and promoting GC cell proliferation,
migration and invasion (96). USP9X, through multiple syner-
gistic mechanisms, regulates the stability of Gln synthetase,
increases nucleotide availability, supports nucleotide synthesis
and stemness maintenance in tumor cells, and participates in
tumor growth and proliferation (97).

Non-coding mechanism: Acting as a ‘protein decoy’ by
binding to the functional domains of proteins. The binding
of circRNAs to RBPs relies on the complementary pairing
or spatial recognition between specific binding sites within
circRNA sequences and the RNA-binding domains of RBPs.
This interaction forms distinct circRNA-RBP complexes, which
regulate the activity, conformational changes and subcellular
localization of target proteins, thereby modulating circRNA
functions in tumor cells (98). Additionally, circRNAs can
regulate the expression of key metabolic dependency enzymes
or transporters and participate in multiple signaling pathways
to directly or indirectly influence metabolic reprogramming
in GC cells.

Polypyrimidine tract-binding protein 1 (PTBPI), a shut-
tling protein between the cytoplasm and nucleus with distinct
functions in each compartment, is involved in tumor prolif-
eration and invasion (99). circ_0001756 binds to PTBPI,
facilitating its interaction with phosphoglycerate kinase 1
(PGK1) via the RRM1 domain. This interaction enhances the
stability of PGK1 mRNA, promotes its cytoplasmic expres-
sion and participates in the first step of ATP production
through the glycolytic pathway, thereby contributing to GC
initiation and progression (100). Stearoyl-CoA desaturase 1
(SCD1), a key rate-limiting enzyme that desaturates saturated
FAs to produce monounsaturated FAs, controls lipid meta-
bolic flux. Aberrant transcriptional regulation and epigenetic
modifications of SCDI induce abnormal lipid accumulation,
driving tumor progression (101). circTFRC directly binds to
SCD1 mRNA, recruits ELAV-like RNA binding protein 1 and
interacts with the 3'UTR of SCD1 mRNA. This protects SCD1
from nuclease degradation, enhances its stability and sustains
SCD1 mRNA translation. Consequently, this promotes onco-
genic lipid metabolic remodeling, thereby accelerating GC
progression (102).

Rapidly dividing tumor cells exhibit methionine (Met)
dependence due to their high demand for Met in processes
such as histone modification, nuclear division and GSH
synthesis (103,104). Met deprivation induces DNA damage
in tumor cells, leading to proliferation arrest. A study has
shown that eukaryotic initiation factor 4A3 (EIF4A3) binds
to and interacts with the flanking sequences downstream of
circ-CDK13. Met degradation downregulates EIF4A3 expres-
sion, restricting circ-CDK13 circularization, inhibiting GC
cell proliferative activity, increasing intracellular cisplatin
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concentrations and enhancing chemosensitivity (105). The
oncogenic transcription factor myelocytomatosis oncogene
(MYC) has been extensively studied in metabolic contexts,
with its expression consistently elevated across all stages of
intestinal-type GC development (106,107). MYC provides
sugar backbones for purine and pyrimidine biosynthesis and
activates phosphoribosyl pyrophosphate synthetase 2 (PRPS2)
via eukaryotic translation initiation factor 4E. Through
specific cis-regulatory elements within its 5S’UTR, PRPS2
couples protein and nucleotide biosynthesis (108), enabling
tumor cells to reprogram nucleotide metabolic pathways
to adapt to nutrient-deprived environments. Research has
confirmed that circ-TNPO3 binds to the KH domain at the
C-terminus of insulin-like growth factor 2 mRNA-binding
protein 3 (IGF2BP3), impairing IGF2BP3-mediated stabiliza-
tion of MYC mRNA and thereby inhibiting GC proliferation
and metastasis (109). Additionally, circchnRNPU can also
directly bind to non-POU domain-containing octamer-binding
protein (NONO), inducing the cytoplasmic accumulation of
NONO, thereby abolishing the activating effect of nuclear
NONO on c-Myc and downregulating c-Myc expression (110).
c-Myc is well established as a transcriptional activator of
PRPS2, a rate-limiting enzyme in de novo purine and pyrimi-
dine synthesis (108). Whether circ-hnRNPU-mediated c-Myc
downregulation translates into altered nucleotide metabolic
flux in GC cells, however, has not been investigated. Direct
evidence linking circ-hnRNPU to changes in nucleotide
synthesis rates, PRPS2 activity, or intracellular metabolite
levels is currently absent, and this putative relationship awaits
experimental validation.

