
Frontiers in Microbiology 01 frontiersin.org

The role of the hepatitis B virus 
genome and its integration in the 
hepatocellular carcinoma
Weiyang Li 1,2, Suhao Wang 2, Yani Jin 2, Xiao Mu 2, 
Zhenzhen Guo 3, Sen Qiao 3, Shulong Jiang 3, Qingbin Liu 3,4* and 
Xiaofang Cui 1,2*
1 Jining Medical University, Jining, China, 2 School of Biological Science, Jining Medical University, 
Rizhao, China, 3 Jining First People's Hospital, Shandong First Medical University, Jining, China, 
4 Clinical Medical Laboratory Center, Jining First People's Hospital, Shandong First Medical University, 
Jining, China

The integration of Hepatitis B Virus (HBV) is now known to be closely associated 
with the occurrence of liver cancer and can impact the functionality of liver cells 
through multiple dimensions. However, despite the detailed understanding of the 
characteristics of HBV integration and the mechanisms involved, the subsequent 
effects on cellular function are still poorly understood in current research. This 
study first systematically discusses the relationship between HBV integration and 
the occurrence of liver cancer, and then analyzes the status of the viral genome 
produced by HBV replication, highlighting the close relationship and structure 
between double-stranded linear (DSL)-HBV DNA and the occurrence of viral 
integration. The integration of DSL-HBV DNA leads to a certain preference for 
HBV integration itself. Additionally, exploration of HBV integration hotspots 
reveals obvious hotspot areas of HBV integration on the human genome. Virus 
integration in these hotspot areas is often associated with the occurrence and 
development of liver cancer, and it has been determined that HBV integration 
can promote the occurrence of cancer by inducing genome instability and other 
aspects. Furthermore, a comprehensive study of viral integration explored the 
mechanisms of viral integration and the internal integration mode, discovering 
that HBV integration may form extrachromosomal DNA (ecDNA), which exists 
outside the chromosome and can integrate into the chromosome under certain 
conditions. The prospect of HBV integration as a biomarker was also probed, with 
the expectation that combining HBV integration research with CRISPR technology 
will vigorously promote the progress of HBV integration research in the future. In 
summary, exploring the characteristics and mechanisms in HBV integration holds 
significant importance for an in-depth comprehension of viral integration.
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1 Introduction

Hepatocellular carcinoma (HCC) is a type of liver cancer originating from liver cells and 
is one of the most common malignant tumors. The mortality rate of liver cancer ranks third 
among cancer deaths worldwide (Sung et al., 2021), while it ranks fifth in cancer incidence 
and second in cancer mortality, in China (Huang et al., 2022). Although the pathogenesis of 
HCC is still unclear, epidemiological studies have confirmed that HBV is a leading cause of 
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HCC among many risk factors. A higher HBV infection rate may lead 
to a high frequency of HCC occurrence (Hong et al., 2017), and HBV 
carriers have a higher risk (5–15 times) of developing cancer than 
non-carriers (Wang et  al., 2021; Yano et  al., 2006; El-Serag and 
Rudolph, 2007). HBV infection has been associated with the 
development of liver cancer, as it plays a crucial role in the 
carcinogenesis, invasion, and metastasis of liver cells (Liu et al., 2020; 
Zha et al., 2018).

2 HBV structure and genome

Hepatitis B virus (HBV) belongs to the Hepadnaviridae family. 
The virus particles, also called dane particles, are spherical in shape, 
with 42 nm of diameter. The outer capsid is like a typical double-layer 
viral envelope. The surface antigen (HBsAg) of HBV is embedded in 
the lipid bilayer of the envelope, while its core structure has relatively 
high electron density and is 20-hedron stereo symmetric with 
approximately 27 nm diameter. The inner shell of the virus has an 
antigenic protein called the core antigen (HbcAg) of HBV (D'Mello 
et al., 1997).

HBV has been divided into eight genotypes, and each genotype 
has different geographical distribution characteristics. In China, the 
common genotypes are B and C. The HBV has an enveloped 
structure containing a 3.2 kb genome. The circular double-stranded 
DNA (dsDNA) genome is enclosed in a virally encoded capsid. The 
genome has high information density and widely overlapping open 
reading frames (ORFs). The negative strand of the HBV genome 
contains 4 open reading frames (ORFs), which are P gene, S gene 
(divided into pre-S2 region, pre-S1 region, S region), the X gene and 
the C gene (divided into the pre-C region and C region). The ORFs 
encode seven different proteins, including structural protein, 
HBsAg and HBV core antigen (HBcAg), preCore, HBV e antigen 
(HBeAg), HBV polymerase and HBV X protein (HBx) (Tian and 
Jia, 2016).

