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Globally, around 15—20% of cancers are linked to microbial infections, involving
viruses, bacteria, and fungi, each with distinct pathogenic features. Advanced
multi-omics technologies have con rmed tumor-speci ¢ microbial
communities within tumor tissues. This review categorizes microbes by their
action mechanisms in cancer biology: one group (e.g., Helicobacter pylori , HPV,
Aspergillus species) directly induces tumorigenesis via DNA damage, repairing
pathway disruption, oncoprotein expression, and carcinogenic metabolite
production; the other group (e.g., Fusobacterium nucleatum , HIV, Candida
albicans) modulates tumor progression by regulating the tumor
microenvironment, enhancing tumor cell chemoresistance, or suppressing
anti-tumor immunity. Additionally, this review also explores clinical translation
potential, highlights research challenges, and proposes future directions to
support precision oncology advancement.

KEYWORDS
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1 Introduction

In recent years, the intricate relationship between the microorganisms and cancer has
emerged as a groundbreaking frontier in oncology. Traditionally regarded as passive
bystanders or opportunistic invaders, microorganisms are now recognized as active
participants in carcinogenesis. It is estimated that nearly 15-20% of global cancer cases
are attributable to microbial infections, including viruses, bacteria, and fungi (1). Advanced
multi-omics technologies have revealed that tumor tissues are not sterile, instead, they
harbor diverse microbial communities that are often tumor-type speci c¢. These ndings
challenge the classical one-pathogen-one-disease paradigm and suggest a model wherein
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polymicrobial ecosystems actively contribute to tumor initiation,
progression, and response to therapy. As such, microorganisms are
no longer viewed solely as cancer risk factors but as integral
components of the tumor microenvironment (TME), in uencing
host immunity, in ammation, genomic stability and treatment
resistance. Figure 1 brie y summarizes some common
mechanisms microorganisms employ to induce cancer.

Microorganisms are increasingly recognized as in uential
contributors to tumorigenesis, participating in cancer initiation
and progression through diverse and complex mechanisms.
Viruses, bacteria, and fungi each interact with the host in distinct
ways, collectively shaping TME, altering immune responses, and
affecting genomic stability. These interactions can promote
malignant transformation, support tumor growth, and in uence
therapeutic outcomes. The involvement of microorganisms in
cancer is not limited to a single pathway or effect but re ects a
multifaceted biological interplay that varies across microorganisms
and cancer contexts (2). Given the extensive and profound impact
of microorganisms on cancer biology, this review aims to
comprehensively elaborate on the mechanisms by which different
microorganisms act in the occurrence and development of tumors,
and to deeply explore how to develop innovative strategies for the
prevention, diagnosis, and treatment of cancer based on these
research insights.

10.3389/fonc.2025.1737423

2 Pathogens that directly cause
tumors

Pathogens directly causing tumors, including bacteria, viruses,
and fungi, exert carcinogenic effects through distinct mechanisms.
Bacteria such as Helicobacter pylori and Salmonella Typhi induce
DNA damage, subvert repair pathways, and trigger chronic
in ammation to drive malignant transformation. Oncogenic viruses
encode oncoproteins that disrupt cell cycle regulation, inhibit tumor
suppressors, and promote genomic instability. Fungi like Aspergillus
produce carcinogenic metabolites that induce critical gene mutations.
These pathogens act as primary drivers of tumor initiation by directly
altering host cellular processes.

2.1 Bacteria

Bacteria can directly drive human carcinogenesis via diverse
mechanisms. The most prominent example is Helicobacter pylori,
classi ed as a Group | carcinogen by the World Health
Organization and a major risk factor for gastric cancer. More
recently, other bacteria have been recognized as direct
carcinogenic factors, such as genotoxin-producing pks*
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The common mechanisms which microorganisms use to directly or indirectly induce cancer.
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Escherichia coli and enterotoxigenic Bacteroides fragilis (BFT),
toxin-producing Clostridioides dif cile (TcdB), and the gastric
mucosa colonizer Streptococcus anginosus (3). The following
section focuses on elucidating the speci ¢ molecular mechanisms
of carcinogenesis employed by Helicobacter pylori and
Salmonella Typhi.

