
Review Article

Hepatitis B virus integration and hepatocarcinogenesis

Linlin Ma a,b,1, Shuzhen Chen b,c,1, Hongyang Wang a,b,c,*, Lei Chen a,b,c,**

a Fudan University Shanghai Cancer Center, Department of Oncology, Shanghai Medical College, Fudan University, Shanghai, China
b National Center for Liver Cancer, Naval Medical University, Shanghai, China
c International Cooperation Laboratory on Signal Transduction, Third Affiliated Hospital of Naval Medical University, Shanghai, China

a r t i c l e  i n f o

Article history:
Received 6 March 2025
Received in revised form 
26 May 2025
Accepted 2 September 2025

Keywords:
Hepatocellular carcinoma (HCC)
Extrachromosomal circular DNA (ecDNA)
Hepatitis B virus X (HBx) protein
Hepatocarcinogenesis
Integration

a b s t r a c t

Hepatitis B virus (HBV) is the most common cause of hepatocellular carcinoma (HCC), which is the 
predominant liver cancer type in Southeast Asia. Approximately 350 million individuals suffer from 
persistent hepatitis B infection worldwide. HBV promotes HCC development through direct and indirect 
mechanisms. HBV DNA integrates into the host genome during the initial stages of tumorigenesis, 
causing insertional mutagenesis of cancer-related genes and genomic instability. Extrachromosomal 
circular DNA (ecDNA) is formed, which is efficiently amplified in large quantities to express viral genes 
and host oncogenes. Moreover, virus-associated proteins, such as the regulatory HBV X (HBx) protein 
and/or the modified  preS/S envelope protein, alter the expression of genes associated with multiple 
functions in host cells. In this review, we summarize the role of the HBx and preS/S proteins in pro
moting tumorigenesis. In addition to summarizing the specific mechanism of HBV-related tumorigen
esis, the concerns and perspectives for future study are discussed.
© 2025 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B. V. on 
behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY license (http:// 

creativecommons.org/licenses/by/4.0/).

1. Introduction

Hepatocellular carcinoma (HCC) is the third most common 
cause of cancer-related deaths worldwide and the sixth most 
common type of cancer overall.1,2 Based on the latest estimates 
from the World Health Organization, the global seropositivity of 
hepatitis B surface antigen (HBsAg) is 3.8%. The global age- 
standardized death rate from hepatitis B virus (HBV)-related 
cirrhosis in 2019 was 4.03 per 100,000 individuals.3 Nearly half of 
the cirrhosis and chronic liver disease deaths and three-fourths of 
the HCC deaths occur in the Asia-Pacific region, which harbors the 
largest global burden of HBV infection. Of the 257.5 million people 
infected with HBV worldwide in 2022, approximately 65% live in 
the Asia-Pacific region. According to the Global Burden of Disease 
2019 Study, an estimated 555,000 individuals worldwide died 

from HBV infection, of which 375,000 (67.5%) were in the Asia- 
Pacific region.3–5

HCC development is influenced  by a combination of genetic 
predisposition, environmental factors (e.g., metabolic syndrome, 
alcohol, aflatoxin B1, and aristolocholic acid), and viruses (e.g., HBV 
and HCV). Chronic HBV infection accounts for at least half of all 
HCC cases worldwide. Based on epidemiological studies, HBV 
carriers are ten times more likely to develop HCC compared with 
noncarriers.6 Aflatoxin B1 (AFB1) exposure combined with chronic 
HBV infection results in an exceptionally high rate of HCC in sub
tropical Asian and African countries. Although preventative vac
cines have become prevalent over the past decade, the statistics 
indicate that while immunization significantly lowers the risk of 
contracting hepatitis B, there is still a considerable number of in
dividuals infected with hepatitis B because of mother-to-child 
transmission.7,8 Moreover, chronic hepatitis B (CHB) patients are 
still considered incurable and are at risk for developing HCC. Most 
liver cancers arise from cirrhosis; however, cirrhosis is absent in up 
to one-third of patients with HBV-related HCC.9,10 The possibility 
that HBV directly contributes to liver transformation is supported 
by the development of HBV-associated HCC in non-cirrhotic livers. 
Therefore, the underlying mechanisms responsible for HCC 
tumorigenesis related to HBV infection have remained an active 
area of investigation for decades.
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HBV is an enveloped DNA virus consisting of three viral surface 
antigens that surround a nucleocapsid composed of hepatitis B 
core (HBc) protein, viral polymerase (Pol), and viral genomic DNA. 
Its genomic DNA exists in a relaxed circular DNA (rcDNA) form and 
is approximately 3.2 kb in length, with a complete minus strand 
and an incomplete plus strand. The HBV genome evolves relatively 
slowly and is highly conserved. Based on sequencing analyses of 
HBV genes from ancient cadavers dating back 800 years and 4500 
years, the annual replacement mutation rate of each base was 
determined to be 8.04 ×10− 6− 1.51 ×10− 5, which suggests that the 
tree root for HBV was established 8600–20,000 years ago.11,12

The viral genome encodes four open reading frames (ORFs), C, P, 
S, and X, from which functional viral proteins are produced. These 
include HBc from C, Pol from P, three types of surface antigens 
(preS1, preS2, and HBs) from S, and the HBV X (HBx) protein from 
X. Of these, HBx is a multifunctional protein that not only pro
motes virus production at multiple steps, including viral tran
scription and replication, but also plays a role in the development 
of HBV-related HCC. Moreover, the emergence and takeover of 
HBV variants carrying mutation(s) in the preS/S genomic region is 
a frequent event, which suggests an essential role for preS/S in 
hepatocarcinogenesis.13–15

2. The integration of the HBV genome into the host genome

HBV integration refers to the insertion of a fragment or whole 
HBV genome into the host genome. After the receptor-mediated 
entry of HBV into the cell, the nucleocapsid containing the 
rcDNA genome is released into the cytoplasm and moves to the 
nucleus. The released rcDNA is transformed into covalently closed 
circular DNA (cccDNA) through the activity of nuclear host cyto
kines, which are engaged in various aspects of DNA repair. The 
cccDNA is transcribed into a pre-genomic RNA (pgRNA) and 
messenger RNA. The pgRNA is encased in the viral capsid along 
with the viral polymerase. Reverse transcription of pgRNA occurs 
through a complex series of steps inside the nucleocapsid to pro
duce rcDNA or double-stranded linear DNA (dslDNA).16,17 This 
dslDNA is an abnormal by-product of viral DNA synthesis caused 
by in situ primers of the viral DNA plus strand,18,19 which may be 
recycled into the nucleus or released from the liver cells as fresh 
virions.17 The dslDNA is usually inserted into the human genome 
through terminal direct repeat binding. Once integrated into the 
nucleus, dslDNA replication intermediates may be used as sub
strates for the integration of the host genome at broken double- 
stranded DNA sites through either non-homologous end ligation 
or microhomologous-mediated end ligation, which occurs in 1 out 
of 105 to 106 infected cells.19

Although the ORFs of the DNA polymerase and HBsAg/hepatitis 
B core antigen (HBcAg) are split off from their promoters in their 
integrated form, the HBsAg ORF is still expressed.20,21 Several 
studies indicate that integrated HBV DNA expresses only the sur
face, but not the core encoding transcript.22,23 Therefore, how the 
structure of the HBV DNA is rearranged during integration with the 
host genome influences  the function of the ORF of the virus is 
unclear.20

3. HBV DNA integration is associated with HCC development

3.1. Clinical implications of HBV integration with HCC

HBV DNA integration into host chromosomes occurs in 
approximately 90% of HBV-related HCCs, and this integration can 
be observed at the early stages of HBV infection in vitro and 
in vivo.19,24–27 Nucleos(t)ide analogues, which are known to inhibit 
HBV replication and decrease HBsAg levels, are commonly used for 

the treatment of HBV, thereby mitigating HCC risk. A study of 28 
patients revealed that nucleos(t)ide analogues reduced HBV DNA 
integration (median integration frequency was 1.01 × 109 before 
treatment and 5.74 × 108 after 1 year of treatment). The median 
integration frequency after 10 years of treatment was 4.84 × 107, 
and hepatocellular clonal expansion (from 2.41 × 105 before 
treatment to 1.22 × 105 after one year of treatment, and 2.55 × 104 

after 10 years of treatment) significantly  decreased, suggesting 
that there is an alternative pathway to reducing HCC risk besides 
direct viral suppression.28 Currently, the focus of HBV antiviral 
therapy is to achieve a functional cure; that is, the elimination of 
HBsAg. Spatial transcriptome studies have revealed that tran
scriptionally active HBV integration is lower in HBsAg-deficient 
patients (almost undetectable), which provides further evidence 
that treatment with nucleos(t)ide analogues is effective at the 
long-term prevention of HCC.29

3.2. Development of HBV integration to HCC

It requires decades for HBV infection to result in HCC because 
the infected liver cells need to overcome many host defense bar
riers for transformation to occur. Once liver cells are infected with 
HBV, those carrying integrated HBV DNA are monitored, and most 
are eliminated by the host immune system; however, some liver 
cells with integrated HBV DNA are capable of evading immune 
clearance. When chronic HBV infection enters the inactive carrier 
phase, HBV DNA replication is restricted and evades immune 
surveillance. During this stage, the integrated HBV can still pro
mote cell proliferation through the regulatory function of DNA 
insertional mutations. The CHB mouse model indicated that sus
tained recognition of HBsAg resulting from HBV integration 
rendered envelope-specific  CD8+ T cells capable of sustaining 
prolonged moderate hepatocyte injury. Moderately severe, but 
persistent CD8+ T-cell-dependent liver disease underlies persis
tent hepatocellular necrosis and regeneration, which ultimately 
leads to the progression of CHB.30–33 With the help of other 
concomitant somatic mutations, HBV DNA integration may enable 
individual cancerous hepatocytes to gain a clonal proliferative 
advantage and promote liver cancer.