3 Replication of HBV genome

The first step in the replication of HBV is to invade the human 
body and adhere to the liver cell membrane using its outer membrane 
(surface antigen, HBsAg). However, for adhesion process, HBsAg 
must first recognize the liver cell membrane (Takahashi, 2004). For 
an efficient infection process, viruses usually employ various 
receptors or coreceptors on the cell membrane to mediate their 
infection. In 2012, Wenhui Li discovered and reported sodium 
taurocholate cotransporter (NTCP) as a functional receptor for HBV 
infection, which effectively resolved the unclear process of HBV 
invasion into liver cells. This discovery greatly stimulated the research 
progress of the mechanism of HBV infection (Toniutto et al., 2024). 
At present, it is not clear whether any other receptors or coreceptors 
are involved in the process of HBV infection. In recent years, 
researchers have taken advantage of the heterogeneity of HBV 
infection among cells and performed single-cell sequencing and 
susceptibility analysis on the liver biopsy samples of children not on 
antiviral therapy. The results revealed that in addition to NTCP, the 
gene expression of multiple membrane proteins significantly 
enhanced HBV infection and that one protein, the one-way 

transmembrane glycoprotein neuropilin-1 (NRP1), could bind to 
HBV large surface proteins, thereby facilitating viral attachment to 
the cell surface. This NRP1–viral protein interaction enhances the 
ability of HBV to bind to NTCP, ultimately promoting viral infection 
(Yu et al., 2024).

Once the adhesion is successful, it means that HBV has entered 
the liver cells. The core part of HBV then enters the liver cells and 
removes its “nucleocapsid” (core antigen is HBcAG and E antigen is 
HbeAG) in the liver cytoplasm, exposing the core part, namely 
hepatitis B virus nucleic acid (HBV-DNA). The viral genome enters 
the nucleus through the nuclear pore, which is repaired by host 
factors and converted into the form of covalently closed circular 
DNA (cccDNA). This process involves multiple host proteins. The 
removal of the covalently attached HBV polymerase adduct is 
required to repair rcDNA (Guo et al., 2007; Luo et al., 2017), a process 
that involves multiple redundant factors. The HBV polymerase 
complex is initially removed by the redundant factors flap 
endonuclease 1 (FEN-1) and tyrosyl-DNA phosphodiesterase 2 (Wei 
and Ploss, 2020). The subsequent repair of negative and positive 
chains progresses independently. The repair of the negative strand by 
FEN-1 leads to the recognition and removal of the RNA primer, 
followed by the connection of the notch on the negative strand by 
DNA ligase 1 (LIG1) to complete the repair. The repair of the positive 
strand is similar to Okazaki fragment synthesis. First, the replication 
factor C complex recognizes the 3′ end of the positive chain and loads 
the proliferating cell nuclear antigen (PCNA) onto the prime-
template junction. PCNA then recruits and activates POL delta using 
the PCNA interacting peptide sequence on POL delta, thereby filling 
the ssDNA gap and replacing the RNA primer at the 5′ end of the 
positive strand. Finally, FEN-1 recognizes and removes the replaced 
RNA primer and LIG1 connects to the gap left by the positive strand 
to complete the repair of the positive strand. This replication 
intermediate combines with host proteins to form the viral mini-
chromosome, which serves as a template for viral RNA transcription. 
During this process, five viral mRNAs are produced, including 
pregenomic RNA (pgRNA), which is the main intermediate in HBV 
replication. The pgRNA is exported into the cytoplasm, and then 
inside the nucleocapsid, the pgRNA is reverse transcribed by the viral 
polymerase into new relaxed circular DNA (rcDNA). Alternatively, 
it can form double-stranded linear DNA (dslDNA) and plays an 
important role in integrating HBV DNA into the host genome. 
RcDNA can be delivered into the nucleus, increase the content of 
cccDNA, or bind to HBV surface proteins in the endoplasmic 
reticulum (ER), and be secreted outside the liver cells in the form of 
virions (Sidorkiewicz, 2001) (Figure 1). The cccDNA is responsible 
for controlling all the genetic information of HBV and instructing its 
replication. At this stage, HBV will use cccDNA as a template to 
transcribe all the information into mRNA. Subsequently, the genetic 
information on the mRNA is translated into various proteins such as 
HBV outer membrane protein (HBsAg), nucleocapsid protein 
(HBeAg, HBcAg), HBV-DNA polymerase, etc., followed by the shell 
formation. HBV is an unusual DNA virus because it resembles a 
retrovirus; therefore, it has a higher mutation rate than ordinary 
DNA viruses. Afterwards, HBV begins to assemble into complete 
particles in the cytoplasm, which are transported outside through the 
endoplasmic reticulum system. Some particles are returned to the 
nucleus to ensure the stable existence of cccDNA (Chemin and 
Zoulim, 2009).
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4 Present status of HBV in the cells

HBV in cells has been observed in four states: relaxed circular 
structure rcDNA, the tight supercoiled structure cccDNA, virus 
integration state, and a possible extrachromosomal DNA (ecDNA) 
state (Chen et al., 2024). Each viral state has a different background 
of existence.