Coding mechanism: Encoding peptide. Conventional transla-
tion initiation typically involves the recognition of the 5' cap
by the small ribosomal subunit and its associated initiation
factors. However, circRNAs lack this structure and cannot
initiate translation through the canonical pathway. IRESs,
which are structured RNA elements capable of directly
recruiting the small ribosomal subunit and initiation factors,
enable a subset of circRNAs to undergo cap-independent
translation, yielding functional short peptides (111).
Emerging evidence indicates that peptides encoded by
endogenous circRNAs play potential roles in tumorigen-
esis (112). For example, circ_0008035 encodes a novel peptide,
EXT1-219aa, which suppresses EXT1 phosphorylation. This
promotes the nuclear localization of PKM2 and reduces its
EXT1-dependent glycosylation, thereby enhancing pyruvate
metabolism and accelerating glycolysis in GC cells (113). By
contrast, circUBE2G1 can encode circ_UBE2G1-99aa, which
binds to enolase 1, thereby promoting glycolysis in GC (114).
Similarly, circFNDC3B may encode a 267-amino-acid peptide
that facilitates c-Myc protein degradation via the proteasomal
pathway, inhibiting GC cell proliferation and migration (115).
These findings underscore the importance of c-Myc in amino
acid metabolic remodeling and suggest that circFNDC3B may
participate in GC progression through this metabolic axis.
c-Myc serves as a key transcriptional driver of PRPS2 in the
de novo synthesis pathways of purines and pyrimidines (108).
Whether the negative regulatory mechanism of FNDC3B-267aa
on c-Myc (115) establishes a link between this peptide and
nucleotide metabolism remains to be determined, as direct
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evidence demonstrating that FNDC3B-267aa alters PRPS2
activity, nucleotide precursor levels or pyrimidine/purine
pools in GC cells is currently lacking.

To date, studies on circRNA-encoded micropeptides
regulating metabolic reprogramming in GC remain
relatively limited, with most focusing on glycolytic path-
ways. However, research on other solid tumors, such as
glioblastoma and colorectal cancer, has revealed that
circRNA-derived micropeptides influence malignant
progression by modulating key processes such as nucleotide
metabolism and FAO (112,116). Given the high conserva-
tion of these metabolic pathways in cancer, it is plausible
that GC proliferation similarly depends on such mecha-
nisms. For example, a novel 127-amino-acid micropeptide
encoded by circSpdyA binds to the ER catalytic domain of
FA synthase, activating de novo FA synthesis, enhancing
FAO and upregulating CPT1A activity. This promotes the
uptake of accumulated FAs to supply membrane biosyn-
thesis and support tumor cell proliferation and metastasis
in breast cancer (117). Another micropeptide, E2F1-99aa,
is encoded by circE2F1, which contains an IRES and a
297-nucleotide open reading frame. E2F1-99aa mimics
the DP-binding domain of E2F]1, interacts with SPIB and
competitively inhibits E2F1-SPIB binding. This interven-
tion downregulates nucleotide biosynthetic gene expression,
reduces purine and pyrimidine synthesis and consequently
suppresses neuroblastoma progression (118). Future research
should focus on identifying GC-specific circRNA-encoded
micropeptides and validating whether their functions align
with these conserved metabolic pathways.

Non-coding and coding mechanisms: m°A modification. m°A
modification of circRNAs is regulated by methyltransferases,
demethylases and reader proteins, primarily occurring at the
NS position of adenine residues (119). The covalently closed
circular structure of circRNAs restricts the spatial distribution
of modification sites, facilitating the formation of an ‘aggrega-
tion effect” of m°A modifications. This effect enhances the
recruitment efficiency of binding proteins and results in a
more concentrated distribution of modification sites within the
exonic sequences of circularized regions (120). Notably, m°A
modification of circRNAs primarily reinforces and expands
their non-coding functional repertoire; it enables the subcel-
lular trafficking and localization of circRNAs between the
nucleus and cytoplasm and regulates processes such as RNA
processing, degradation, nuclear export and translation (121).
By modulating the abundance and functional duration of
circRNAs, m°A modification serves as one of the critical path-
ways mediating circRNA degradation (122), thereby further
interfering with the metabolic homeostasis of tumor cells and
contributing to tumor progression (123). However, in rare,
specialized contexts, m°A modification can endow circRNAs
with coding potential, whereby the m°A reader protein
YTHDEF3 recognizes m°A-modified circRNAs, recruits the
translation initiation factor e[F4G2, and mediates ribosome
assembly on circRNAs. By providing an IRES, this process
drives the translation of circRNAs into short peptides (124).
Notably, a single m°A modification is sufficient to initiate
circRNA translation (125). In such cases, certain circRNA
molecules temporarily acquire coding capacity upon m°A