Although HBV integration occurs randomly in chromosomes in 
CHB-infected liver tissues, there are HBV DNA integration hotspots 
in the chromosomes of HCC cells, such as telomerase reverse 
transcriptase (TERT), gene promoters, and exons of mixed-lineage 
leukemia-4 (MLL4), which are associated with HCC tumorigenesis. 
The emergence of these HBV integration hotspots suggests that 
HBV-integrated hepatocytes undergo positive selection through a 
specific mechanism.34,35 When irregular mutations accumulate in 
cells, some gain an advantage in uncontrolled proliferation and 
expand rapidly. Clonal expansion of error-carrying liver cells is 
common in HCC tissues, but occurs less frequently in normal liver 
tissues, although the emergence of positively selected clones is not 
necessarily associated with the presence of cancer. However, some 
studies suggest the presence of a common tumor driver gene in 
selected clones of normal tissues, which provides evidence for a 
strong link to cancer development during the early stages of 
carcinogenesis.36

Although HBV integration is common in tumor and nontumor 
hepatocytes, their patterns of integration differ. Compared with 
nontumor tissues, HCC exhibits a higher frequency and number of 
integration events in coding or promoter regions.37,38 More than 
three-quarters of tumor tissue exhibited HBV integration, whereas 
nontumor tissue contained less than half of that amount.39 Next- 
generation sequencing studies have also indicated significant dif
ferences in HBV integration patterns between tumor and adjacent 
nontumor tissue samples from the same patient.37,40,41 Of the 
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several hundred HBV insertions detected in tumor and nontumor 
tissues, only 64 genes were identified as shared.37 Other than the 
discrepancy in mutation number and pattern, a relatively random 
distribution of integration sites was observed in nontumor sam
ples; however, the integration sites in tumor samples were 
enriched on chromosomes 5, 16, 17, and 19, indicating preferential 
integration into chromosomes.42 Similarly, while HBV integration 
is very common in CHB, only a minority of the viral integration 
events are pathogenic. Several factors may result in the different 
outcomes for HBV carriers, such as viral DNA integration pattern, 
gene mutation caused by the integration, and genetic heteroge
neity of HBV carriers.43

4. Mechanisms underlying HBV integration-induced HCC

Studies have shown that, in general, integrated HBV DNA does 
not produce pgRNA or facilitate HBV replication.17 This has led to 
theories that integrated HBV DNA is a cause of carcinogenesis. The 
reported mechanisms include (i) Insertion mutations, in which 
viral DNA is integrated into host genes, such as TERT, cyclin E1 
(CCNE1), and MLL4, thus promoting genomic instability; (ii) Un
stable chromosomes caused by incorporated HBV DNA;44 and (iii) 
Viral oncoproteins, including HBx and S/preS, which alter cell 
function and trigger carcinogenic pathways. Studies of human 
HBV-associated HCC have revealed high heterogeneity of the 
driving mechanism (Table 1).37,42,45–51

4.1. Insertional mutagenesis

HBV integration appears to exert insertional mutation pressure 
on the human genome. Approximately 40% of the HBV breakpoints 
in the HBV genome occur near viral enhancers, X genes, and core 
ORFs, whereas the majority of HBV breakpoints are located near 
coding genes, primarily in exons or regulatory regions of genes, 
such as TERT, MLL4, and CCNE1.37 Frequent insertion of HBV DNA 
into TERT promoters induces TERT expression and promotes 
resistance to cell aging and death.45,46 Recent studies indicate that 
HBV also inserts into the intron region of TERT, which results in 
increased TERT expression in HCC; however, the specific regulatory 
mechanism of HBV intron insertion leading to gene upregulation is 
unclear.

The HBV integration breakpoint is frequently inserted into 
MLL4 either in the intron or exon.37,48 MLL4 is a member of the 

ASC-2 complex and a histone lysine N-methyltransferase that 
functions in the p53 tumor suppressor pathway. HBV insertions 
into MLL4 often result in epigenomic modification.47,52 Tran
scriptome profiling data indicate a more than 20-fold increase in 
MLL4 expression in HCC. The recurrence of MLL4 gene integration 
sites demonstrates the pathogenic role of HBV integration in 
HCC.37

In eukaryotic cells, cyclins are known to be associated with 
carcinogenic signals and are primarily engaged in regulating cell 
cycle events. The CCNE1 gene is also a common target for recurrent 
HBV integration in patients with liver cancer.37 Recurrent HBV 
insertions into CCNE1 inhibit the retinoblastoma (RB) pathway, 
which regulates the G1/S cell cycle.37 RNA sequencing analysis 
confirmed that the HBV gene fuses with the last exon of CCNE1 to 
form transcripts, which results in an increase in cyclin E1 
expression and is associated with reduced disease-free survival.53

Therefore, HBV integration into the CCNE1 gene locus drives 
abnormal cell cycle regulation during the emergence and pro
gression of HCC.

HBV DNA integration also occurs inside or close to repetitive 
noncoding sequences, which consist of long interspersed nuclear 
elements (LINEs) and short interspersed nuclear elements 
(SINEs).42,54 The virus–human hybrid HBx-LINE transcript was 
discovered by Lau et al.55 in HBV-positive HCC, which exhibits 
carcinogenic qualities independent of its protein product and is 
associated with reduced overall survival in HCC patients.55,56 HBx- 
LINE1 contains six miR-122 binding sites and serves as a molecular 
sponge for cellular miR-122, thus preventing HBV replication by 
interacting with cyclin G1.57,58 HBx-LINE1 inhibits miR-122, pro
motes epithelial mesenchymal transformation (EMT)-like alter
ations, and inhibits autophagy in cultured hepatic tumor cells.49 It 
also increases phosphorylated β-catenin levels, which is linked to 
cell proliferation and is an indicator of liver tissue damage.50

However, the HBV-LINE1 fusion transcript appears to be restricted 
to HBV genotype C in Asian population and has not been identified 
in HBV-associated HCC in European patients.59

Extrachromosomal circular DNA (ecDNA) is a type of circular 
DNA that exists outside of the chromosome and promotes carci
nogenesis through multiple mechanisms. First, ecDNA amplifies 
oncogene expression through copy number gain. Because of the 
absence of centromeres, ecDNA is asymmetrically distributed 
during cell division, resulting in its unequal inheritance by 
daughter cells. This results in a subset of progeny cells harboring 

Table 1 
HBV genome integration induces insertional mutagenesis and chromosomal instability.

Mechanisms Region Targeted gene Tumor vs. adjacent liver Function Reference

Insertional mutagenesis Near the coding genes TERT gene (23.7%) High in tumors 
Tumor: (86.4%) adjacent liver: 
(30.7%)

Inducing telomerase 
transcription and promoting 
resistance to cell aging and 
death in tumors

37,45,46

MLL4 gene (11.8%) Downregulating the p53 tumor 
suppressor pathway

37,47,48

CCNE1 gene (5%) Inhibiting the RB pathway, 
affecting the G1/S cell cycle

37

Inside or close to repetitive 
noncoding sequences

HBx-LINE1 Unknown Inhibiting miR-122, promoting 
EMT-like alterations, and 
inhibiting autophagy

42,49

Affecting Wnt/β-catenin 
pathway

42,50

Chromosomal instability Mainly in the intergenic 
regions and repetitive 
sequences

A set of caspase genes High in tumors (somatic copy 
number variation positively 
correlated with HBV 
integration)

Loss of copy numbers at the 
caspase site leads to the 
inhibition of apoptosis.

42,51

Abbreviations: CCNE1, cyclin E1; EMT, epithelial mesenchymal transformation; HBV, hepatitis B virus; HBx-LINE1, hybrid RNA transcript of the human LINE1 and the HBV- 
encoded X gene; miR, microRNA; MLL4, mixed-lineage leukemia-4; RB, retinoblastoma; TERT, telomerase reverse transcriptase.
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higher ecDNA copy numbers compared with those in the parental 
cells, thus enabling ecDNA-positive cancer cells to rapidly prolif
erate and accumulate through clonal expansion.60,61 Moreover, 
ecDNA augments transcriptional activity by increasing chromatin 
accessibility. In colorectal cancer and glioblastoma, ecDNA is 
organized into nucleosomes, but lacks higher-order compaction, 
which is a hallmark of transcriptionally repressive chromatin, thus 
potentiating an open chromatin state. Moreover, ecDNA exhibits 
reduced DNA methylation at regulatory elements, further desta
bilizing epigenetic silencing.60,62 Furthermore, ecDNA serves as a 
reservoir for DNA recombination, in which it promotes resistance 
to chemotherapeutic drugs and targeted therapies. Finally, circular 
ecDNA is resistant to digestion by exonuclease enzymes compared 
with linear DNA, so it persists long after it is released from cells 
into the bloodstream.60,63–67

In HBV-related HCC, HBV-TERT integration cyclizes into ecDNA. 
The resulting HBV-oncogene-ecDNA structure increases HBV copy 
number and promotes oncogene expression (Fig. 1).60,64 We re
ported ecDNA in 27.3% of liver cancer samples and identified a total 
of 76 oncogenes in ecDNA, including proto-oncogenes, such as 
MYC.64 Because of the carcinogenic effects of ecDNA and their 
relatively stable characteristics in the bloodstream, ecDNA detec
tion by sequencing yields possible clues for the evaluation of HCC 
prognosis.

4.2. Induction of chromosomal instability by the integrated DNA

Compared with cancers associated with other risk factors, 
HBV-related malignancies typically have a higher frequency of 
chromosomal abnormalities because of genomic instability 
through viral DNA integration.68,69 Increased copy number 
variations at HBV breakpoint positions were detected by whole- 
genome sequencing of HBV-related HCCs.37,70 Insertion of the 
HBV genome results in copy number alterations and genomic 
instability, which indirectly affects gene expression. One study 
showed that 10% of liver cancer samples exhibited a loss of copy 
number at the caspase site. This resulted in the loss of hetero
zygosity of a set of caspases (CASP1, CASP4, CASP5, CASP12) and 
caspase recruitment domain family members (CARD16 and 
CARD17), which further affected the execution stage of 
apoptosis. Some reports suggest that chromosome instability 
caused by HBV results in the augmentation of HBV integration 
in host cell lines,71,72 because DNA damage may cause more 
double-stranded DNA breaks, which provides an opportunity for 
HBV integration.

4.3. Role of viral proteins in carcinogenesis

Although HBV integration exhibits a relatively muted effect on 
viral replication, the exogenous expression of wild-type and 
truncated HBx or preS has been reported as the potential mediator 
for cell function, such as activating carcinogenic pathways 
(Fig. 2).17,73

4.3.1. HBx
The HBx gene is the most frequently observed viral ORF that is 

incorporated into the host genome of individuals with liver can
cer.74 HBx consists of two functional domains: COOH-terminal 
polypeptides (pro-apoptotic effects) and NH2-terminal interme
diate peptides (carcinogenic effects). HCC develops as a result of 
the imbalance being disrupted, and carcinogenic pathways take 
over when the pro-apoptotic domain is eliminated by an uniden
tified  mechanism. The HBx protein is a multifunctional protein 
that promotes liver cancer by (i) activating a variety of transcrip
tion factors; (ii) interacting with oncogenes and tumor suppressor 
genes; (iii) stimulating cytoplasmic signaling pathways; and (iv) 
interacting with noncoding RNAs (Table 2).75–87

Several transcription factors, including nuclear factor-kappa B 
(NF-κB), activator protein-1 (AP-1), and activator protein-2 (AP-2), 
are transactivated by HBx. In addition, the expression of the pro
tein kinase C (PKC) activator diacylglycerol (DAG) is induced by 
HBx, which increases the expression of PKC-dependent tran
scription factors, thereby promoting HBV replication and the 
occurrence of HCC. Another study reported that HBx enters the 
protein-protein complex of the cellular transcription factors cAMP 
response element binding protein (CREB) and activating tran
scription factor-2 (ATF-2), resulting in the binding of the complex 
to HBV enhancers, which in turn, increase HBV replication and 
promote hepatocarcinogenesis.76 A recent study demonstrated 
that the structural maintenance of chromosomes 5/6 (Smc5/6) 
complex plays a role as a restriction factor that specifically  pre
vents ecDNA transcription. HBx protein enhanced Smc5/6 tran
scriptional suppressor complex ubiquitination, thus stimulating 
the transcription of HBV cccDNA.77