2.1.1 Helicobacter pylori

Helicobacter pylori(H.p) is a key risk factor for gastric cancer.
Approximately 90% of gastric cancer cases can be attributed to H.p
infection (4). In 2018, 812,000 cases of gastric cancer, including
gastric non-Hodgkin lymphoma, were recorded, accounting for
about 37% of all cancers driven by chronic infections. This makes
H. pylori the most common carcinogenic pathogen (5). After H.p
infection, chronic in ammation of the gastric mucosa will be
triggered. It mediates the imbalance between cell damage and
repair through chronic in ammation, thus leading to the
occurrence and development of cancer. H. pylori acts on
in ammatory cells, leading to a large accumulation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) by
increasing the expression of Nicotinamide adenine dinucleotide
phosphate(NOX) and inducible nitric oxide synthase (6). Excessive
production of ROS and RNS can lead to multiple DNA damage,
such as point mutations, DNA adducts, and single- or double-
strand breaks (DSB) (7). Under normal physiological conditions,
the precisely regulated DNA Damage Response (DDR) network
within cells promptly identi es and repairs such damage; if the
damage cannot be repaired, this network initiates cell cycle arrest to
ensure genomic stability or triggers the apoptosis program to
eliminate damaged cells. However, the carcinogenic potential of
H. pylori lies not only in its capacity to cause DNA damage but,
more insidiously, in its ability to actively subvert these crucial DNA

TABLE 1 Regulatory effects of CagA on DNA repair pathways.

10.3389/fonc.2025.1737423

repair pathways. This subversion leads to inaccurate repair,
genomic instability, and chromosomal aberrations, paving the
way for malignant transformation. Central to this sabotage are
the bacterium’s key virulence factors, the vacuolating cytotoxin A
(VacA) and the cytotoxin-associated gene A (CagA) protein.

The VacA complex can integrate into the host cell membrane,
functioning as an anionic selection channel. As a channel, VacA
facilitates the release of bicarbonate and organic anions into the
host cell cytoplasm, thereby aiding H. pylori colonization by
providing metabolic substrates for bacterial growth (8).
Exogenous VacA can target different organelles within host cells.
For instance, the VacA complex can enter endosomes via
endocytosis, and it has been suggested that VacA applied
extracellularly can target mitochondria, and it induces the release
of cytochrome C and apoptosis. Additionally, VacA exposure,
particularly with NH4CI, triggers ER stress that induces C/EBP
homologous protein via elF2-alpha kinase, causing mitochondrial
impairment and apoptosis (9, 10).

The CagA protein is a primary driver of H. p-mediated
pathogenesis. It is encoded within a 40-kb genomic region known
as the cag pathogenicity island, which also contains the genes for the
type IV secretion system molecular syringe used for its
translocation into host cells. A primary mechanism by which
CagA undermines genomic integrity is through the widespread
downregulation of genes integral to multiple DNA repair pathways.
This suppression is not random but appears to target key
components across the DDR network. This table elucidates the
impact of CagA on DNA repair pathways (Table 1) and clari es the
relevant molecular mechanisms.

While both toxins contribute to the pathogenic process, their
interaction is complex and reveals an evolutionary strategy. On the
surface, their actions appear antagonistic. VVacA is a potent inducer

Repair pathway Affected gene/protein Findings References
CagA downregulates the expression of these
RADS54L, POLD1, POLD2, TOP3A Downregulation genes, thereby compromising high- delity (11)
Homologous Recombination (HR) repair of DNA double-strand breaks (DSBs).
MRE11,RAD51 Downregulation (11, 12)
. Reduced protein levels impair the recognition
NTHL1L,MUTYH, LIG1 D lat . 11
' ' ownregulation and repair of DNA damage. @
Base Excision Repair (BER) Consistently increased during infection,
APE1 Up-regulation potentially re ecting dysregulation of the (11)
BER pathway rather than mere inhibition.
Core component downregulation leads to
MLH1, MSH2, MSH6 Downregulation microsatellite instability (MSI) and the (11, 13)
Mismatch Repair (MMR) accumulation of mutations
POLD1, POLD2, POLD3, LIG1 Downregulation impacting DNA synthesis and ligation
Downregulation of key genes involved in
DDB1, XPD Downregulation damage recognition and DNA unwinding (11)
leads to impairment of the NER pathway.
Nucleotide Excision Repair (NER)
Downregulation of DNA synthesis and
POLD1, POLD2, POLD3, POLE, LIG1 | Downregulation ligation components promotes replication
stress.
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of apoptosis, a protective mechanism that would eliminate a
damaged cell. However, CagA actively counteracts this VacA-
induced apoptosis. This is achieved through two complementary
mechanisms: Tyrosine-phosphorylated CagA intercepts
endocytosed VacA, preventing it from reaching its intracellular
targets. Unphosphorylated CagA acts at the mitochondrial level to
block the apoptotic cascade initiated by VacA. This antagonism is
not a contradiction but rather a synergy. By disabling VacA'’s cell-
killing function, CagA ensures the survival of the host cell.
However, the affected cells have accumulated DNA damage,
which poses a potential cancer risk (11).