modification, which contributes to the complex regulatory
networks underlying tumor initiation and progression.

Abnormal glycolytic flux is a key hallmark of bioener-
getic metabolism in GC. circRNAs can regulate glycolytic
pathways through epigenetic remodeling, while dynamic m°A
epitranscriptomic modifications modulate the expression of
glycolytic enzymes via methyltransferase/demethylase-medi-
ated RNA methylation cycles. These interconnected
mechanisms collectively maintain the metabolic plasticity
of GC cells (126). FTO, an RNA demethylase with specific
mP®A demethylation activity (127), binds to circFAM192A at
specific sites and removes its m°A modifications to prevent
degradation. Subsequently, circFAM192A interacts with the
membrane-localized leucine transporter SLC7AS to enhance
its stability, increasing the membrane localization of SLC7AS
for leucine transport. Elevated leucine uptake thereby promotes
GC cell proliferation (128). FTO can also specifically remove
the m®A modification of circ_0112136 to maintain its stability,
thereby activating the PI3K/AKT/mTOR pathway. Notably,
mTORCI is a critical signaling molecule that activates the
rate-limiting enzyme of pyrimidine synthesis (129,130). It
should be emphasized that whether the FTO/circ_0112136
axis regulates pyrimidine biosynthesis, carbamoyl-phosphate
synthetase 2, aspartate transcarbamylase and dihydrooro-
tase (CAD) activity or nucleotide levels in GC cells via the
mTORCI signaling pathway warrants further investiga-
tion. This speculation is derived solely from the established
function of mMTORCT1 in nucleotide metabolism.

Although the most abundant epitranscriptomic modifica-
tion of RNA, direct evidence for m°A-modified circRNAs
regulating metabolic remodeling pathways in GC remains
limited. However, findings from other tumor types provide
valuable insights. For example, in hepatocellular carci-
noma, m°A-modified circRAPGEFI competitively binds to
IGF2BP3 via its KH domain, leading to the degradation of
certain enzymes in aspartate metabolism. Aspartate acti-
vates CAD, the rate-limiting enzyme in de novo pyrimidine
synthesis, thereby enhancing tumor cell stemness (131). The
‘mSA-circRNA-metabolic reprogramming’ axis represents a
conserved regulatory module across tumors, which strengthens
the credibility of a similar mechanism operating in GC.
Table I systematically summarizes the molecular mechanisms
of circRNAs in the metabolic reprogramming of GC.

5. Evidence for circRNAs as potential biomarkers

Patients with early-stage GC typically present with no specific
clinical manifestations, but may exhibit non-specific symp-
toms such as mild epigastric pain, abdominal distension and
acid reflux (132,133). These symptoms are often overlooked,
leading to diagnostic delays. Consequently, most patients are
diagnosed at an advanced stage when they first seek medical
attention, which notably increases the difficulty of treatment.
Therefore, early diagnosis is a critical strategy to improve
patient survival rates. In certain high-incidence countries,
screening and intervention measures have alleviated part of
the disease burden. However, challenges such as low early
diagnosis rates, limited treatment options due to high tumor
heterogeneity and insufficient sensitivity of disease moni-
toring indicators still persist (1). Thus, the identification of
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Figure 3. Workflow for the detection and analysis of circRNAs in the body fluids of patients with gastric cancer. Schematic overview illustrating sample
sources and analytical procedures for circRNA profiling. Plasma, serum, serum-derived exosomes and gastric juice are collected from patients and subjected
to total RNA extraction. Extracted RNA is subsequently analyzed by ddPCR or RT-qPCR for quantification and by RNA sequencing for transcriptomic
profiling. circRNA, circular RNA; ddPCR, droplet digital PCR; RT-qPCR, reverse transcription-quantitative PCR. Created in Adobe Illustrator.

novel biomarkers, development of reproducible detection
methods, detection of preclinical disease and implementa-
tion of large-scale population screening are crucial for early
diagnosis and improving clinical outcomes (134).