The viral genome in the relaxed state is most active during the 
early infection of hepatitis liver disease. The active replication relaxed 
state in cells is the main cause of viral hepatitis and can also lead to 
gradual changes in the organic structure of the liver. cccDNA is latent 
in the nucleus and acts as a supplementary library of rcDNA, which 
can produce pregenomic RNA (pgRNA) as a template for virus 
replication, thereby ensuring the stable existence of the virus in cells 
and effective reproduction. The HBV sequence in the integrated state 
is not necessary for virus replication. Therefore, the formation of this 
state may be closely related to the damage of the genome and the 
random insertion of the early viral genome. Once the HBV integration 
events occur, the instability of the genome increases. These factors 
work together with the external inflammatory environment of cells to 
select a group of cells with high adaptability and survival advantages, 
which lead to the occurrence and metastasis of cancer through 
multiple evolutions.

cccDNA can produce rcDNA and double-stranded linear DNA 
(DSL-DNA). rcDNA can act as a virus genome library and can 
be transformed into cccDNA in the nucleus. It is known that virus 
integration occurs mainly due to DSL-DNA. Furthermore, the 
integrated virus DNA may detach from the chromosome and become 
ecDNA. This process may be dynamic that is, the detachment of DNA 
and its reintegration into the genome will continue to occur when the 
genome is unstable, thereby augmenting the instability level of the 
human genome (Ye et al., 2023) (Figure 2).

According to the existing data, the integration state of viruses into 
tumor cells is a crucial aspect of the virus genome. The research 
findings of Li et al. provide strong evidence for this speculation (Li 
et al., 2022). They found that HBV sequence with the integration site 
is about 49.5% of the total HBV DNA in the cells, indicating that the 

integrated form of HBV is important in HCC cells. Additionally, they 
reported that each cell contains about 3.2 copies of HBV and at least 
1.6 copies of integrated HBV. The integration of HBV can lead to more 
frequent structural variations, including translocation (accounts for 
56%) and deletions in the genome (Li et al., 2022). The fourth state is 
generally considered a part of the chromosome that has detached, and 
is often closely related to the overexpression of tumor genes, but the 
specific mechanism is yet to be fully explored (Hung et al., 2022). 
Therefore, the removal of cccDNA and the deletion of the virus 
integration sequence are crucial to the fundamental cure of hepatitis 
B. Although there are many antiviral drugs, it remains difficult to 
prevent the transformation of hepatitis to liver cancer. The 
fundamental reason is the lack of effective methods to eliminate viral 
integration and cccDNA.

5 Discovery of HBV integration events

Liver cancer is one of the most frequently occurring malignancies 
(Chen, 2015). HBV infection is known for its major contributions in 
causing liver cancer and HBV carriers have a higher risk of developing 
cancer than non-carriers (Ishikawa, 2010).

The integration of the HBV genome into the human genome in 
liver cancer was discovered as early as 1980 (Brechot et al., 1980). 
Researchers also found that the region around 1,800 bp of the cohesive 
end of the HBV genome is highly prone to integration events (Nagaya 
et al., 1987), and the HBV DNA deletion at the end is as high as 
200 bp. HBV DNA integration occurs early in infection, and is already 
common in patients with hepatocellular carcinoma and cirrhosis with 
long-standing chronic hepatitis B (Brechot et al., 1980; Mason et al., 
2010). A recent study reported that HBV DNA integration takes place 
before histologically observable liver damage in CHB patients (Mason 
et al., 2016). HBV DNA integration has been reported in children (as 
young as 5 months) who were congenitally infected with severe liver 
disease as well as in patients with acute HBV infection (Scotto et al., 
1983; Yaginuma et al., 1987). These observations are corroborated 
with animal models of woodchucks and ducks, where integration was 

FIGURE 1

Replication of HBV genome.

https://doi.org/10.3389/fmicb.2024.1469016
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al. 10.3389/fmicb.2024.1469016

Frontiers in Microbiology 04 frontiersin.org

observed within days after infection (Summers et al., 2003). In fact, 
the first description of HBV DNA integration into the host cell 
genome was found in primary HCC tissues and HCC-derived cell 
lines, suggesting integrated HBV DNA as a causative factor (Koshy 
et al., 1981). Studies have investigated that HBV-related liver cancer 
is often accompanied by HBV virus integration events, and the 
positive rate of HBV virus integration detected in cancer tissue 
samples can be as high as 85–90% (Brechot et al., 2000). However, the 
positive rate of virus integration events in para-cancerous tissues is 
significantly lower than that in cancer tissue samples (Sung et al., 
2012), thus the occurrence of liver cancer can be  linked to 
viral integration.