HBx promotes hepatocarcinogenesis by interacting with tumor 
suppressor genes (e.g., p16, p53, and RB) or oncogenes (e.g., RAS and 
CTNNB1). Tumor suppressor gene promoters, such as p16/INK4A, 
become regionally hypermethylated through the relocation of 
DNA methyltransferase 3A (DNMT3A) when bound by HBx.88 HBx 
binds to TP53 and directly inhibits p53 nucleotide excision repair 
and transcription-coupled repair, weakening p53-mediated 

Fig. 1. The process of hepatitis B virus (HBV) integration leading to hepatocarcinogenesis. Left: HBV is integrated into the human genome. Middle: HBV integrates into host 
chromosomes, undergoes chromosomal translocation, and activates host proto-oncogenes. Right: HBV-oncogene integration cyclizes into extrachromosomal circular DNA 
(ecDNA). The stable circular structure of ecDNA results in higher levels of oncogene transcription.
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apoptosis and cell cycle checkpoint function.78 Furthermore, HBx 
indirectly reduces p53 expression by downregulating two p53 
activators, apoptosis-stimulating p53 proteins 1 and 2 (ASPP1 and 
ASPP2).79 Moreover, HBx interacts with the p53 regulator prolyl 
isomerase NIMA-interacting 1 (Pin1), which activates downstream 
target genes and promotes tumorigenesis. Through promoter 

methylation, HBx suppresses cyclin-dependent kinase (CDK) in
hibitors, which inactivates the RB tumor suppressor.80

Besides inhibiting tumor suppressive genes, HBx activates on
cogenes through various mechanisms. Ras, a well-known proto- 
oncogene, is associated with multiple cancers when abnormally 
activated. The Ras protein is a monomeric GTPase that may be 

Fig. 2. The hepatitis B virus (HBV) genome DNA exists as a relaxed-circular DNA (rcDNA) that encodes four open reading frames (ORFs), C, P, S, and X. X and preS/S are 
translated into the HBx protein and three surface antigens, respectively. HBx and PreS/S affect the etiology of HCC through various mechanisms. Abbreviations: AP, activator 
protein; CTNNB1, beta-catenin; ER, endoplasmic reticulum; hTERT, human telomerase reverse transcriptase; lncRNA, long-stranded noncoding RNA; miRNA, microRNA; mTOR, 
mammalian target of rapamycin; NF-κ B, nuclear factor-kappa B; RB, retinoblastoma.

Table 2 
Carcinogenic mechanisms of HBx.

Mechanisms Function Source of evidence Reference

Activating a variety of 
transcription factors

Promoting NF-κB to inhibit 
TNF-α and Fas-mediated 
apoptosis

Cell experiments (hepatoma cell lines: HepG2 and Huh7) 75

Stimulating the transcription 
factors CREB and ATF-2

Cell experiments (hepatoma cell line: HepG2) 76

Disrupting the Smc5/6 complex 
and relieving transcriptional 
repression

Cell experiments (hepatoma cell lines: HepG2 and HepAD38) 77

+ animal experiments (human liver chimeric uPA-SCID mice)

Interacting with oncogenes and 
tumor suppressor genes

Inhibiting tumor suppressive 
genes (inhibiting p53 and 
inactivating the RB gene)

Cell experiments (hepatocyte cell line: THLE-5b; hepatoma cell lines: Hep3B, SK-Hep- 
1, HepG2, Huh7, 97L, PLC/PRF/5, and SMMC7721)

78–80

+ animal experiments (HBx-transgenic mice and Balb/c nude mice)
+ clinical samples (paired HCC samples, n = 51)

Activating oncogenes: the Ras- 
GTP complex

Cell experiments 81

Stimulating cytoplasmic 
signaling pathways

Activating the mTOR signaling 
pathway

Cell experiments (hepatoma cell lines: HepG2, Hep3B, Huh7, and Hep2.2.15) 82

+ animal experiments (DEN-induced HCC mouse model and spontaneous HCC mouse 
model)
+ clinical samples (paired HCC samples, n = 80)

Affecting the Fas/FasL signaling 
pathway

Cell experiments (hepatoma cell lines: HepG2, SNU-354, SNU-368, SNU-387, SNU-398, 
and SNU-423)

83,84

+ animal experiments (HBx homozygote transgenic mice)
+ clinical samples (paired HCC samples, n = 15)

Interacting with noncoding 
RNAs

Affecting miRNAs, such as miR- 
122 and miR-152

Cell experiments (hepatocyte cell line: LO2; hepatoma cell lines: Hepa1-6, HepG2, 
HepG2.2.15, and Huh7)

85,86

+ animal experiments (HBx-transgenic mice)
+ clinical samples (chronic hepatitis B samples, n = 22; severe chronic hepatitis B 
samples, n = 19; normal liver tissues, n = 10; paired HCC samples, n = 20)

Affecting lncRNA, such as 
lncRNA DLEU2 and 
LINC01431X

Cell experiments (hepatoma cell lines: HepG2, HLCZ01, HepAD38, Huh7, and 
HepG2.2.15)

87

+ animal experiments (hydrodynamic injection mouse model)
+ clinical samples (para-tumor tissues, n = 41)

Abbreviations: ATF-2, activating transcription factor-2; CREB, cAMP response element binding protein; DEN, diethylnitrosamine; HBx, hepatitis B virus X; HCC, hepato
cellular carcinoma; lncRNA, long-stranded noncoding RNA; miRNA, microRNA; mTOR, mammalian target of rapamycin; NF-κB, nuclear factor-kappa B; RB, retinoblastoma; 
Smc5/6, structural maintenance of chromosomes 5/6; TNF-α, tumor necrosis factor-alpha.
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activated and promote cell proliferation after binding GTP to form 
a Ras-GTP complex. HBx enhances GTP absorption, while keeping 
Ras-specific  GTPase-activating protein (Ras-GAP) unchanged.81

However, HBx acts indirectly on upstream activators of Ras (e.g., 
Shc, Grb2, and SOS) and promotes the synthesis of Ras-GTP.89 HBx 
also stimulates Ras through the Src family of tyrosine kinases and 
induces transcriptional transactivation through AP-1.89 The sta
bility of CTNNB1 is also dysregulated by HBx-mediated degrada
tion of GSK3β.90,91

Numerous reports indicate a role for HBx in altering cyto
plasmic signaling pathways. HBx binds to the asparagine synthe
tase (ASNS) promoter, resulting in a concomitant increase in 
asparagine (Asn) levels. Increased Asn activates the mTOR 
pathway and promotes tumor cell proliferation.82 Bid is a proap
optotic member of the Bcl-2 family. Reduced Bid expression and 
increased interleukin-18 (IL-18) level render HCC cells resistant to 
Fas-induced apoptosis, which is associated with HBx.83,84 More
over, HBx increases calcium entry through enhanced mitochon
drial calcium uptake and storage, resulting in high cytoplasmic 
calcium and reactive oxygen species (ROS) levels.92 By regulating 
the activation of calcium-mediated signaling proteins, such as the 
CAMKK/CAMKIV pathway, the secretion of high-mobility group 
box 1 (HMGB1) from HCC cells is induced, thus promoting the 
proliferation and metastasis of tumor cells.93

Noncoding RNAs, such as microRNAs (miRNAs) and long- 
stranded noncoding RNAs (lncRNAs), have an important role in 
hepatocarcinogenesis and progression. The expression of several 
miRNAs is altered in HCC, such as cancer-promoting miRNA (miR- 
224) and cancer-inhibiting miRNA (e.g., let-7 family members, 
miR-122, miR-152, and miR-26a).94–96 HBx binds to specific tran
scription factors to inhibit let-7 transcription and interacts with 
certain cytokines to interfere with its maturation, thus down
regulating let-7. HBx also downregulates miR-26a and activates 
the tumor-promoting Wnt/β-catenin pathway. In addition, the 
function of miR-122 in preventing HBV replication may be 
inhibited by HBx.57,85 Moreover, HBx may inhibit the function of 
miR-224 and miR-152, thus facilitating the occurrence of liver 
cancer.86,97 In addition to miRNAs, HBx affects the expression and 
function of lncRNAs, such as DLEU2 and LINC01431,87,98 which are 
involved in regulating the transcription of viral cccDNA.

The HBx protein interferes with host immune responses 
through multiple mechanisms, including the suppression of anti
viral responses, increased immune tolerance, and establishing a 
tumor microenvironment. For example, HBx activates the NF-κB 
signaling pathway, which upregulates the expression of inflam
matory cytokines, such as IL-10, leading to immunopathological 
damage.99 Moreover, HBx downregulates the stability of mito
chondrial antiviral signaling protein, which inhibits interferon 
(IFN) production and disrupts the innate immune response.100 HBx 
has been shown to upregulate the expression of Fas and FasL 
in vitro, which enables immune surveillance evasion and promotes 
tumorigenesis.101 Collectively, HBx modulates immune-related 
cytokines and induces immune tolerance, thereby establishing 
an immunosuppressive microenvironment that promotes tumor 
survival.

C-terminal truncated HBx (Ct-HBx) proteins have been 
routinely detected in HCC tumor tissues compared with nontumor 
tissues.102,103 Compared with full-length HBx, Ct-HBx has a more 
pronounced effect on growth-inhibiting miRNAs, which promotes 
hepatocyte proliferation.104 HBxΔ35 is a variant of HBx with 35 
amino acids missing from the C-terminus. HBxΔ35 regulates cell 
growth by directly silencing growth arrest-specific protein 2 
(GAS2), which induces p53-dependent apoptosis and senescence, 
thereby conferring a survival advantage to precancerous hepato
cytes and promoting cancer development.105

4.3.2. HBsAg and PreS/S
HBV integration markedly increases HBsAg levels in CHB pa

tients. HBsAg transcriptional activity in integrated HBV DNA in
creases considerably, particularly in HBeAg-negative 
patients.106–109 A significant  risk of HCC has been linked to the 
presence of preS mutations in serum.110–112 The PreS/S ORF of HBV 
contains three translation initiation sites, PreS1, PreS2, and S, 
which are translated into the large HBV surface protein (LHBst), 
middle HBV surface protein (MHBst), and small HBV surface pro
tein (SHBst). The S gene region is stable, whereas the PreS1 and 
PreS2 regions are unstable and prone to mutation.113 Truncated S 
gene mutants exhibiting partial deletions in their preS regions 
induce endoplasmic reticulum (ER) stress, oxidative stress, and 
DNA damage.110,114–116 Eventually, excess oxidative substances act 
on oncogenes or certain tumor suppressor proteins.117,118

Trans-activators encoded by integrated 3′-truncated preS/S in
crease the expression of some genes involved in liver cell prolif
eration.119 The 3′-terminated PreS/S sequences can generate 
functionally active C-terminally truncated MHBst.120 MHBst pro
teins act as tumor promoters by activating key enzymes associated 
with proliferation, such as the PKC isoforms α/β or c-Raf-1/Erk2.121

In addition, MHBst directly interacts with the hTERT promoter's 
DNA response region, upregulating telomerase activity and 
accelerating HCC development.122 It can also cooperate to activate 
the Wnt/β-catenin signaling pathway to promote HBV-integrated 
hepatocyte replication and promote malignant trans
formation.123 Similar to MHBst, LHBst activates a variety of tran
scription factors, including AP-1 and NF-κB, in PKC-dependent 
manner.124