2.1.2 Salmonella Typhi

Salmonella Typhi (S. Typhi) is a pathogen that causes typhoid
fever in humans. In addition to causing acute systemic infections, a
growing body of epidemiological evidence suggests that this
bacterium may play a role in the occurrence and development of
speci ¢ cancers, especially gallbladder cancer (GC). The chronic
carrier state of Salmonella Typhi which is particularly common in
patients with gallbladder stones has been con rmed to be an
important risk factor for gallbladder cancer (14). Recent studies
have shown that compared with non-carriers, chronic carriers of
Salmonella Typhi have a signi cantly increased risk of developing
gallbladder cancer, which is 8.47 times that of the latter (15). S.
Typhi possesses the ability to directly damage host cell DNA, which
is considered one of its most direct carcinogenic mechanisms. This
effect is primarily mediated by its unique typhoid toxin.

Typhoid toxin is a unique cell cycle-blocking lethal toxins
(CDT), whose distinctive structure enables its delivery into host
cells to exert toxic effects (16). Among its components, CdtB
possesses the greatest carcinogenic potential. CdtB exhibits DNase
I-like activity. Once transported into the host cell nucleus via the
typhoid toxin complex, CdtB directly targets chromatin, inducing
DSBs (17).

This DNA damage sets off a cascade of events, including the
recruitment of the DNA damage sensor complex Mrell-Rad50-
Nbs1, which initiates DNA end resection to produce a 3’ overhang.
This leads to the accumulation and full activation of the ATM
kinase at the site of damage (18). ATM activation results in the
phosphorylation of histone H2AX and the activation of several
DNA damage checkpoints, including the tumor suppressor p53 and
its downstream effector p21, which induces cell cycle arrest in the
G1 phase (19). Furthermore, ATM can activate checkpoint kinase 2
(Chk2), and Chk2 in turn inactivates the cell division cycle 25
phosphatase (Cdc25); this process leads to the accumulation of
hyperphosphorylated cyclin-dependent kinase 1 (CDK1),
ultimately arresting the cell proliferation process at the G2/M
phase (20). In some cases, cells exposed to CdtB exhibit markers
of cellular senescence, such as 53BP1/cH2AX-positive foci,
senescence-associated beta-galactosidase activity, and expansion
of promyelocytic nuclear compartments. These pathways allow
cells with DNA damage to accumulate genomic instability and
mutations through the activation of DNA damage checkpoint
responses. The survival of cells with genomic instability is
considered a signi cant factor in cancer development (21).
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The Salmonella virulence factor AvrA enters host colonic
epithelial cells via a type Il secretion system (22). Its core
mechanism involves activating the STAT3 signaling pathway and
stabilizing b-catenin, which upregulates cytokines such as IL-6 and
IL-17. This promotes cell proliferation and fosters an in ammatory
microenvironment, thereby accelerating the development of
colorectal cancer. AvrA is a key tumor-promoting molecule in
infection-associated intestinal carcinogenesis.

CDT can elicit cytotoxic immune responses in cells (23), and
the speci ¢ domain of typhoid toxin optimizes toxin delivery (14).
The ability of cells to survive exposure to CDT is closely linked to
the activation of the small GTPase Ras homolog gene family,
member A (RhoA). This activation is instrumental in promoting
the formation of actin stress bers. Importantly, this process is not a
direct effect of the toxin itself, but rather a cellular response to
genotoxic stress, mediated by the activation of ATM kinase. The
activation of RhoA, in turn, prevents cell death by activating the p38
pathway and its downstream target, mitogen-activated protein
kinase-activated protein kinase 2, thereby prolonging cell survival.
Factors that disrupt normal cell cycle progression can potentially
lead to the accumulation of mutations. This phenomenon is similar
to the effects of genotoxic substances such as ROS and RNS — these
substances have been proven to signi cantly increase the mutation
rate in the genome (24). Therefore, in cells with already damaged
DNA, the activation of survival responses induced by CdtB may
lead to the accumulation of genetic instability within the
in ammatory microenvironment. This microenvironment
precisely provides ideal conditions for the transformation of pre-
cancerous cells into malignant cells, which in turn may promote
carcinogenesis in the host.