At present, endoscopic biopsy combined with histopatho-
logical examination is the gold standard for the diagnosis of
GC, with endoscopic ultrasonography providing specificity for
tumor staging (135). However, these methods have certain limi-
tations, including being highly invasive, having poor patient
compliance and relatively high operational costs. Conventional
tumor markers such as carcinoembryonic antigen (CEA) and
carbohydrate antigen 19-9 (CA19-9) are not specific to GC and
have insufficient sensitivity and specificity (136). Therefore,
developing non-invasive biomarkers with high sensitivity and
accuracy that can dynamically reflect disease activity has
become a key focus in GC clinical research (137). Due to their
covalently closed circular structure, circRNAs are highly stable
in body fluids (such as serum, plasma and gastric juice), exhibit
high tissue specificity and show expression patterns correlated
with tumor progression. They are also closely related to tumor
metabolic reprogramming and have been recognized as novel
biomarkers (138). Currently, techniques such as droplet digital
polymerase chain reaction, reverse transcription quantitative
PCR or RNA sequencing (RNA-seq) are commonly used for
detection (Fig. 3). A study has confirmed that circRNAs in the
body fluids of patients with GC display differential expression,
which may be associated with the anatomical location of the
tumor (139). These findings provide a molecular ‘yardstick’ for
the clinical diagnosis, screening and treatment of GC. Table 11
summarizes the potential diagnostic value of circRNAs from
different sample sources.

Plasma and serum. Plasma and serum are clinically acces-
sible body fluid samples, and research on circRNA biomarkers
in these fluids is relatively advanced. On the one hand,
plasma circRNAs can be used for early detection and to
distinguish between healthy individuals and patients with
GC. For example, the combined detection of circulating hsa_
circ_0001017 and hsa_circ_0061276 is closely associated with

major clinicopathological factors of GC, showing a sensitivity
and specificity of 84.7 and 96.6%, respectively, which demon-
strates notable clinical value for GC diagnosis and prognosis
assessment (140). On the other hand, plasma circRNAs can
differentiate between different clinical stages of patients with
GC. For instance, the expression level of plasma exosomal
circLPARLI in patients with GC is notably decreased in the
advanced stages (stages IIb and III), while it is elevated in the
early and intermediate stages (stages I and I1a) or after surgery.
Moreover, the diagnostic performance of plasma exosomal
circLPARI is superior to that of CEA and CA19-9, with
notably improved diagnostic efficiency, demonstrating good
sensitivity and specificity, making it a potential biomarker for
GC diagnosis and staging (141). Additionally, studies have
isolated exosomes from the plasma of patients with GC and
healthy individuals and used high-throughput RNA-seq to
analyze circRNA expression in circulating exosomes. The
authors found that hsa_circ_0093425, hsa_circ_0007247
and hsa_circ_0029780 were significantly upregulated, while
hsa_circ_0139983, hsa_circ_0001989, hsa_circ_0011115 and
hsa_circ_0019618 were significantly downregulated in patients
with GC, indicating that plasma exosomal circRNAs exhibit
differential expression in GC (142). In addition, plasma-derived
hsa_circ_0000745 (143), hsa_circ_0000190 (144),
hsa_circ_0000181 (145), hsa_circ_0003195 (146),
circPTPN22 (147), hsa_circ_0005927 (148) and
hsa_circ_0065149 (149), as well as serum-derived hsa_
circ_0001649 (150), hsa_circ_0000231 (151), circHAS2 (152),
hsa_circ_0000702 (153), hsa_circ_0050547 (154) and hsa_
circ_000200 (155), also play important roles in the screening,
diagnosis and prognosis of GC.