PreS proteins also play an important role in shaping the tumor 
immune microenvironment. The PreS protein can significantly 
enhance the immune response to anti-HBs;125 however, the PreS1 
and PreS2 regions are inherently unstable and prone to mutation. 
Such mutations may result in the defective secretion of viral 
proteins and particles, and the accumulation of HBsAg in the ER. 
This subsequently induces ER stress, promotes increased ROS 
production, genomic instability, and ultimately, hepatocarcino
genesis. Furthermore, the PreS1, PreS2, and S domains contain 
multiple B-cell and T-cell epitopes. Deleting or altering these 
epitopes may enable mutant viruses to evade immune 
clearance.126

5. Diagnosis and treatment

HBV integration represents a novel cell-free tumor DNA 
biomarker, virus-host chimera DNA (vh-DNA). Vh-DNA is a unique 
DNA fragment generated from the junction of HBV integration into 
HCC chromosomes, which is detectable in blood using droplet 
digital PCR (ddPCR). In HCC tumors >1.5 cm, the signature junc
tional vh-DNA fragment can be detected in blood, and its abun
dance strongly correlates with tumor size, suggesting its potential 
diagnostic utility. Furthermore, postoperative vh-DNA levels are 
associated with residual tumor cells and may serve as an inde
pendent risk factor for predicting early recurrence. Analysis of 
circulating vh-DNA during recurrence can determine the clonal 
origin of the tumor, whether it arises from de novo formation or 
true recurrence.127,128

Several advances have been made in the treatment of HBV- 
associated HCC. First, the heterogeneity of HBV integration sites 
in the host genome leads to diverse oncogenic pathways in HCC. 
Consequently, variability in the HBV integration site may result in 
distinct prognostic outcomes and differential therapeutic re
sponses to immune checkpoint inhibitors or targeted therapies 
(including anti-angiogenic agents and multi-kinase inhibitors). 
This suggests the potential for precision medicine approaches 
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tailored to individual patients based on their specific  HBV inte
gration profiles.129 Similarly, targeted nucleic acid therapies 
designed to suppress the expression of these integration- 
associated genes represent a novel approach for establishing 
subgroup-specific  treatments for HCC.128,130 Finally, the integra
tion of HBV sequences into the host genome generates chimeric 
antigens, whose distinct molecular signatures may facilitate the 
development of therapeutic vaccines for HBV-induced HCC or 
enable the targeted elimination of hepatocytes expressing HBV- 
derived chimeric antigens through antigen-specific  T-cell 
therapies.131,132

6. Conclusions and perspectives

HBV is a significant  risk factor for HCC worldwide. HBV DNA 
integrates into the host genome during the initial stages of clonal 
tumor growth, causing genomic instability and the direct inser
tional mutagenesis of various cancer-related genes. HBV DNA in
tegrates into the host genome for rapid replication and utilizes a 
circular structure of ecDNA to amplify itself in large quantities, 
thus increasing the copy number of certain oncogenes. Abnormal 
expression of viral regulatory protein HBx, as well as modified 
preS/S envelope proteins, facilitates the malignant transformation 
of HCC. HBx promotes liver cancer development by activating 
various transcription factors and noncoding RNAs that interact 
with oncogenes and tumor suppressor genes and dysregulate 
cytoplasmic signal transduction pathways. PreS/S envelope pro
teins influence transcription by activating gene promoters through 
a variety of mechanisms.

Although many studies have been conducted on HBV integra
tion, the precise mechanism of HBV integration into the host 
genome, its function in viral replication, and its clinical signifi
cance remain unclear. The following issues need to be addressed in 
future studies: (i) HBV integration exists not only in chromosomal 
genomes, but also in ecDNA. How is HBV DNA integrated into 
ecDNA, and what is the implication for virus elimination in the 
clinic? (ii) How are target genes selected for HBV integration, and 
what is the exact mechanism? (iii) Because HBV integration sites 
vary within different individuals, how can we develop effective 
treatment based on different HBV integration sites for precision 
medicine?

Along with advances in gene sequencing, the enhanced reads 
and resolution have greatly expanded our understanding of HBV 
integration. Wang et al.133 combined the Chromium 10X Genomics 
approach and the full-length Smart-seq2 tablet-based approach, 
which are two RNA-seq platforms for multi-tissue analysis of liver 
cancer samples and provide a platform for large-scale data inte
gration and in-depth analyses.133,134 Our group has also conducted 
deep whole-genome sequencing of HCC, which details the com
plex evolutionary history and genetic landscape of HCC in the 
Chinese population.64 These methods provide novel perspectives 
for understanding the evolution of HBV-associated pathogenesis 
and may shed light on innovative therapeutic strategies and 
treatments.

Authors’ contributions

Linlin Ma: Writing – review & editing, Writing – original draft, 
Visualization. Shuzhen Chen: Writing – review & editing, Writing 
– original draft, Funding acquisition. Hongyang Wang: Concep
tualization, Supervision, Project administration, Writing – review 
& editing, Funding acquisition. Lei Chen: Conceptualization, Su
pervision, Project administration, Writing – review & editing, 
Funding acquisition.

Declaration of competing interest

The authors declare that there is no conflict of interest.

Acknowledgements

This work was supported by the National Natural Science Foun
dation of China (grant numbers: 81988101, 82173146, U21A20376, 
82425038, and 82421005), the Natural Science Foundation of Shanghai 
(grant numbers: 22140901000 and 21XD1404600), and the National 
Key R&D Program of China (grant numbers: 2023YFC2507500).

References

1. Venook AP, Papandreou C, Furuse J, de Guevara L. The incidence and epide
miology of hepatocellular carcinoma: a global and regional perspective. 
Oncologist. 2010;15(Suppl 4):5–13. https://doi.org/10.1634/theoncolo
gist.2010-S4-05.

2. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020: GLOBOCAN 
estimates of incidence and mortality worldwide for 36 cancers in 185 
countries. CA Cancer J Clin. 2021;71:209–249. https://doi.org/10.3322/caac. 
21660.

3. Hsu YC, Huang DQ, Nguyen MH. Global burden of hepatitis B virus: 
current status, missed opportunities and a call for action. Nat Rev Gastro
enterol Hepatol. 2023;20:524–537. https://doi.org/10.1038/s41575-023- 
00760-9.

4. Mak LY, Liu K, Chirapongsathorn S, et al. Liver diseases and hepatocellular 
carcinoma in the Asia-Pacific  region: burden, trends, challenges and future 
directions. Nat Rev Gastroenterol Hepatol. 2024;21:834–851. https://doi.org/ 
10.1038/s41575-024-00967-4.

5. Polaris Observatory Collaborators. Global prevalence, cascade of care, and pro
phylaxis coverage of hepatitis B in 2022: a modelling study. Lancet Gastroenterol 
Hepatol. 2023;8:879–907. https://doi.org/10.1016/S2468-125300197-8.

6. Tanaka M, Katayama F, Kato H, et al. Hepatitis B and C virus infection and 
hepatocellular carcinoma in China: a review of epidemiology and control mea
sures. J Epidemiol. 2011;21:401–416. https://doi.org/10.2188/jea.je20100190.

7. Funk AL, Lu Y, Yoshida K, et al. Efficacy  and safety of antiviral prophylaxis 
during pregnancy to prevent mother-to-child transmission of hepatitis B 
virus: a systematic review and meta-analysis. Lancet Infect Dis. 2021;21: 
70–84. https://doi.org/10.1016/S1473-309930586-7.

8. Terrault NA, Levy MT, Cheung KW, Jourdain G. Viral hepatitis and pregnancy. 
Nat Rev Gastroenterol Hepatol. 2021;18:117–130. https://doi.org/10.1038/ 
s41575-020-00361-w.

9. Abdelhamed W, El-Kassas M. Hepatitis B virus as a risk factor for hepato
cellular carcinoma: there is still much work to do. Liver Res. 2024;8:83–90. 
https://doi.org/10.1016/j.livres.2024.05.004.

10. Fattovich G, Stroffolini T, Zagni I, Donato F. Hepatocellular carcinoma in 
cirrhosis: incidence and risk factors. Gastroenterology. 2004;127(5 Suppl 1): 
S35–S50. https://doi.org/10.1053/j.gastro.2004.09.014.

11. Mühlemann B, Jones TC, Damgaard PB, et al. Ancient hepatitis B viruses from 
the Bronze Age to the Medieval period. Nature. 2018;557:418–423. https:// 
doi.org/10.1038/s41586-018-0097-z.

12. Locarnini SA, Littlejohn M, Yuen LKW. Origins and evolution of the primate 
hepatitis B virus. Front Microbiol. 2021;12:653684. https://doi.org/10.3389/ 
fmicb.2021.653684.

13. Tsukuda S, Watashi K. Hepatitis B virus biology and life cycle. Antiviral Res. 
2020;182:104925. https://doi.org/10.1016/j.antiviral.2020.104925.

14. Tong S, Revill P. Overview of hepatitis B viral replication and genetic vari
ability. J Hepatol. 2016;64:S4–S16. https://doi.org/10.1016/j.jhep.2016.01. 
027.

15. Venkatakrishnan B, Zlotnick A. The structural biology of hepatitis B virus: 
form and function. Annu Rev Virol. 2016;3:429–451. https://doi.org/10.1146/ 
annurev-virology-110615-042238.

16. Levrero M, Pollicino T, Petersen J, Belloni L, Raimondo G, Dandri M. Control of 
cccDNA function in hepatitis B virus infection. J Hepatol. 2009;51:581–592. 
https://doi.org/10.1016/j.jhep.2009.05.022.

17. Seeger C, Mason WS. Molecular biology of hepatitis B virus infection. 
Virology. 2015;479–480:672–686. https://doi.org/10.1016/j.virol.2015.02. 
031.

18. Staprans S, Loeb DD, Ganem D. Mutations affecting hepadnavirus plus-strand 
DNA synthesis dissociate primer cleavage from translocation and reveal the 
origin of linear viral DNA. J Virol. 1991;65:1255–1262. https://doi.org/ 
10.1128/JVI.65.3.1255-1262.1991.

19. Yang W, Summers J. Integration of hepadnavirus DNA in infected liver: ev
idence for a linear precursor. J Virol. 1999;73:9710–9717. https://doi.org/ 
10.1128/JVI.73.12.9710-9717.1999.

20. Zoulim F, Chen PJ, Dandri M, Kennedy PT, Seeger C. Hepatitis B virus DNA 
integration: implications for diagnostics, therapy, and outcome. J Hepatol. 
2024;81:1087–1099. https://doi.org/10.1016/j.jhep.2024.06.037.