2.2 Virus

Oncogenic virus infection is responsible for 15-20% human
cancers (25). There are seven viruses that are con rmed to be
oncogenic, including EBV, HTLV-1, HPV, HBV, HCV, KSHV
and MCPyV. In contrast to bacteria, viral oncogenesis is
characterized expressing oncoproteins. By the integration of
viral genetic material into the host genome, viruses directly
modulating host cell functions and promoting cancerous
transformations through triggering genomic instability,
inhibiting apoptosis, and altering cell cycle regulation. The
following section brie y summarizes how the oncogenic viruses
initiate cancer.

2.2.1 Human papillomavirus

Human Papillomavirus (HPV) is an oncogenic double-stranded
circular DNA virus, which mainly infects squamous epithelial cells
of skin and mucous membranes. Based on the differences in
nucleotide sequences of the L1 gene, HPV can be categorized into
more than 200 subtypes. Low-risk HPV (e.g. HPV6, HPV11) can
cause benign tumors such as papillomas in the oral cavity and
larynx, while high-risk HPV (e.g. HPV16, HPV18) can cause
malignant tumors such as cervical cancer and anal cancer.
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Approximately 70% of all cervical cancers worldwide are caused by
HPV 16 and 18 (26).

HPV protein E5, E6 and E7 are major factors in causing
oncogenesis. E5 interacts with epidermal growth factor receptors
to promote the phosphorylation of AKT and the activation of
mTOR, thus inhibiting keratinocyte differentiation and
maintaining an undifferentiated state, which facilitate viral
replication (27). The high-risk HPV E6 contains a PDZ-binding
domain, which helps it target and degrade various cellular proteins
that are mediated by the PI13K/AKkt signals such as human disc large
and membrane-associated guanylate kinase (MAGUK), which
helps disrupting cell polarity and signal transduction, activating
the PI3K/Akt pathway (28). E7 can bind to and inhibit the
retinoblastoma protein (pRB) to release E2F transcription factor,
thus eliminating its suppression of the cell cycle and promoting the
cell entering the S phase (29). Therefore, the normal regulatory
mechanisms is disrupted, and ultimately it results in abnormal
cell proliferation.

2.2.2 Epstein-Barr virus

Epstein-Barr virus (Epstein-Barr virus, EBV) is an oncogenic
double-stranded DNA virus that primarily infects lymphocytes and
oropharyngeal epithelial cells. Globally, EBV infection can be
detected in approximately 30%—40% of cases of classical Hodgkin's
lymphoma (cHL). Besides, EBV has a direct causal relationship with
the occurrence of several types of other cancers, such as Burkitt
lymphoma, nasopharyngeal carcinoma, EBV-associated gastric
cancer, and EBV-associated T/NK cell lymphoma (30).

Latent membrane protein 1 (LMP1) and latent membrane
protein 2A (LMP2A),which are expressed by EBV in host cells,
are key oncoproteins of the virus. They mainly promote the
carcinogenesis process by regulating signaling pathways in host
cells. Figure 2 demonstrates how LMP2A modulates signaling
pathways. LMP1 is a potent activator of nuclear factor-kB (NF-
kB) signaling. It activates the NF-kB signaling pathway by
mimicking the structure and function of TNFR and recruiting
IRAK1 and TRAF6. Once activated, this pathway upregulates the
expression levels of molecules such as A20 and c-l1AP, which
ultimately enhances cell survival capacity. In addition, LMP1 can
activate the P13K/Akt pathway, which inactivates the pro-apoptotic
proteins Bad and Foxo3a in cells through phosphorylation
modi cation (31). To inhibit apoptosis, LMP1 also activates BCL2
family proteins (32). What's more, EBV microRNAs targets genes
to help cell survival. The intronic regions of the BamHI rightward
transcript (BART) of Epstein-Barr virus (EBV) can synthesize
BART-microRNA. BART-microRNA targets Bcl-2 interacting
mediator of cell death to eradicate its inhibition of the
antiapoptotic action of BCL2.