6 Effect of HBV integration events

In vitro studies in a duck HBV infection model have shown that 
integration occurs preferentially at double-strand breakout sites (Bill 
and Summers, 2004). Integration of HBV genes in non-tumor tissues 
showed a dispersed distribution throughout the genome with only a 
few specific chromosomal hotspots or common relapse sites among 
patients, while tumor tissues showed some enrichment at specific 

genomic loci (Zhao et  al., 2016). Recent studies using NGS have 
revealed that the structural arrangement of the integrated HBV DNA 
form affects the normal reading frame of the HBV genome, which in 
turn affects viral gene expression. Meanwhile, as the dslDNA form is 
only ~16 nt longer than the HBV genome length, integrated HBV 
DNA cannot produce pgRNA because of abnormal HBV genome, 
indicating that once viral integration occurs, it is difficult for the virus 
to replicate completely in cells. It has been investigated that Enhancer 
I (Enh I) is active in an integrated form, which leads to generation of 
HBx ORF (Shamay et al., 2001). Enh I, an enhancer identified in the 
HBV genome, has high activity in hepatogenic cell lines and can 
function together with heterologous promoters (Ben-Levy et al., 1989; 
Garcia et al., 1993; Honigwachs et al., 1989; Tang and McLachlan, 
2001; Yu and Mertz, 2001; Zhang et al., 2024; Guo et al., 2023). It is 
essential for HBV transcription and viral promoter regulation 
(Honigwachs et al., 1989; Antonucci and Rutter, 1989; Zhou et al., 
2016; Doitsh and Shaul, 1999).

In the integrated form, the 154 amino acids HBx may be truncated 
by at least three amino acids. However, studies have shown that HBx 
C-terminal truncated mutants (truncating 14 amino acids) are still 
effective in transcriptional transactivation (Kumar et al., 1996). Since 
the integrated form has no terminator at the 3′ end of the HBx ORF, 

FIGURE 2

Dynamic process of HBV integration and extrachromosomal DNA.
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it allows HBV to generate HBV-cell fusion transcripts. Integration is 
not necessary for viral replication, but it allows for a more stable 
presence of the viral genome. Long-term chronic inflammation can 
significantly increase the number of viral episomal DNA fragments in 
the host DNA during successive cell cycle death and proliferation, 
which can lead to the viral integration. As the viral integration can 
occur at different locations on different chromosomes, viral DNA 
fragments can affect the expression of targeted genes or even change 
the structure and function of proteins produced by genes, which in 
turn leads to the transformation of normal cells into malignant. The 
integration of viral DNA can also trigger carcinogenesis-related 
signaling cascades in cells through mutated viral proteins such as 
preS/S proteins or truncated X proteins, causing malignant cell 
transformation or transactivation (Zhang et al., 2021). In addition, the 
HBV genome has many enhancer structures that can activate gene 
expression through heterologous promoters (Qin et al., 2016). These 
enhancers can activate genes up to 100 Kb away from the site of 
cellular integration (Ozkal-Baydin, 2014). HBV integration can also 
induce recombination or deletion in the host chromosome near the 
integration site (Alvarez et al., 2021). Furthermore, viral integration 
can also lead to translocations, the production of fusion transcripts, 
and severe genome instability, hereby providing selective growth 
advantages during the growth of HBV-infected liver cells.

Previously, we found that 56% of virus integration was related to 
translocation and may replicate through the formation of a hairpin 
structure, resulting in inversion. These inversion events form a cross 
structure that is prone to fragmentation. Once the fragmentation 
occurs, it is easy to recombine with the broken region of the genome, 
causing variation in the translocation genome structure. These 
structural variations significantly increase the recombination 
frequency and hence lead to instability of the genome (Peneau et al., 
2022; Jia et  al., 2021). Furthermore, studies have shown that 
HBV-mediated rearrangements lead to frequent inter-chromosomal 
translocations and are often associated with a wide range of 
aberrations, including copy number changes in chr 4q (TERT), 5p, 6q, 
8p, 16q, 9p (CDKN2A/B), 17p (TP53) and 13q (RB1), especially the 
ultra-early copy number gain on chr8q. Simultaneous HBV integration 
usually results in a complex structure, with each site exhibiting a 
varying end structure that may be mediated by different DNA repair 
mechanisms. Microhomologies (MHs) have been observed between 
the human genome and HBV genome near integration breakpoints, 
similar to the HPV integration pattern reported earlier (Hu et al., 
2015). Facilitated by MHs flanking the breakpoint, HBV possibly 
hijacks the MH-mediated DNA repair pathways to fuse with the 
broken host genome and complete the integration process (Zhuo et al., 
2021). Two repair mechanisms of MH-mediated end joining (MMEJ) 
have been found. MMEJ with pre-existing MH involves the deletion 
of one of the two repeats and all sequences between repeats (Yu and 
McVey, 2010). By contrast, SD-MMEJ uses a repeating primer located 
entirely on one side of the DSB to synthesize MH from scratch, and 
the sequence between the primer and the new MH template is copied 
and inserted into the break site (Yu and McVey, 2010).

In HCC, integration-induced copy number variations, such as 
ultra-early Chr8q amplification, may interact with the oncogenic 
effects of viral proteins and the overexpression of hotspot genes, 
leading to initial clonal expansion, shortening the progression time 
from normal cells to HCC, and accelerating the development of HCC 
(Qian et al., 2024).