L. Ma, S. Chen, H. Wang et al. Liver Research 9 (2025) 189–198

195

https://doi.org/10.1634/theoncologist.2010%2DS4%2D05
https://doi.org/10.1634/theoncologist.2010%2DS4%2D05
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/s41575%2D023%2D00760%2D9
https://doi.org/10.1038/s41575%2D023%2D00760%2D9
https://doi.org/10.1038/s41575%2D024%2D00967%2D4
https://doi.org/10.1038/s41575%2D024%2D00967%2D4
https://doi.org/10.1016/S2468%2D125300197%2D8
https://doi.org/10.2188/jea.je20100190
https://doi.org/10.1016/S1473%2D309930586%2D7
https://doi.org/10.1038/s41575%2D020%2D00361%2Dw
https://doi.org/10.1038/s41575%2D020%2D00361%2Dw
https://doi.org/10.1016/j.livres.2024.05.004
https://doi.org/10.1053/j.gastro.2004.09.014
https://doi.org/10.1038/s41586%2D018%2D0097%2Dz
https://doi.org/10.1038/s41586%2D018%2D0097%2Dz
https://doi.org/10.3389/fmicb.2021.653684
https://doi.org/10.3389/fmicb.2021.653684
https://doi.org/10.1016/j.antiviral.2020.104925
https://doi.org/10.1016/j.jhep.2016.01.027
https://doi.org/10.1016/j.jhep.2016.01.027
https://doi.org/10.1146/annurev%2Dvirology%2D110615%2D042238
https://doi.org/10.1146/annurev%2Dvirology%2D110615%2D042238
https://doi.org/10.1016/j.jhep.2009.05.022
https://doi.org/10.1016/j.virol.2015.02.031
https://doi.org/10.1016/j.virol.2015.02.031
https://doi.org/10.1128/JVI.65.3.1255%2D1262.1991
https://doi.org/10.1128/JVI.65.3.1255%2D1262.1991
https://doi.org/10.1128/JVI.73.12.9710%2D9717.1999
https://doi.org/10.1128/JVI.73.12.9710%2D9717.1999
https://doi.org/10.1016/j.jhep.2024.06.037


21. Podlaha O, Gane E, Brunetto M, et al. Large-scale viral genome analysis 
identifies  novel clinical associations between hepatitis B virus and chroni
cally infected patients. Sci Rep. 2019;9:10529. https://doi.org/10.1038/ 
s41598-019-46609-7.

22. Lee JH, Ku JL, Park YJ, Lee KU, Park JG. Establishment and characterization of 
four human hepatocellular carcinoma cell lines containing hepatitis B virus 
DNA. World J Gastroenterol. 1999;5:289–295. https://doi.org/10.3748/wjg.v5. 
i4.289.

23. Edman JC, Gray P, Valenzuela P, Rall LB, Rutter WJ. Integration of hepatitis B 
virus sequences and their expression in a human hepatoma cell. Nature. 
1980;286:535–538. https://doi.org/10.1038/286535a0.

24. Bouchard MJ, Navas-Martin S. Hepatitis B and C virus hepatocarcinogenesis: 
lessons learned and future challenges. Cancer Lett. 2011;305:123–143. 
https://doi.org/10.1016/j.canlet.2010.11.014.

25. Br�echot C, Gozuacik D, Murakami Y, Paterlini-Br�echot P. Molecular bases for 
the development of hepatitis B virus (HBV)-related hepatocellular carcinoma 
(HCC). Semin Cancer Biol. 2000;10:211–231. https://doi.org/10.1006/ 
scbi.2000.0321.

26. Tu T, Budzinska MA, Vondran FWR, Shackel NA, Urban S. Hepatitis B virus 
DNA integration occurs early in the viral life cycle in an in vitro infection 
model via sodium taurocholate cotransporting polypeptide-dependent up
take of enveloped virus particles. J Virol. 2018;92:e02007–e02017. https:// 
doi.org/10.1128/JVI.02007-17.

27. Tu T, Budzinska MA, Shackel NA, Urban S. HBV DNA integration: molecular 
mechanisms and clinical implications. Viruses. 2017;9:75. https://doi.org/ 
10.3390/v9040075.

28. Chow N, Wong D, Lai CL, et al. Effect of antiviral treatment on hepatitis B 
virus integration and hepatocyte clonal expansion. Clin Infect Dis. 2023;76: 
e801–e809. https://doi.org/10.1093/cid/ciac383.

29. Yu X, Gong Q, Yu D, et al. Spatial transcriptomics reveals a low extent of 
transcriptionally active hepatitis B virus integration in patients with HBsAg 
loss. Gut. 2024;73:797–809. https://doi.org/10.1136/gutjnl-2023-330577.

30. Sitia G, Aiolfi R, Di Lucia P, et al. Antiplatelet therapy prevents hepatocellular 
carcinoma and improves survival in a mouse model of chronic hepatitis B. 
Proc Natl Acad Sci U S A. 2012;109:E2165–E2172. https://doi.org/10.1073/ 
pnas.1209182109.

31. Nakamoto Y, Guidotti LG, Kuhlen CV, Fowler P, Chisari FV. Immune patho
genesis of hepatocellular carcinoma. J Exp Med. 1998;188:341–350. https:// 
doi.org/10.1084/jem.188.2.341.

32. Nakamoto Y, Suda T, Momoi T, Kaneko S. Different procarcinogenic poten
tials of lymphocyte subsets in a transgenic mouse model of chronic hepatitis 
B. Cancer Res. 2004;64:3326–3333. https://doi.org/10.1158/0008-5472.can- 
03-3817.

33. Iannacone M, Guidotti LG. Immunobiology and pathogenesis of hepatitis B 
virus infection. Nat Rev Immunol. 2022;22:19–32. https://doi.org/10.1038/ 
s41577-021-00549-4.

34. Nault JC, Datta S, Imbeaud S, et al. Recurrent AAV2-related insertional 
mutagenesis in human hepatocellular carcinomas. Nat Genet. 2015;47: 
1187–1193. https://doi.org/10.1038/ng.3389.

35. La Bella T, Imbeaud S, Peneau C, et al. Adeno-associated virus in the liver: 
natural history and consequences in tumour development. Gut. 2020;69: 
737–747. https://doi.org/10.1136/gutjnl-2019-318281.

36. Kakiuchi N, Ogawa S. Clonal expansion in non-cancer tissues. Nat Rev Cancer. 
2021;21:239–256. https://doi.org/10.1038/s41568-021-00335-3.

37. Sung WK, Zheng H, Li S, et al. Genome-wide survey of recurrent HBV inte
gration in hepatocellular carcinoma. Nat Genet. 2012;44:765–769. https:// 
doi.org/10.1038/ng.2295.

38. Mladenov E, Magin S, Soni A, Iliakis G. DNA double-strand-break repair in 
higher eukaryotes and its role in genomic instability and cancer: cell cycle 
and proliferation-dependent regulation. Semin Cancer Biol. 2016;37–38: 
51–64. https://doi.org/10.1016/j.semcancer.2016.03.003.

39. Zhao LH, Liu X, Yan HX, et al. Genomic and oncogenic preference of HBV 
integration in hepatocellular carcinoma. Nat Commun. 2016;7:12992. https:// 
doi.org/10.1038/ncomms12992.

40. Fujimoto A, Totoki Y, Abe T, et al. Whole-genome sequencing of liver cancers 
identifies  etiological influences  on mutation patterns and recurrent muta
tions in chromatin regulators. Nat Genet. 2012;44:760–764. https://doi.org/ 
10.1038/ng.2291.

41. P�eneau C, Imbeaud S, Bella TL, et al. Hepatitis B virus integrations promote 
local and distant oncogenic driver alterations in hepatocellular carcinoma. 
Gut. 2022;71:616–626. https://doi.org/10.1136/gutjnl-2020-323153.

42. Ding D, Lou X, Hua D, et al. Recurrent targeted genes of hepatitis B virus in 
the liver cancer genomes identified by a next-generation sequencing-based 
approach. PLoS Genet. 2012;8:e1003065. https://doi.org/10.1371/journal. 
pgen.1003065.

43. Lin CL, Kao JH. Development of hepatocellular carcinoma in treated and 
untreated patients with chronic hepatitis B virus infection. Clin Mol Hepatol. 
2023;29:605–622. https://doi.org/10.3350/cmh.2022.0342.

44. Hong W, Zhang Y, Wang S, et al. Deciphering the immune modulation 
through deep transcriptomic profiling and therapeutic implications of DNA 
damage repair pattern in hepatocellular carcinoma. Cancer Lett. 2024;582: 
216594. https://doi.org/10.1016/j.canlet.2023.216594.

45. Paterlini-Br�echot P, Saigo K, Murakami Y, et al. Hepatitis B virus-related 
insertional mutagenesis occurs frequently in human liver cancers and 

recurrently targets human telomerase gene. Oncogene. 2003;22:3911–3916. 
https://doi.org/10.1038/sj.onc.1206492.

46. Ferber MJ, Montoya DP, Yu C, et al. Integrations of the hepatitis B virus (HBV) 
and human papillomavirus (HPV) into the human telomerase reverse tran
scriptase (hTERT) gene in liver and cervical cancers. Oncogene. 2003;22: 
3813–3820. https://doi.org/10.1038/sj.onc.1206528.

47. Schulze K, Imbeaud S, Letouz�e E, et al. Exome sequencing of hepato
cellular carcinomas identifies  new mutational signatures and potential 
therapeutic targets. Nat Genet. 2015;47:505–511. https://doi.org/10.1038/ 
ng.3252.

48. Khan AH, Yaqub M, Parvez S. Recurrence relations between moments of 
order statistics. Nav Res Logist Q. 1983;30:419–441. https://doi.org/10.1002/ 
nav.3800300307.

49. Cordani M, Strippoli R, Trionfetti F, et al. Immune checkpoints 
between epithelial-mesenchymal transition and autophagy: a conflicting 
triangle. Cancer Lett. 2024;585:216661. https://doi.org/10.1016/j. 
canlet.2024.216661.

50. Liang HW, Wang N, Wang Y, et al. Hepatitis B virus-human chimeric tran
script HBx-LINE1 promotes hepatic injury via sequestering cellular micro
RNA-122. J Hepatol. 2016;64:278–291. https://doi.org/10.1016/j. 
jhep.2015.09.013.

51. Yan H, Yang Y, Zhang L, et al. Characterization of the genotype and inte
gration patterns of hepatitis B virus in early- and late-onset hepatocellular 
carcinoma. Hepatology. 2015;61:1821–1831. https://doi.org/10.1002/ 
hep.27722.

52. Cleary SP, Jeck WR, Zhao X, et al. Identification  of driver genes in hepato
cellular carcinoma by exome sequencing. Hepatology. 2013;58:1693–1702. 
https://doi.org/10.1002/hep.26540.

53. Nakayama N, Nakayama K, Shamima Y, et al. Gene amplification  CCNE1 is 
related to poor survival and potential therapeutic target in ovarian cancer. 
Cancer. 2010;116:2621–2634. https://doi.org/10.1002/cncr.24987.

54. Ding D, Lou X, Hua D, et al. Recurrent targeted genes of hepatitis B virus in 
the liver cancer genomes identified by a next-generation sequencing–based 
approach. PLoS Genet. 2012;8:e1003065. https://doi.org/10.1371/journal. 
pgen.1003065.