2.2.3 Hepatitis B virus

Hepatitis B virus (HBV) is an oncogenic partially double-
stranded DNA virus which primarily infects hepatocytes,
especially the parenchymal liver cells. HBV has a direct causal
relationship with hepatocellular carcinoma (HCC). It's estimated
that HBV leads to over 50% of HCC cases globally (33).
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Most HBV breakpoints are close to coding genes. HBV DNA is
mainly integrated into exons or regulatory regions, including the
telomerase, mixed lineage leukemia protein 4, cyclin 1, Sentrin-
speci ¢ protease 5 (SENP5) and Rho-associated coiled-coil
containing protein kinase 1 genes (34). HBx-LINEL expression in
HBV-related HCCs downregulates microRNA 122, whose role is a
potent anti-in ammatory tumor suppressor in liver, leading to the
derepression of hundreds of microRNA 122 targeted genes and the
disruption of liver homeostasis (35). HBx protein regulates the
transcription of viral and host genes and activates multiple cellular
signaling pathways which are involved in in ammation and
proliferation, such as the Wnt/b-catenin pathway (36), MAPK
pathway (37), thus promoting cell proliferation and inhibit
apoptosis. Figure 3 demonstrates how HBx modulate WNT/b-
catenin pathway. HBx protein can bind the chromatin of host
cells, affecting gene expression and promoting viral replication and
cell transformation. Mutations in preS/S proteins can lead to
endoplasmic reticulum stress, activating the unfolded protein
response, increasing intracellular oxidative stress and DNA
damage, thus promoting the transformation of hepatocytes (38).

2.2.4 Human T-lymphotropic virus 1

Human T-lymphotropic virus 1 (HTLV-1) is an oncogenic
single-stranded RNA retrovirus which mainly infects CD4 + T
cells and integrates into host DNA (39). HTLV-1 has a direct causal
relationship with adult T-cell leukemia/lymphoma (ATL) (40). In
the oncogenic process of human T-lymphotropic virus type 1
(HTLV-1), two key regulatory proteins, the HTLV-1
transactivator x (Tax) and the HTLV-1 basic leucine zipper factor
(HBZ) are encoded by it and play important roles.

Tax is a transactivator of viral RNA and has the capability to
induce viral replication which helps increasing genetic instability.
Tax leads to the persistent phosphorylation, ubiquitination, and
subsequent proteasomal degradation of IkBa, triggering NF-kB
activation and inducing the constitutive phosphorylation and
activation of the inhibitor of NF-kB kinase (IKK) complex in an
aim of sustaining NF-kB activation (41). Tax activates CDK4
through inhibiting its inhibitors including p15, p16, p18 and p19,
thus facilitating S phase entry and cell proliferation (42).

HBZ is an antisense transcript of the HTLV-1 provirus and
contributes greatly in viral replication and T-cell proliferation.
C/EBPa is a vital negative regulator of cell proliferation. HBZ
interacts with C/EBPa and diminishes its DNA binding capacity,
thereby overcoming the suppressive effect of C/EBPa on cell
growth, leading to cell proliferation (43). Besides, through
dysregulating the WNT signaling pathway, it promotes migration
and proliferation (44).

2.2.5 Hepatitis C virus

Hepatitis C virus (HCV) is an oncogenic single-stranded
positive-sense RNA virus. There is a clear causal relationship
between HCV infection and hepatocellular carcinoma (HCC)
(45). The mechanisms HCV employs to induce HCC include
triggering oxidative stress, contributing to hepatic steatosis and
deregulating cellular pathways.
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FIGURE 2
How LMP2A modulates signaling pathways: LMP2A induces AKT phosphorylation and activates the PI3K—AKT pathway, which leads to an anti-
apoptotic function that prevents the removal of damaged cells. LMP2A also stabilizes b-catenin, which result in the upregulates downstream genes
and increases cell proliferation and promote tumorigenesis.