7 Carcinogenesis of HBV integration 
event

It is believed that the mechanism of carcinogenesis of 
HBV-infected liver cells has the following three aspects: (1) viral DNA 
expression products, such as HBx protein, can induce proliferation 
and differentiation of liver cells; (2) chronic HBV infection caused by 
repeated stimulation of liver cell inflammation, which can lead to an 
inflammatory response and killing effect mediated by virus-specific T 
cells cause cumulative damage to the host hepatocyte genome and 
result in changes in genetic information (Hwang et al., 2020); (3) HBV 
DNA integrates into the hepatocyte genome, resulting in changes in 
the expression and function of endogenous target genes, as well as 
host chromosomal instability, which can lead to increased expression 
of certain cancer-related genes, such as: telomerase reverse 
transcriptase (TERT), mixed-lineage leukemia 4 (MLL4) and cyclin 
E1 (CCNE1) (Cui et  al., 2023), or can also cause inactivation or 
decreased expression of tumor suppressor genes or changes in the 
expression of miRNAs. Despite inducing proliferation, differentiation 
and transformation of cells, HBV integration may directly regulate the 
transcription of adjacent cell genes, through cis-activation, causing 
cancer. Moreover, the integration of viral DNA can cause chromosomal 
recombination and loss of cellular DNA, eventually leading to 
malignant transformation and tumor formation in hepatocytes. It has 
been determined that virus integration can lead to the direct 
destruction of gene structure, promotion of abnormal transcriptional 
expression of genes, formation of fusion transcripts, and copying or 
deleting parts of the genome, which can cause genome instability, 
affect cell function and increases the chance of liver cancer.

8 Mechanisms of HBV integration

In the field of virology and HCC, the virus integration mechanism 
has always been a focus of researchers. Studies have investigated that 
most HBV integration breakpoints occur within the range of 1,600–
2,000 bp, but can also be  present in other regions. These findings 
suggest that HBV integration into the host genome is not a simple 
process. During the replication process of HBV, in about 90% of the 
cases, the 18 nt RNA primer translocates to the DR2 sequence, leading 
to the synthesis of rcDNA. However, in the remaining 10% of the 
cases, the RNA primer binds to the DR1 region, synthesizing double-
stranded linear DNA (dslDNA). HBV integration events generally 
occur in the host genomic DNA break region and are often 
accompanied by deletion. However, it remains unclear whether HBV 
DNA undergoes non-homologous end joining (NHEJ) or MMEJ 
during virus integration (Mladenov et  al., 2016); however, recent 
studies utilizing next-generation sequencing (NGS) provide support 
for the latter (Zhao et  al., 2016). Previously we  found that HBV 
integration most likely occurs in dslDNA form through the classical 
NHEJ and MMEJ mechanisms (Sfeir and Symington, 2015; Lau et al., 
2014; Budzinska et al., 2018). This study also revealed that there are 
breakpoints and integration events in the non-1800 bp, suggesting the 
integration of ssDNA into the human genome through the single-
strand annealing mechanism (Figure 3). Moreover, integration of the 
closed circular HBV DNA into the human genome through the MMEJ 
mechanism has also been suggested (Hu et  al., 2015; McVey and 
Lee, 2008).
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9 Hotspots of virus integration

It has been investigated that the majority of integration events 
occur at or near common fragile sites. These sites of the genome are 
prone to deletions, breaks, chromosomal rearrangements, and gene 
amplification Furthermore, they also regulate the proliferation of 
genes, cell signaling, transduction, and cell viability. Additionally, 
these regions contain Alu sequences and microsatellite regions that 
are prone to development and increased genome instability (Feitelson 
and Lee, 2007). Sung et al. (2012) used the next-generation whole 
genome sequencing technology to examine the integration 
characteristics of HBV in 88 pairs of liver cancer samples. They 
revealed that the hotspot integration genes of HBV in liver cancer 
were TERT, KMT2B, and CCNE1. Furthermore, studies have found 
that majority of the high-frequency integrated oncogenes in tumor 
tissue are highly expressed, such as CTNND2, KMT2B, etc. While the 
high-frequency integrated tumor suppressor genes, such as PTPRD, 
UNC5D, etc., are relatively low-expressed when compared 
with oncogenes.

Research on HBV integration events has further confirmed 
that HBV integration events only contribute to the final malignant 
transformation of hepatocytes when they target host genes with 
oncogenic functions (Li et  al., 2014). Likewise, when the HBV 
virus inserts the tumor suppressor gene MLL4 in the host genome, 
the MLL4 gene is activated, resulting in the malignant 
transformation of liver cells. Additionally, the integration of HBV 
DNA within the non-genic region of 8p11.21 can activate the Wnt 
signaling pathway by forming a new chimeric transcript, and this 
type of integration has been linked to poor clinical prognosis (Lau 
et  al., 2014). Similarly, integration in the 8q24 region that is 

between the two oncogenes c-Myc and PVT1, occurs in 20% of 
patients with early-onset HCC (Yan et al., 2015). Furthermore, a 
large-scale study conducted on the integration rules and their 
clinical correlations in liver cancer reported that liver cancer 
patients with virus integration often have a worse prognosis (Li 
et al., 2013). In summary, the virus integration is a regular process 
and is closely linked to the occurrence and development of liver 
cancer. However, the rules of virus integration in different 
populations worldwide are still unclear, and the key pathways and 
mechanisms that promote tumor development are yet to 
be explored.