Gastric juice. Gastric juice is directly secreted by gastric cells
and more accurately reflects local gastric lesions compared
with serum and plasma; it is not cleared by the liver and, in
theory, may lack ribonucleoprotein and lipoprotein complexes,
thereby reducing the risk of ncRNA degradation by nucleases,
proteases and the acidic environment of gastric juice. This
makes gastric juice a potentially ideal source of biomarkers


https://www.spandidos-publications.com/10.3892/ijo.2026.5899

LIANG et al: METABOLIC REMODELING BY CIRCULAR RNAs IN GASTRIC TUMORIGENESIS

14

JueoyIuSIs Jou ‘su (A)1oyroads ‘gdsS (ANANISUIS ‘NS (9AIND aY} Jopun BaIe ‘DN VN JB[NOI10 ‘YN YOI

(6¥1) / / / su ool dmsen 6115900 o110 esy 0T0z ‘[v 12 oeys
(6¥1) sisougoid ‘Furueardg T06°L'8Y 090 umo(J ewsed 6716900 o110 esy 0T0T ‘I 12 oeys
(8¥1) / / / su ool dnsen LT6S000 o110~ esy ¥0T ‘Iv 12 oeys
(8¥1) Surudarog 61°9L°8€°TS €79°0 dn ewse[d LT6S000 10~ esy 0T ‘Iv 12 oeys
(LST) Surusardg / / su somf orgsen LTLY100 o1 esy L10T ‘v 12 oeyS
(S99) stsouser(q vt ‘86 T60L°0 dn SOWIOSOXd WNIAS 002000 I esy €20C ‘Iv 12 Sueny
(299) sisouser(q 001 ‘T+'89 060 dn SOWOSOXS WIS L¥S0S00 210 esy 0T ‘v 12 Sueyz
(€s1) SuLojiuow ‘sisouser( v’ 8 ‘6978 SPL0 umo( wnig T0L0000 o110~ esy €20C ‘Ip 12 ueny
(Tsn) sisougoid ‘Furusarg €8 VL S¥8°0 dn winRg TSVHIID ¥T0T ‘1P 12 BN
(1sn) sisougoid ‘Suriojiuow sIsouger( 18°LS°€L98 18L°0 umo(J wng 1€£20000 o110~ €sy ¥T0T ‘10 12 Sueq
(0ST) Surusang 9IS T'IL ¥€8°0 umo(] wineg 6v91000 oI0 €Sy LTOT ‘P12 1]
(Ly1) sisouger( ¥8 ‘8L LS80 dn ewse[d TINd.LdoId 120T ‘I 12 BN
9r1) sisougoid ‘Furusardg 96 ‘6’9 $69°0 umo(] ewse[q S61£000 110 sy TT0T ‘P 12 BN
(S¥1) UOTIEIUAIHIP Jown], 90T ‘066 7850 umo( ewse[d 1810000 o110 esy 810C ‘v 12 oeyZ
(24)) Surusardg SLS VIV 09'0 umo(] ewse[d 0610000 210" esy LTOT ‘I 12 uay)
(€¥1) UOTJEIUAIOHIP JOWN) ‘SISOUTEI( SASS €89°0 umo( ewse[d S¥L0000 I esy LTOT ‘[v 12 Sueny
(ov1) sisougoid ‘sisouger( LIS €06 ¥9L°0 umo(] ewse[d 9LT1900 oI sy 810C ‘I 12 ']
(ov1) stsousoid ‘sisouSer( I'18‘¥'6L 1L8°0 umo(J ewsed LTOT000 I~ esy 810T ‘1P 12 1]
(s uonoung (9%) AdS onv uoneia)e sordweg SY NI Iedk ‘aoyine 18Iy
(%) NS uorssardxy

*SIONIBWOIq ONSOUSEIP [BOTUT]D SB S90IN0S o[dwes JUSILIP WOIJ Sy N YOI U0 YoI1easay ] [qeL



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

for the dynamic monitoring of GC screening, diagnosis, treat-
ment efficacy and recurrence (156). Shao et al (157) studied
circRNA expression changes in gastric juice and confirmed
that hsa_circ_0014717 can stably exist in human gastric juice.
By comparing healthy individuals, patients with gastric ulcer,
patients with chronic atrophic gastritis and patients with GC,
they found that hsa_circ_0014717 expression was significantly
downregulated in the chronic atrophic gastritis group, but
increased in the GC group, a trend similar to that observed
for hsa_circ_0005927 in gastric juice (148). This suggests a
possible link to tumor cell secretion mechanisms and changes
in the TME. Additionally, hsa_circ_0065149 was shown to
stably exist in gastric juice, but its expression did not notably
differ among the four groups. Furthermore, the expression
trend of hsa_circ_0065149 in gastric juice was not consistent
with that in GC tissues or plasma exosomes, suggesting that
this may be related to small sample size or selective changes in
circRNA sources (149). Therefore, gastric juice circRNA holds
unique value for early evaluation of GC treatment efficacy and
is especially suitable for patients unable to tolerate repeated
endoscopic examinations.