55. Lau CC, Sun T, Ching AK, et al. Viral-human chimeric transcript predisposes 
risk to liver cancer development and progression. Cancer Cell. 2014;25: 
335–349. https://doi.org/10.1016/j.ccr.2014.01.030.

56. Liang HW, Wang N, Wang Y, et al. Hepatitis B virus-human chimeric tran
script HBx-LINE1 promotes hepatic injury via sequestering cellular micro
RNA-122. J Hepatol. 2016;64:278–291. https://doi.org/10.1016/j. 
jhep.2015.09.013.

57. Chen Y, Shen A, Rider PJ, et al. A liver-specific  microRNA binds to a highly 
conserved RNA sequence of hepatitis B virus and negatively regulates viral 
gene expression and replication. FASEB J. 2011;25:4511–4521. https://doi. 
org/10.1096/fj.11-187781.

58. Wang S, Qiu L, Yan X, et al. Loss of microRNA 122 expression in patients with 
hepatitis B enhances hepatitis B virus replication through cyclin G(1) 
-modulated P53 activity. Hepatology. 2012;55:730–741. https://doi.org/ 
10.1002/hep.24809.

59. Cao Q, Imbeaud S, Datta S, Zucman-Rossi J. Authors’ response: virus-host 
interactions in HBV-related hepatocellular carcinoma: more to be 
revealed? Gut. 2015;64:853–854. https://doi.org/10.1136/gutjnl-2014- 
308482.

60. Wu S, Turner KM, Nguyen N, et al. Circular ecDNA promotes accessible 
chromatin and high oncogene expression. Nature. 2019;575:699–703. 
https://doi.org/10.1038/s41586-019-1763-5.

61. Kang X, Li X, Zhou J, et al. Extrachromosomal DNA replication and mainte
nance couple with DNA damage pathway in tumors. Cell. 2025;188: 
3405–3421 (e27). https://doi.org/10.1016/j.cell.2025.04.012.

62. Hung KL, Luebeck J, Dehkordi SR, et al. Targeted profiling  of human extra
chromosomal DNA by CRISPR-CATCH. Nat Genet. 2022;54:1746–1754. 
https://doi.org/10.1038/s41588-022-01190-0.

63. Kumar P, Dillon LW, Shibata Y, Jazaeri AA, Jones DR, Dutta A. Normal and 
cancerous tissues release extrachromosomal circular DNA (eccDNA) into the 
circulation. Mol Cancer Res. 2017;15:1197–1205. https://doi.org/10.1158/ 
1541-7786.MCR-17-0095.

64. Chen L, Zhang C, Xue R, et al. Deep whole-genome analysis of 494 hepato
cellular carcinomas. Nature. 2024;627:586–593. https://doi.org/10.1038/ 
s41586-024-07054-3.

65. Li Z, Wang B, Liang H, Han L. Pioneering insights of extrachromosomal DNA 
(ecDNA) generation, action and its implications for cancer therapy. Int J Biol 
Sci. 2022;18:4006–4025. https://doi.org/10.7150/ijbs.73479.

66. Wang T, Zhang H, Zhou Y, Shi J. Extrachromosomal circular DNA: a new 
potential role in cancer progression. J Transl Med. 2021;19:257. https://doi. 
org/10.1186/s12967-021-02927-x.

67. Pecorino LT, Verhaak RGW, Henssen A, Mischel PS. Extrachromosomal DNA 
(ecDNA): an origin of tumor heterogeneity, genomic remodeling, and drug 
resistance. Biochem Soc Trans. 2022;50:1911–1920. https://doi.org/10.1042/ 
BST20221045.

68. Guichard C, Amaddeo G, Imbeaud S, et al. Integrated analysis of somatic 
mutations and focal copy-number changes identifies  key genes and path
ways in hepatocellular carcinoma. Nat Genet. 2012;44:694–698. https://doi. 
org/10.1038/ng.2256.

L. Ma, S. Chen, H. Wang et al. Liver Research 9 (2025) 189–198

196

https://doi.org/10.1038/s41598%2D019%2D46609%2D7
https://doi.org/10.1038/s41598%2D019%2D46609%2D7
https://doi.org/10.3748/wjg.v5.i4.289
https://doi.org/10.3748/wjg.v5.i4.289
https://doi.org/10.1038/286535a0
https://doi.org/10.1016/j.canlet.2010.11.014
https://doi.org/10.1006/scbi.2000.0321
https://doi.org/10.1006/scbi.2000.0321
https://doi.org/10.1128/JVI.02007%2D17
https://doi.org/10.1128/JVI.02007%2D17
https://doi.org/10.3390/v9040075
https://doi.org/10.3390/v9040075
https://doi.org/10.1093/cid/ciac383
https://doi.org/10.1136/gutjnl%2D2023%2D330577
https://doi.org/10.1073/pnas.1209182109
https://doi.org/10.1073/pnas.1209182109
https://doi.org/10.1084/jem.188.2.341
https://doi.org/10.1084/jem.188.2.341
https://doi.org/10.1158/0008%2D5472.can%2D03%2D3817
https://doi.org/10.1158/0008%2D5472.can%2D03%2D3817
https://doi.org/10.1038/s41577%2D021%2D00549%2D4
https://doi.org/10.1038/s41577%2D021%2D00549%2D4
https://doi.org/10.1038/ng.3389
https://doi.org/10.1136/gutjnl%2D2019%2D318281
https://doi.org/10.1038/s41568%2D021%2D00335%2D3
https://doi.org/10.1038/ng.2295
https://doi.org/10.1038/ng.2295
https://doi.org/10.1016/j.semcancer.2016.03.003
https://doi.org/10.1038/ncomms12992
https://doi.org/10.1038/ncomms12992
https://doi.org/10.1038/ng.2291
https://doi.org/10.1038/ng.2291
https://doi.org/10.1136/gutjnl%2D2020%2D323153
https://doi.org/10.1371/journal.pgen.1003065
https://doi.org/10.1371/journal.pgen.1003065
https://doi.org/10.3350/cmh.2022.0342
https://doi.org/10.1016/j.canlet.2023.216594
https://doi.org/10.1038/sj.onc.1206492
https://doi.org/10.1038/sj.onc.1206528
https://doi.org/10.1038/ng.3252
https://doi.org/10.1038/ng.3252
https://doi.org/10.1002/nav.3800300307
https://doi.org/10.1002/nav.3800300307
https://doi.org/10.1016/j.canlet.2024.216661
https://doi.org/10.1016/j.canlet.2024.216661
https://doi.org/10.1016/j.jhep.2015.09.013
https://doi.org/10.1016/j.jhep.2015.09.013
https://doi.org/10.1002/hep.27722
https://doi.org/10.1002/hep.27722
https://doi.org/10.1002/hep.26540
https://doi.org/10.1002/cncr.24987
https://doi.org/10.1371/journal.pgen.1003065
https://doi.org/10.1371/journal.pgen.1003065
https://doi.org/10.1016/j.ccr.2014.01.030
https://doi.org/10.1016/j.jhep.2015.09.013
https://doi.org/10.1016/j.jhep.2015.09.013
https://doi.org/10.1096/fj.11%2D187781
https://doi.org/10.1096/fj.11%2D187781
https://doi.org/10.1002/hep.24809
https://doi.org/10.1002/hep.24809
https://doi.org/10.1136/gutjnl%2D2014%2D308482
https://doi.org/10.1136/gutjnl%2D2014%2D308482
https://doi.org/10.1038/s41586%2D019%2D1763%2D5
https://doi.org/10.1016/j.cell.2025.04.012
https://doi.org/10.1038/s41588%2D022%2D01190%2D0
https://doi.org/10.1158/1541%2D7786.MCR%2D17%2D0095
https://doi.org/10.1158/1541%2D7786.MCR%2D17%2D0095
https://doi.org/10.1038/s41586%2D024%2D07054%2D3
https://doi.org/10.1038/s41586%2D024%2D07054%2D3
https://doi.org/10.7150/ijbs.73479
https://doi.org/10.1186/s12967%2D021%2D02927%2Dx
https://doi.org/10.1186/s12967%2D021%2D02927%2Dx
https://doi.org/10.1042/BST20221045
https://doi.org/10.1042/BST20221045
https://doi.org/10.1038/ng.2256
https://doi.org/10.1038/ng.2256


69. Zucman-Rossi J, Villanueva A, Nault JC, Llovet JM. Genetic landscape and 
biomarkers of hepatocellular carcinoma. Gastroenterology. 2015;149: 
1226–1239 (e4). https://doi.org/10.1053/j.gastro.2015.05.061.

70. Jiang Z, Jhunjhunwala S, Liu J, et al. The effects of hepatitis B virus integration 
into the genomes of hepatocellular carcinoma patients. Genome Res. 
2012;22:593–601. https://doi.org/10.1101/gr.133926.111.

71. Dandri M, Burda MR, Bürkle A, et al. Increase in de novo HBV DNA in
tegrations in response to oxidative DNA damage or inhibition of poly(ADP- 
ribosyl)ation. Hepatology. 2002;35:217–223. https://doi.org/10.1053/ 
jhep.2002.30203.

72. Wong DK, Cheng SCY, Mak LL, et al. Among patients with undetectable 
hepatitis B surface antigen and hepatocellular carcinoma, a high proportion 
has integration of HBV DNA into hepatocyte DNA and no cirrhosis. Clin 
Gastroenterol Hepatol. 2020;18:449–456. https://doi.org/10.1016/j. 
cgh.2019.06.029.

73. Wu DH. Molecular mechanism of hepatitis B virus X-associated hep
atocarcinogenesis. World Chin J Dig. 2014;22:3773. https://doi.org/10.11569/ 
wcjd.v22.i25.3773.

74. Lucifora J, Arzberger S, Durantel D, et al. Hepatitis B virus X protein is 
essential to initiate and maintain virus replication after infection. J Hepatol. 
2011;55:996–1003. https://doi.org/10.1016/j.jhep.2011.02.015.

75. Pan J, Lian Z, Wallet S, Feitelson MA. The hepatitis B x antigen effector, URG7, 
blocks tumour necrosis factor α-mediated apoptosis by activation of phos
phoinositol 3-kinase and β-catenin. J Gen Virol. 2007;88:3275–3285. https:// 
doi.org/10.1099/vir.0.83214-0.

76. Maguire HF, Hoeffler  JP, Siddiqui A. HBV X protein alters the DNA binding 
specificity  of CREB and ATF-2 by protein-protein interactions. Science. 
1991;252:842–844. https://doi.org/10.1126/science.1827531.

77. Decorsi�ere A, Mueller H, van Breugel PC, et al. Hepatitis B virus X protein 
identifies the Smc5/6 complex as a host restriction factor. Nature. 2016;531: 
386–389. https://doi.org/10.1038/nature17170.

78. Wang XW, Forrester K, Yeh H, Feitelson MA, Gu JR, Harris CC. Hepatitis B 
virus X protein inhibits p53 sequence-specific  DNA binding, 
transcriptional activity, and association with transcription factor ERCC3. Proc 
Natl Acad Sci U S A. 1994;91:2230–2234. https://doi.org/10.1073/ 
pnas.91.6.2230.