When the virus gets integrated into the intergenic region of the 
human genome, it leads to the instability of the genome near the 
integration region due to the change of the spatial structure of the 
genome sequence. Furthermore, integration can cause long-distance 
chromosome interaction and regulate long-distance related genes. It 
was found that mutations in the TERT promoter region can interact 
with the upstream 300 kb region long-distance (Min and Shay, 2016). 
Similarly, integration in the 8q24 region can remotely regulate MYC 
gene expression, thereby promoting tumorigenesis (Adey et al., 2013). 
Furthermore, integration of some viruses can directly interfere with 
the expression of related target genes through nascent chimeric 
transcripts, similar to LncRNA functions. Intergenic integrations 
possibly account for functional chimeric noncoding transcripts. The 
HBx-long interspersed nuclear elements 1 (LINE1) is another type of 
fusion transcript that acts as a noncoding RNA (Lau et  al., 2014; 
Heikenwalder and Protzer, 2014). Lau et al. (2014) found that the 
function of HBx-LINE1 does not depend on the fusion protein and 
that it may affect the trans-activity of β-catenin. Subsequently, Liang 
et al. used a cell line model to confirm that HBx-LINE1 could act as a 

FIGURE 3

HBV integration mechanism. (A) Microhomology-mediated end joining (MMEJ) during virus integration joining; (B) classical non-homologous end 
joining (C-NHEJ); (C) the single-strand annealing mechanism.
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miR-122 sponge, which is a liver-specific miRNA and key regulator of 
liver disease (Liang et al., 2016).

These factors suggest the different integration modes may have 
varying effects on the genome level and the level of transcription and 
translation. Thus, their functions and mechanisms in the occurrence 
and development of liver cancer may be  also different. Recently, 
we analyzed global virus integration hotspots and found that some 
hotspot genes have cross-ethnic characteristics. For example, the 
TERT gene and KMT2B gene are integration hotspot genes in Asian 
and European populations (Peneau et  al., 2022; Cui et  al., 2023). 
Therefore, it is suggested that virus integration is a common 
phenomenon that occurs in different people.

10 Pathway effects of HBV virus 
integration sites

Our research group discovered a series of new viral integration 
genes, including two new hotspot genes, expanding the knowledge of 
viral integration hotspots of HBV. From the perspective of virus 
integration, the event has a large random integration background, but 
also has some obvious hotspot genes such as TERT and KMT2B. Our 
research found that these hotspot genes are likely common in different 
races. Moreover, it provides an effective target for further research on 
the pathogenic mechanism and treatment of virus-integrated liver 
cancer (Cui et al., 2023). For a decade, it has been believed that virus 
integration would cause changes in genome structure, genome 
instability, abnormal expression of tumor suppressor genes and 
oncogenes, and abnormal expression of viral genes. It was found that 
virus integration can also be closely related to nerve axons and key 
synapses. Although the mechanism of viral integration affecting nerve 
axons and synaptic pathways still needs to be further studied, the veil 
of its close relationship with the nervous system has been gradually 
uncovered (Li et al., 2022).

11 HBV integration as a promising 
biomarker

The increasing data on HBV-DNA integration enhances our 
understanding of its cancer-promoting mechanism and highlights its 
potential as a detection marker. A recent meta-analysis identified 396 
integration site-related genes in tumor samples, with 28 of these genes 
appearing in at least 10 patients (Lin et al., 2021). This meta-analysis 
highlights hotspots of HBV-DNA integration associated with the 
development of HCC. These genes may be developed into a panel for 
the diagnosis of liver cancer (Salpini et al., 2022).

Several studies have investigated HBV integration sites as useful 
non-invasive biomarkers for the early identification of HCC 
occurrence and recurrence (Li et al., 2019; Liu et al., 2021; Zhang et al., 
2021). In 2019, our team demonstrated the presence of HBV 
integration site information in the blood samples of 20 HBV-infected 
patients, discovering a total of 87 different HBV integration sites. 
These sites were significantly enriched in tumor pathways. Although 
the source and proportion of the integrated fragments are not yet 
clear, this study shows that HBV DNA and integration sites in blood 
can be used as non-invasive viral integration detection biomarkers for 
liver cancer (Li et al., 2019). In 2021, another study applying a novel 

circulating single-molecule amplification and resequencing method 
confirmed that the majority of integration events detected in blood 
cell-free DNA originated from tumor tissue, further validating the 
potential of using HBV DNA integration as circulating tumor markers 
(Zheng et al., 2021). Regarding HCC recurrence, some studies have 
shown that viral integration was found in 10 cases (23.3%) of patients 
in the cell-free DNA after surgery, and 9 of these patients had liver 
cancer recurrence within 1 year. This indicates that viral integration 
in plasma cell-free DNA may develop into a new detection method for 
liver cancer (Li et al., 2020).