6. Challenges in circRNA and metabolic reprogramming
research

Current research on circRNA biomarkers predominantly
focuses on tissue samples, with a smaller number of
studies investigating their presence in body fluids such as
serum, plasma and exosomes. The majority of these are
single-center, retrospective studies with limited statistical
power, which currently precludes their translation into
routine clinical testing (158). Some scholars have performed
independent validation using serum samples from both
training and validation sets, including patients with GC and
control subjects (159). However, the cut-off value was mainly
determined based on the training set, lacking real-world
prospective cohort studies. Furthermore, the diagnostic
efficacy of a single circRNA is limited, requiring evaluation
using multi-molecule panels (160). In addition, the indi-
vidual physiological status of the patient is associated with
circRNA expression levels in body fluids, which may lead
to fluctuations in the accuracy and sensitivity of circRNAs
as biomarkers (161). Although circRNA-based biomarker
prediction systems remain in the exploratory stage, multiple
hospitals have completed the clinical registration of prospec-
tive, multicenter studies investigating circRNA, indicating
that this field is advancing. Efforts are being made to
overcome the ‘noise’ caused by individual heterogeneity
through technical optimization, multicenter validation and
large-sample verification.

There is also a lack of uniform standards for the identifica-
tion and validation of circRNAs. The back-splice site is critical
for circRNA identification. However, variations exist among
research teams in raw materials such as cell types and plat-
forms, as well as in analytical pipelines and methods including
RNA isolation, linear RNA depletion and library prepara-
tion (162). Furthermore, circRNA abundance in body fluids is
affected by multiple pre-analytical factors, including centrifu-
gation time and temperature, freeze-thaw cycles and serum
clotting time (163). In addition, the detection and analysis of
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circRNAs require specialized high-precision instruments to
generate millions of sequencing reads, making it difficult to
extend to routine clinical settings in the short term (164).

Meanwhile, cell lines used in laboratory studies differ
metabolically and functionally from their in vivo counterparts.
Animal models, while useful, are limited by species-specific
differences and cannot fully recapitulate human disease
pathology. Therefore, validating circRNA findings in human
cohorts is essential to strengthen their clinical relevance (165).

Research on metabolic reprogramming has often lacked
visual evidence directly linking it to clinical disease manifes-
tations. However, the emergence of '®F-FDG PET/CT imaging
has repositioned metabolic reprogramming at the forefront of
oncology research. This technique assesses tumor metabolic
activity by measuring the accumulation of '®F-FDG, a glucose
analog, within key molecules involved in the metabolic repro-
gramming of cancer cells (166). A growing body of evidence
indicates that aberrantly expressed circRNAs contribute to GC
progression by modulating the activity and expression of meta-
bolic enzymes, thereby driving metabolic remodeling. This
influence on cellular energy supply and biosynthetic capacity
positions circRNAs as critical regulators of GC proliferation,
invasion, metastasis, drug resistance and immune evasion.
While studies focusing on the glycolytic axis are relatively
abundant, further investigation is needed to elucidate the roles
of circRNAs in other metabolic pathways, such as amino acid
and nucleotide metabolism, within the context of GC meta-
bolic reprogramming. Such an imbalance in research focus
not only reflects that glycolytic indicators are relatively easy
to observe but also reveals that current findings are largely
limited to easily verifiable stages, which does not allow the
inference that circRNAs participate in the regulation of the
entire metabolic network in GC.

Moreover, studies investigating circRNA-mediated
regulation of nucleotide synthesis or catabolism in GC are
characterized by substantial limitations, most notably the
absence of direct quantification of nucleotide intermediates,
de novo purine/pyrimidine synthesis flux or the activities of
rate-limiting enzymes. By contrast to the conventional assay
kit approaches widely employed in glycolysis research, meth-
odologies for nucleotide metabolic analysis are technically
demanding and lack accessible phenotypic endpoints. These
challenges likely represent major contributing factors to the
current dearth of research in this field.