79. Zhao J, Wu G, Bu F, et al. Epigenetic silence of ankyrin-repeat-containing, 
SH3-domain-containing, and proline-rich-region- containing protein 1 
(ASPP1) and ASPP2 genes promotes tumor growth in hepatitis B virus- 
positive hepatocellular carcinoma. Hepatology. 2010;51:142–153. https:// 
doi.org/10.1002/hep.23247.

80. Park SH, Jung JK, Lim JS, Tiwari I, Jang KL. Hepatitis B virus X protein over
comes all-trans retinoic acid-induced cellular senescence by downregulating 
levels of p16 and p21 via DNA methylation. J Gen Virol. 2011;92:1309–1317. 
https://doi.org/10.1099/vir.0.029512-0.

81. Benn J, Schneider RJ. Hepatitis B virus HBx protein activates Ras-GTP com
plex formation and establishes a Ras, Raf, MAP kinase signaling cascade. Proc 
Natl Acad Sci U S A. 1994;91:10350–10354. https://doi.org/10.1073/ 
pnas.91.22.10350.

82. Zhou Q, Li L, Sha F, et al. PTTG1 reprograms asparagine metabolism to pro
mote hepatocellular carcinoma progression. Cancer Res. 2023;83:2372–2386. 
https://doi.org/10.1158/0008-5472.CAN-22-3561.

83. Chen GG, Lai PB, Chan PK, et al. Decreased expression of Bid in human he
patocellular carcinoma is related to hepatitis B virus X protein. Eur J Cancer. 
2001;37:1695–1702. https://doi.org/10.1016/s0959-8049(01)00182-4.

84. Lee MO, Choi YH, Shin EC, et al. Hepatitis B virus X protein induced 
expression of interleukin 18 (IL-18): a potential mechanism for liver injury 
caused by hepatitis B virus (HBV) infection. J Hepatol. 2002;37:380–386. 
https://doi.org/10.1016/s0168-8278(02)00181-2.

85. Wang S, Qiu L, Yan X, et al. Loss of microRNA 122 expression in patients with 
hepatitis B enhances hepatitis B virus replication through cyclin G1- 
modulated P53 activity. Hepatology. 2012;55:730–741. https://doi.org/ 
10.1002/hep.24809.

86. Huang J, Wang Y, Guo Y, Sun S. Down-regulated microRNA-152 induces 
aberrant DNA methylation in hepatitis B virus-related hepatocellular carci
noma by targeting DNA methyltransferase 1. Hepatology. 2010;52:60–70. 
https://doi.org/10.1002/hep.23660.

87. Sun Y, Teng Y, Wang L, et al. LINC01431 promotes histone H4R3 methylation 
to impede HBV covalently closed circular DNA transcription by stabilizing 
PRMT1. Adv Sci (Weinh). 2022;9:e2103135. https://doi.org/10.1002/ 
advs.202103135.

88. Zheng DL, Zhang L, Cheng N, et al. Epigenetic modification induced by hep
atitis B virus X protein via interaction with de novo DNA methyltransferase 
DNMT3A. J Hepatol. 2009;50:377–387. https://doi.org/10.1016/j. 
jhep.2008.10.019.

89. Klein NP, Schneider RJ. Activation of Src family kinases by hepatitis B virus 
HBx protein and coupled signaling to Ras. Mol Cell Biol. 1997;17:6427–6436. 
https://doi.org/10.1128/MCB.17.11.6427.

90. Lin X, Li AM, Li YH, et al. Silencing MYH9 blocks HBx-induced GSK3β ubiq
uitination and degradation to inhibit tumor stemness in hepatocellular car
cinoma. Signal Transduct Target Ther. 2020;5:13. https://doi.org/10.1038/ 
s41392-020-0111-4.

91. Cha MY, Kim CM, Park YM, Ryu WS. Hepatitis B virus X protein is essential for 
the activation of Wnt/beta-catenin signaling in hepatoma cells. Hepatology. 
2004;39:1683–1693. https://doi.org/10.1002/hep.20245.

92. Yang B, Bouchard MJ. The hepatitis B virus X protein elevates cytosolic cal
cium signals by modulating mitochondrial calcium uptake. J Virol. 2012;86: 
313–327. https://doi.org/10.1128/JVI.06442-11.

93. Chen S, Dong Z, Yang P, et al. Hepatitis B virus X protein stimulates high 
mobility group box 1 secretion and enhances hepatocellular carcinoma 
metastasis. Cancer Lett. 2017;394:22–32. https://doi.org/10.1016/j. 
canlet.2017.02.011.

94. Levrero M, Zucman-Rossi J. Mechanisms of HBV-induced hepatocellular 
carcinoma. J Hepatol. 2016;64:S84–S101. https://doi.org/10.1016/j.jhep.2016. 
02.021.

95. Ghidini M, Braconi C. Non-coding RNAs in primary liver cancer. Front Med 
(Lausanne). 2015;2:36. https://doi.org/10.3389/fmed.2015.00036.

96. Imbeaud S, Ladeiro Y, Zucman-Rossi J. Identification of novel oncogenes and 
tumor suppressors in hepatocellular carcinoma. Semin Liver Dis. 2010;30: 
75–86. https://doi.org/10.1055/s-0030-1247134.

97. Guerrieri F, Belloni L, D’Andrea D, et al. Genome-wide identification of direct 
HBx genomic targets. BMC Genomics. 2017;18:184. https://doi.org/10.1186/ 
s12864-017-3561-5.

98. Salerno D, Chiodo L, Alfano V, et al. Hepatitis B protein HBx binds the DLEU2 
lncRNA to sustain cccDNA and host cancer-related gene transcription. Gut. 
2020;69:2016–2024. https://doi.org/10.1136/gutjnl-2019-319637.

99. Zhou Y, Wang S, Ma JW, et al. Hepatitis B virus protein X-induced expression 
of the CXC chemokine IP-10 is mediated through activation of NF-kappaB 
and increases migration of leukocytes. J Biol Chem. 2010;285:12159–12168. 
https://doi.org/10.1074/jbc.M109.067629.

100. Wei C, Ni C, Song T, et al. The hepatitis B virus X protein disrupts innate 
immunity by downregulating mitochondrial antiviral signaling protein. 
J Immunol. 2010;185:1158–1168. https://doi.org/10.4049/jimmunol. 
0903874.

101. Lin N, Chen HY, Li D, Zhang SJ, Cheng ZX, Wang XZ. Apoptosis and its 
pathway in X gene-transfected HepG2 cells. World J Gastroenterol. 2005;11: 
4326–4331. https://doi.org/10.3748/wjg.v11.i28.4326.

102. Qian Y, Wang B, Ma A, et al. USP16 downregulation by carboxyl-terminal 
truncated HBx promotes the growth of hepatocellular carcinoma cells. Sci 
Rep. 2016;6:33039. https://doi.org/10.1038/srep33039.

103. Ma NF, Lau SH, Hu L, et al. COOH-terminal truncated HBV X protein plays key 
role in hepatocarcinogenesis. Clin Cancer Res. 2008;14:5061–5068. https:// 
doi.org/10.1158/1078-0432.CCR-07-5082.

104. Yip WK, Cheng SL, Zhu R, et al. Carboxyl-terminal truncated HBx regulates a 
distinct microRNA transcription program in hepatocellular carcinoma 
development. PLoS One. 2011;6:e22888. https://doi.org/10.1371/journal. 
pone.0022888.

105. Zhu R, Mok MT, Kang W, et al. Truncated HBx-dependent silencing of GAS2 
promotes hepatocarcinogenesis through deregulation of cell cycle, senes
cence and p53-mediated apoptosis. J Pathol. 2015;237:38–49. https://doi. 
org/10.1002/path.4554.

106. Wooddell CI, Yuen MF, Chan LY, et al. RNAi-based treatment of chronically 
infected patients and chimpanzees reveals that integrated hepatitis B virus 
DNA is a source of HBsAg. Sci Transl Med. 2017;9:eaan0241. https://doi.org/ 
10.1126/scitranslmed.aan0241.

107. Rydell GE, Larsson SB, Prakash K, et al. Abundance of noncircular intrahepatic 
hepatitis B virus DNA may reflect  frequent integration into human DNA in 
chronically infected patients. J Infect Dis. 2022;225:1982–1990. https://doi. 
org/10.1093/infdis/jiaa572.

108. Podlaha O, Wu G, Downie B, et al. Genomic modeling of hepatitis B virus 
integration frequency in the human genome. PLoS One. 2019;14:e0220376. 
https://doi.org/10.1371/journal.pone.0220376.

109. van Buuren N, Ramirez R, Soulette C, et al. Targeted long-read sequencing 
reveals clonally expanded HBV-associated chromosomal translocations in 
patients with chronic hepatitis B. JHEP Rep. 2022;4:100449. https://doi.org/ 
10.1016/j.jhepr.2022.100449.

110. Wang HC, Huang W, Lai MD, Su IJ. Hepatitis B virus pre-S mutants, endo
plasmic reticulum stress and hepatocarcinogenesis. Cancer Sci. 2006;97: 
683–688. https://doi.org/10.1111/j.1349-7006.2006.00235.x.

111. Luan F, Liu H, Gao L, et al. Hepatitis B virus protein preS2 potentially pro
motes HCC development via its transcriptional activation of hTERT. Gut. 
2009;58:1528–1537. https://doi.org/10.1136/gut.2008.174029.

112. Wang HC, Chang WT, Chang WW, et al. Hepatitis B virus pre-S2 mutant 
upregulates cyclin A expression and induces nodular proliferation of hepa
tocytes. Hepatology. 2005;41:761–770. https://doi.org/10.1002/hep.20615.

113. Pollicino T, Cacciola I, Saffioti F, Raimondo G. Hepatitis B virus PreS/S gene 
variants: pathobiology and clinical implications. J Hepatol. 2014;61:408–417. 
https://doi.org/10.1016/j.jhep.2014.04.041.

114. Bruss V. Revisiting the cytopathic effect of hepatitis B virus infection. Hep
atology. 2002;36:1327–1329. https://doi.org/10.1053/jhep.2002.37351.

115. Chisari FV, Filippi P, Mclachlan A, et al. Expression of hepatitis B virus large 
envelope polypeptide inhibits hepatitis B surface antigen secretion in 
transgenic mice. J Virol. 1986;60:880–887. https://doi.org/10.1128/ 
JVI.60.3.880-887.1986.

116. Chisari FV, Klopchin K, Moriyama T, et al. Molecular pathogenesis of hepa
tocellular carcinoma in hepatitis B virus transgenic mice. Cell. 1989;59: 
1145–1156. https://doi.org/10.1016/0092-8674(89)90770-8.

117. Hsieh YH, Su IJ, Wang HC, et al. Pre-S mutant surface antigens in chronic 
hepatitis B virus infection induce oxidative stress and DNA damage. Carci
nogenesis. 2004;25:2023–2032. https://doi.org/10.1093/carcin/bgh207.