HCV core, E1, E2, NS4B, and NS5A proteins can induce the
release of calcium ions and hydrogen peroxide in the
endoplasmic reticulum (ER), thereby triggering endoplasmic
reticulum oxidative stress (46, 47). NS5A also facilitates
calcium uptake in the mitochondria and ER, leading to
increased production of ROS. In addition, the HCV core
protein and NS5A further elevate ROS levels by upregulating
cytochrome P450 2E1 and NADPH oxidases (48). Both hydrogen
peroxide which is released into the cytoplasm or nucleus and the
increase of ROS may lead to direct DNA damage, thus promoting
gene mutations and carcinogenesis (49).

HCV proteins activate cell survival and proliferation signaling
pathways through various mechanisms. For example, NS5B binds
to the tumor suppressor Rb to facilitate proteasomal degradation,
releasing E2F to promote the expression of cell cycle-dependent
genes, thus advancing the cell cycle and evading the G1/S
checkpoint (50). NS5A activates the PI3K/Akt pathway by
binding to and inactivating the tumor suppressor phosphatase
and tensin homolog (pTEN), which promotes cell proliferation
and survival (51). Additionally, the HCV core protein, E2, NS3, and
NS5A interact with the RAF/MAPK/ERK pathway to promote cell
proliferation (52).
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2.2.6 Kaposi sarcoma-associated herpesvirus

Kaposi sarcoma-associated herpesvirus (KSHV) is an oncogenic
double-stranded DNA virus that can directly induce Kaposi sarcoma
(KS) (53). The mechanisms it employs mainly include promoting cell
proliferation and escaping from host immune surveillance.

Oncoproteins of KSHV can subvert pathways controlling
cellular proliferation to promote cell proliferation. Table 2
demonstrates the signaling pathways modulated by oncogenic
virus factors of KSHV. The LANA protein encoded by KSHV can
stably regulate b-catenin by activating the WNT/b-catenin
signaling pathway; this regulatory effect further upregulates the
expression levels of downstream target genes (such as CCND1 and
MYC), thereby promoting abnormal cell proliferation and
ultimately driving tumorigenesis (61). Additionally, the K1
protein of KSHV inhibits apoptosis by activating the AKT
signaling pathway, thereby protecting virus-infected cells from
premature death and providing favorable conditions for KSHV-
induced tumorigenesis (62).

2.2.7 Merkel cell polyoma virus

Merkel cell polyomavirus (Merkel cell polyomavirus, MCPyV)
is an oncogenic double-stranded DNA virus that has a direct causal
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FIGURE 3

proliferation, which ultimately result in HCC development.

How HBx modulate WNT/b-catenin pathway: Through inhibiting APC-mediated b-catenin degradation, stabilizing b-catenin, promoting the
translocation of b-catenin and directly activate the WNT/b-catenin pathway, HBx stimulates abnormal transcription of target genes that drive cell

relationship with Merkel cell carcinoma (63). The mechanisms it
employs mainly include promoting cell proliferation and
manipulating the host DNA damage response.

The small T oncoprotein of MCPyV can target 4E-BP1
downstream of the PI3K-AKT-mTOR signaling pathway,
promoting its phosphorylation. This leads to excessive activation
of cap-dependent translation, thereby facilitating cellular
transformation (64). By activating the mTOR signaling pathway,
MCPyV can promote cell proliferation and survival, thus providing
favorable conditions for tumorigenesis.

The large T antigen of MCPyV can activate the host's DDR.
However, at the same time, it can also inhibit the normal function of
DDR through multiple mechanisms, leading to genomic instability.
For example, the large T antigen of MCPyV can bind to and inhibit
key proteins in the DNA, such as ATM and ATR. Thus, it impedes
the repair of DNA damage, increases the risk of gene mutations, and
promotes the development of tumors (65).
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2.3 Fungus

Aspergillus is a type of fungus that is widely found in nature,
especially in soil, decaying plants, and in the air. Although most
Aspergillus species are harmless to humans, certain types such as
Aspergillus fumigatus can cause infections, especially in
individuals with weakened immune systems. Certain secondary
metabolites produced by some species of Aspergillus, such as
a atoxins, possess strong carcinogenic properties, particularly
a atoxin B1(AFB1), which is closely associated with the
occurrence of liver cancer (66).

The TP53 R249S mutation is a common mutation type in HCC,
especially signi cant in the context of exposure to AFB1 and co-
infection with HBV (67). TP53 is an important tumor suppressor
gene responsible for regulating the cell cycle, DNA repair, and
apoptosis. The R249S mutation disrupts the normal function of the
p53 protein, leading to a loss of DNA repair capacity in cells and
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