Furthermore, HBV DNA, HBV RNA, and cccDNA were also 
found in peripheral blood cells, and a large amount of HBV integration 
was identified in lymphocytes, including in cases of acute or latent 
HBV infection (Pontisso et al., 1984; Laure et al., 1985). Additionally, 
HBV viral integration was detected in peripheral blood mononuclear 
cell (PBMC) of patients with chronic hepatitis B using more sensitive 
methods (Laskus et al., 1999; Wang et al., 2008). In addition to PBMC, 
HBV integration was also found in hematopoietic stem cells (Shi 
et al., 2014).

The discovery of HBV viral integration in plasma cell-free DNA 
and blood PBMC indicates that liver disease progression can 
be predicted through non-invasive detection. Thus, HBV integration 
information shows great promise as a biomarker (Figure 4).

12 The significance of 
third-generation sequencing and 
CRISPR/Cas9 technologies in 
explaining virus integration mode

The third-generation sequencing can read a length of 200 kb, 
making this technology efficient to span the virus integration fragments 
and determining the two end sites formed by the integration. These 
high throughput methods would obtain a complete and comprehensive 
virus integration mode. Various HBV virus integration patterns with 
high diversity and complexity have been found, including short-
segment insertion and long-segment insertion in addition to inversion 
(Figure 5). It has significant advantages in the detection of complex 
regions of the genome, such as the highly complex HLA region, and 
can offer higher coverage and provide more accurate information 
(Westbrook et al., 2015; Mayor et al., 2015). Additionally, the full-length 
HCV genome can be directly sequenced through third-generation 
sequencing (Bull et  al., 2016). Furthermore, investigating viral 
integration can sometimes be highly complex, as it is unknown whether 
these rearrangements occur prior to viral integration (integration of a 
defective HBV genome or HBV splice variants), after integration, or a 
combination of both. Li et  al. carried out long-fragment virus 
integration analysis utilizing original HIVID technology, and have 
established a process based on third-generation sequencing (Li et al., 
2022; Meng et al., 2019). Previous studies on virus integration were 
ineffective using longer viral genome fragments, making it difficult to 
analyze the chromatin accessibility and transcriptional expression 
abnormalities at the cell level caused by virus integration at specific 
sites. These limitations made it difficult to determine the carcinogenic 
pathways and mechanisms. However, the rapid progress in CRISPR/
Cas9 technology has led to the development of targeted knock-in 
technology, enabling the knock-in of a 5.5 kb fragment into the genome 
(Yoshimi et  al., 2016). The development of site-specific knock-in 
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technology can rule out infection by external factors and more 
accurately study the impact of virus integration on genome, 
transcription and expression. Since virus integration has hotspots, it is 
more effective in determining the function of specific virus integration 
by performing a fixed-point integration design for specific hotspots.

13 Future research on HBV 
oncogenicity

The role of HBV integration in the initiation and progression of HCC 
is intricate. One of the most immediate consequences of viral integration is 

the alteration of genome structure. These changes in genome structure 
directly impact genome stability and result in modifications in chromatin 
accessibility. Different modes of virus integration can induce varying 
cellular functional changes. Therefore, elucidating the precise integration 
patterns of the virus and understanding the carcinogenicity of HBV 
integration are crucial steps in comprehending the overall process of virus 
integration-related carcinogenesis.

The development of third-generation technology and associated 
software has laid the groundwork for addressing this issue, and related 
research has progressively deepened. Once the virus’s integration patterns 
are clarified, research can advance to investigate the functional 
consequences of different integration modes. In this process, it will 

FIGURE 4

Cell free DNA associated with liver disease progression.
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be important to establish cell lines and animal models with site integrations. 
By examining the diversity and regularity of virus integration modes, 
researchers can elucidate the specific impacts of key virus integration 
modes on cellular functions, encouraging more research efforts in this area. 
Additionally, understanding the mechanisms influencing viral integration 
modes will yield valuable insights.

Under the premise that the study of viral integration model is 
mature, researchers can use mathematical models to combine viral 
integration sites with internal viral integration models for the early 
diagnosis of liver cancer. Based on the demand of noninvasive 
diagnostic methods for clinical detection and continuous release of 
plasma-free DNA in the peripheral blood during liver cancer 
progression, combining the viral integration characteristics of plasma-
free DNA with existing clinical data is of great significance for 
developing a noninvasive early detection model for liver cancer.