L. Ma, S. Chen, H. Wang et al. Liver Research 9 (2025) 189–198

197

https://doi.org/10.1053/j.gastro.2015.05.061
https://doi.org/10.1101/gr.133926.111
https://doi.org/10.1053/jhep.2002.30203
https://doi.org/10.1053/jhep.2002.30203
https://doi.org/10.1016/j.cgh.2019.06.029
https://doi.org/10.1016/j.cgh.2019.06.029
https://doi.org/10.11569/wcjd.v22.i25.3773
https://doi.org/10.11569/wcjd.v22.i25.3773
https://doi.org/10.1016/j.jhep.2011.02.015
https://doi.org/10.1099/vir.0.83214%2D0
https://doi.org/10.1099/vir.0.83214%2D0
https://doi.org/10.1126/science.1827531
https://doi.org/10.1038/nature17170
https://doi.org/10.1073/pnas.91.6.2230
https://doi.org/10.1073/pnas.91.6.2230
https://doi.org/10.1002/hep.23247
https://doi.org/10.1002/hep.23247
https://doi.org/10.1099/vir.0.029512%2D0
https://doi.org/10.1073/pnas.91.22.10350
https://doi.org/10.1073/pnas.91.22.10350
https://doi.org/10.1158/0008%2D5472.CAN%2D22%2D3561
https://doi.org/10.1016/s0959%2D8049%2801%2900182%2D4
https://doi.org/10.1016/s0168%2D8278%2802%2900181%2D2
https://doi.org/10.1002/hep.24809
https://doi.org/10.1002/hep.24809
https://doi.org/10.1002/hep.23660
https://doi.org/10.1002/advs.202103135
https://doi.org/10.1002/advs.202103135
https://doi.org/10.1016/j.jhep.2008.10.019
https://doi.org/10.1016/j.jhep.2008.10.019
https://doi.org/10.1128/MCB.17.11.6427
https://doi.org/10.1038/s41392%2D020%2D0111%2D4
https://doi.org/10.1038/s41392%2D020%2D0111%2D4
https://doi.org/10.1002/hep.20245
https://doi.org/10.1128/JVI.06442%2D11
https://doi.org/10.1016/j.canlet.2017.02.011
https://doi.org/10.1016/j.canlet.2017.02.011
https://doi.org/10.1016/j.jhep.2016.02.021
https://doi.org/10.1016/j.jhep.2016.02.021
https://doi.org/10.3389/fmed.2015.00036
https://doi.org/10.1055/s%2D0030%2D1247134
https://doi.org/10.1186/s12864%2D017%2D3561%2D5
https://doi.org/10.1186/s12864%2D017%2D3561%2D5
https://doi.org/10.1136/gutjnl%2D2019%2D319637
https://doi.org/10.1074/jbc.M109.067629
https://doi.org/10.4049/jimmunol.0903874
https://doi.org/10.4049/jimmunol.0903874
https://doi.org/10.3748/wjg.v11.i28.4326
https://doi.org/10.1038/srep33039
https://doi.org/10.1158/1078%2D0432.CCR%2D07%2D5082
https://doi.org/10.1158/1078%2D0432.CCR%2D07%2D5082
https://doi.org/10.1371/journal.pone.0022888
https://doi.org/10.1371/journal.pone.0022888
https://doi.org/10.1002/path.4554
https://doi.org/10.1002/path.4554
https://doi.org/10.1126/scitranslmed.aan0241
https://doi.org/10.1126/scitranslmed.aan0241
https://doi.org/10.1093/infdis/jiaa572
https://doi.org/10.1093/infdis/jiaa572
https://doi.org/10.1371/journal.pone.0220376
https://doi.org/10.1016/j.jhepr.2022.100449
https://doi.org/10.1016/j.jhepr.2022.100449
https://doi.org/10.1111/j.1349%2D7006.2006.00235.x
https://doi.org/10.1136/gut.2008.174029
https://doi.org/10.1002/hep.20615
https://doi.org/10.1016/j.jhep.2014.04.041
https://doi.org/10.1053/jhep.2002.37351
https://doi.org/10.1128/JVI.60.3.880%2D887.1986
https://doi.org/10.1128/JVI.60.3.880%2D887.1986
https://doi.org/10.1016/0092%2D8674%2889%2990770%2D8
https://doi.org/10.1093/carcin/bgh207


118. Wang HC, Huang W, Lai M, Su IJ. Hepatitis B virus pre-S mutants, endo
plasmic reticulum stress and hepatocarcinogenesis. Cancer Sci. 2006;97: 
683–688. https://doi.org/10.1111/j.1349-7006.2006.00235.x.

119. Schlüter V, Meyer M, Hofschneider PH, Koshy R, Caselmann WH. Integrated 
hepatitis B virus X and 3’ truncated preS/S sequences derived from human hep
atomas encode functionally active transactivators. Oncogene. 1994;9:3335–3344.

120. Kekul�e AS, Lauer U, Meyer M, Caselmann WH, Hofschneider PH, Koshy R. The 
pre S2/S region of integrated hepatitis B virus DNA encodes a transcriptional 
transactivator. Nature. 1990;343:457–461. https://doi.org/10.1038/343457a0.

121. Hildt E, Munz B, Saher G, Reifenberg K, Hofschneider PH. The PreS2 activator 
MHBs(t) of hepatitis B virus activates c-raf-1/Erk2 signaling in transgenic 
mice. EMBO J. 2002;21:525–535. https://doi.org/10.1093/emboj/21.4.525.

122. de La Coste A, Romagnolo B, Billuart P, et al. Somatic mutations of the beta- 
catenin gene are frequent in mouse and human hepatocellular carcinomas. 
Proc Natl Acad Sci U S A. 1998;95:8847–8851. https://doi.org/10.1073/ 
pnas.95.15.8847.

123. Nault JC, Mallet M, Pilati C, et al. High frequency of telomerase reverse- 
transcriptase promoter somatic mutations in hepatocellular carcinoma and 
preneoplastic lesions. Nat Commun. 2013;4:2218. https://doi.org/10.1038/ 
ncomms3218.

124. Hildt E, Saher G, Bruss V, Hofschneider PH. The hepatitis B virus large surface 
protein (LHBs) is a transcriptional activator. Virology. 1996;225:235–239. 
https://doi.org/10.1006/viro.1996.0594.

125. Pantazica AM, Dobrica MO, Lazar C, et al. Efficient  cellular and humoral 
immune response and production of virus-neutralizing antibodies by the 
hepatitis B virus S/preS116-42 antigen. Front Immunol. 2022;13:941243. 
https://doi.org/10.3389/fimmu.2022.941243.

126. Liang YJ, Teng W, Chen CL, et al. Clinical implications of HBV PreS/S muta
tions and the effects of PreS2 deletion on mitochondria, liver fibrosis,  and 

cancer development. Hepatology. 2021;74:641–655. https://doi.org/10.1002/ 
hep.31789.

127. Li CL, Ho MC, Lin YY, et al. Cell-free virus-host chimera DNA from hepatitis B 
virus integration sites as a circulating biomarker of hepatocellular cancer. 
Hepatology. 2020;72:2063–2076. https://doi.org/10.1002/hep.31230.

128. Yeh SH, Li CL, Lin YY, et al. Hepatitis B virus DNA integration drives carci
nogenesis and provides a new biomarker for HBV-related HCC. Cell Mol 
Gastroenterol Hepatol. 2023;15:921–929. https://doi.org/10.1016/j. 
jcmgh.2023.01.001.

129. Cappuyns S, Corbett V, Yarchoan M, Finn RS, Llovet JM. Critical appraisal of 
guideline recommendations on systemic therapies for advanced hepatocel
lular carcinoma: a review. JAMA Oncol. 2024;10:395–404. https://doi.org/ 
10.1001/jamaoncol.2023.2677.

130. Molina-S�anchez P, Ruiz de Galarreta M, Yao MA, et al. Cooperation between 
distinct cancer driver genes underlies intertumor heterogeneity in hepato
cellular carcinoma. Gastroenterology. 2020;159:2203–2220 (e14). https://doi. 
org/10.1053/j.gastro.2020.08.015.

131. Wong GLH, Gane E, Lok ASF. How to achieve functional cure of HBV: stopping 
NUCs, adding interferon or new drug development? J Hepatol. 2022;76: 
1249–1262. https://doi.org/10.1016/j.jhep.2021.11.024.

132. Fung S, Choi HSJ, Gehring A, Janssen HLA. Getting to HBV cure: the promising 
paths forward. Hepatology. 2022;76:233–250. https://doi.org/10.1002/ 
hep.32314.

133. Wang X, He Y, Zhang Q, Ren X, Zhang Z. Direct comparative analyses of 10X 
genomics chromium and smart-seq2. Genomics Proteomics Bioinformatics. 
2021;19:253–266. https://doi.org/10.1016/j.gpb.2020.02.005.

134. Zhang Q, He Y, Luo N, et al. Landscape and dynamics of single immune cells 
in hepatocellular carcinoma. Cell. 2019;179:829–845 (e20). https://doi.org/ 
10.1016/j.cell.2019.10.003.

L. Ma, S. Chen, H. Wang et al. Liver Research 9 (2025) 189–198

198

https://doi.org/10.1111/j.1349%2D7006.2006.00235.x
http://refhub.elsevier.com/S2542-5684(25)00050-9/sref119
http://refhub.elsevier.com/S2542-5684(25)00050-9/sref119
http://refhub.elsevier.com/S2542-5684(25)00050-9/sref119
https://doi.org/10.1038/343457a0
https://doi.org/10.1093/emboj/21.4.525
https://doi.org/10.1073/pnas.95.15.8847
https://doi.org/10.1073/pnas.95.15.8847
https://doi.org/10.1038/ncomms3218
https://doi.org/10.1038/ncomms3218
https://doi.org/10.1006/viro.1996.0594
https://doi.org/10.3389/fimmu.2022.941243
https://doi.org/10.1002/hep.31789
https://doi.org/10.1002/hep.31789
https://doi.org/10.1002/hep.31230
https://doi.org/10.1016/j.jcmgh.2023.01.001
https://doi.org/10.1016/j.jcmgh.2023.01.001
https://doi.org/10.1001/jamaoncol.2023.2677
https://doi.org/10.1001/jamaoncol.2023.2677
https://doi.org/10.1053/j.gastro.2020.08.015
https://doi.org/10.1053/j.gastro.2020.08.015
https://doi.org/10.1016/j.jhep.2021.11.024
https://doi.org/10.1002/hep.32314
https://doi.org/10.1002/hep.32314
https://doi.org/10.1016/j.gpb.2020.02.005
https://doi.org/10.1016/j.cell.2019.10.003
https://doi.org/10.1016/j.cell.2019.10.003

	Hepatitis B virus integration and hepatocarcinogenesis
	1. Introduction
	2. The integration of the HBV genome into the host genome
	3. HBV DNA integration is associated with HCC development
	3.1. Clinical implications of HBV integration with HCC
	3.2. Development of HBV integration to HCC

	4. Mechanisms underlying HBV integration-induced HCC
	4.1. Insertional mutagenesis
	4.2. Induction of chromosomal instability by the integrated DNA
	4.3. Role of viral proteins in carcinogenesis
	4.3.1. HBx
	4.3.2. HBsAg and PreS/S


	5. Diagnosis and treatment
	6. Conclusions and perspectives
	Authors’ contributions
	Declaration of competing interest
	Acknowledgements
	References