The mechanisms by which circRNAs regulate metabolic
reprogramming in GC are not limited to linear pathways.
Recent studies have demonstrated that circRNAs influence
GC remodeling through multiple strategies, including direct
interaction with metabolic enzymes (114), modulation of
epigenetic modifications (167) and participation in various
signaling pathways (168). For example, a single circRNA can
regulate multiple signaling circuits. circ-NRIP1 competitively
sequesters miR-186-5p, thereby relieving its suppression
of MYH9 and promoting GC cell proliferation, migration
and glycolysis (169). Independently, it also acts as a sponge
for miR-138-5p, modulating HIF-1a-dependent glycolysis
and sensitizing GC cells to hypoxia-induced 5-fluorouracil
resistance (170). This suggests that the circRNA regulatory
network is context-dependent, yet the mechanisms under-
lying the functional allocation of circRNAs across distinct
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signaling pathways under specific cellular backgrounds or
microenvironmental conditions remain elusive.

Furthermore, metabolic reprogramming in GC exhibits
notable heterogeneity. Different cellular subpopulations
within the same tumor, such as cancer stem cells and differ-
entiated tumor cells, utilize distinct metabolic pathways,
which dynamically evolve during disease progression (171).
There are substantial differences between model cell lines
and human tumors. Nutrient composition, oxygen tension
and cell-cell interactions in in vitro culture systems tend to
exaggerate specific metabolic phenotypes; meanwhile, animal
models are limited by interspecies differences. Current
research predominantly relies on bulk RNA-seq of mixed
cell populations, which provides averaged gene expression
profiles, or single-cell RNA-seq of individual cell lines,
which may be subject to limited genetic drift and fail to fully
represent intratumoral diversity (172,173). Both approaches
face challenges in comprehensively capturing this metabolic
heterogeneity. Although notable hurdles remain in elucidating
circRNA-mediated metabolic reprogramming, spanning
mechanistic validation, technological limitations and clinical
translation, the field is poised for advancement. The deep-
ening integration of multi-omics technologies, the initiation
of multi-center prospective clinical studies and continued
optimization of targeted delivery systems (such as antisense
oligonucleotides, small interfering RNAs and CRISPR/Cas
systems) collectively strengthen the potential of circRNAs
to provide critical insights for GC screening, diagnosis,
therapeutic monitoring and detection of recurrence (174).

7. Conclusion

GC exhibits high heterogeneity and its pathogenesis involves
complex metabolic remodeling networks. circRNAs, as
stable, conserved and functionally versatile members of the
ncRNA family, are no longer regarded as biological ‘dark
matter’. Instead, they have emerged as key regulators of
metabolic reprogramming in GC. Through diverse coding and
non-coding mechanisms, circRNAs indirectly modulate target
genes involved in glucose, lipid, amino acid and nucleotide
metabolism. These findings highlight the interplay between
epigenetic regulation and metabolic phenotypes, underscoring
the potential of circRNAs as biomarkers and therapeutic targets.
However, the pronounced heterogeneity of GC poses notable
challenges for clinical management. The expression profiles
of circRNAs and their selective roles in metabolic regulation
across different molecular subtypes, such as HER2-positive,
EBV-positive and microsatellite instability-high GC remain
poorly characterized. Moreover, current research has largely
focused on the impact of circRNAs on individual metabolic
pathways, such as glycolysis, while systematic investiga-
tions into the mechanisms by which circRNAs coordinately
regulate interconnected metabolic processes in GC are
still lacking. Integrative analysis using metabolomics and
single-cell sequencing remains limited, making it difficult to
capture the spatiotemporal dynamics of circRNA expression
and metabolite concentrations in GC. This gap hinders the
identification of critical regulatory networks. Future studies
should prioritize multi-omics approaches to construct compre-
hensive molecular maps of circRNA-mediated metabolic

reprogramming, thereby providing a theoretical foundation
and technical support for precision metabolic therapy in GC.
In summary, targeting circRNA-regulated metabolic repro-
gramming holds substantial promise for advancing both basic
research and clinical applications in GC.
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