In the field of HBV-related liver cancer, the entry of HBV into the 
cell is the key mechanism. The blockade of HBV outside the cell at this 
stage can directly prevent the various effects of HBV. Therefore, 
additional studies on receptors used by HBV to enter cells are needed. 
When HBV enters the cell, cccDNA that performs multiple functions 
is formed, and it can be used as a template to form dslDNA. In the 
future, drug development and cccDNA detection may be particularly 
important for the treatment of HBV-related liver cancer. The 
integration of HBV can induce genomic instability, producing many 
virus particles to promote inflammation. These processes can 
be  prevented only by removing the virus integration fragment. 

Therefore, the development of the CRISPR/CAS9 technique to shear 
integrated HBV sequence in the genome is of great therapeutic 
significance for liver cancer induced by viral integration.

As these mechanisms become clearer, corresponding therapeutic 
approaches can be developed. These may encompass gene editing 
methods, cell therapy strategies, and the creation of small molecule 
inhibitors, all with the potential to eliminate viral integration and 
inhibit its occurrence. As research in these areas progresses, 
continuous breakthroughs will emerge in early diagnosis, drug 
development, and mechanistic research in the field of liver cancer. 
Moreover, these advancements will extend to other virus integration-
related fields, such as HPV integration-related cervical cancer and 
head and neck cancer. Various functional changes stemming from 
human immunodeficiency virus (HIV) integration will also continue 
to see progress, using the HBV research model as a foundation. 
Ultimately, these endeavors hold the promise of fundamentally 
addressing diseases related to viral integration and providing fresh 
insights and strategies to the broader field of viral treatment.

Author contributions

WL: Conceptualization, Writing – original draft, Writing – 
review and editing. SW: Data curation, Writing – original draft. YJ: 
Investigation, Writing – original draft. XM: Investigation, Resources, 
Writing – original draft. ZG: Writing – original draft, 

FIGURE 5

Multiple HBV integration mode. (A) HBV fragment inserted in the TERT gene; (B) HBV fragment with inversion structure inserted in the TERT gene; 
(C) HBV fragment inserted in the KMT2B gene; (D) HBV fragment inserted in the intergenic region.

https://doi.org/10.3389/fmicb.2024.1469016
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al. 10.3389/fmicb.2024.1469016

Frontiers in Microbiology 10 frontiersin.org

Conceptualization, Investigation. SQ: Writing – original draft, 
Conceptualization, Investigation. SJ: Writing – original draft, 
Conceptualization, Investigation. QL: Conceptualization, 
Investigation, Writing – original draft. XC: Conceptualization, 
Writing – original draft.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. The study was 
funded by Shandong Provincial Natural Science Foundation (Nos. 
ZR2022MH319 and ZR2022LZY027), Young Taishan Scholars 
Program of Shandong Province (No. tsqn201909200) and Key 
Research and Development Program of Jining (No. 2023YXNS014).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Adey, A., Burton, J. N., Kitzman, J. O., Hiatt, J. B., Lewis, A. P., Martin, B. K., et al. 

(2013). The haplotype-resolved genome and epigenome of the aneuploid HeLa cancer 
cell line. Nature 500, 207–211. doi: 10.1038/nature12064

Alvarez, E. G., Demeulemeester, J., Otero, P., Jolly, C., Garcia-Souto, D., 
Pequeno-Valtierra, A., et al. (2021). Aberrant integration of hepatitis B virus DNA 
promotes major restructuring of human hepatocellular carcinoma genome architecture. 
Nat. Commun. 12:6910. doi: 10.1038/s41467-021-26805-8

Antonucci, T. K., and Rutter, W. J. (1989). Hepatitis B virus (HBV) promoters are 
regulated by the HBV enhancer in a tissue-specific manner. J. Virol. 63, 579–583. doi: 
10.1128/jvi.63.2.579-583.1989

Ben-Levy, R., Faktor, O., Berger, I., and Shaul, Y. (1989). Cellular factors that interact 
with the hepatitis B virus enhancer. Mol. Cell Biol. 9, 1804–1809. doi: 10.1128/
mcb.9.4.1804-1809.1989

Bill, C. A., and Summers, J. (2004). Genomic DNA double-strand breaks are targets 
for hepadnaviral DNA integration. Proc. Natl. Acad. Sci. USA 101, 11135–11140. doi: 
10.1073/pnas.0403925101

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

Brechot, C., Pourcel, C., Louise, A., Rain, B., and Tiollais, P. (1980). Presence of 
integrated hepatitis B virus DNA sequences in cellular DNA of human hepatocellular 
carcinoma. Nature 286, 533–535. doi: 10.1038/286533a0

Budzinska, M. A., Shackel, N. A., Urban, S., and Tu, T. (2018). Sequence analysis of 
integrated hepatitis B virus DNA during HBeAg-seroconversion. Emerg. Microbes Infect. 
7:142. doi: 10.1038/s41426-018-0145-7

Bull, R. A., Eltahla, A. A., Rodrigo, C., Koekkoek, S. M., Walker, M., 
Pirozyan, M. R., et al. (2016). A method for near full-length amplification and 
sequencing for six hepatitis C virus genotypes. BMC Genomics 17:247. doi: 10.1186/
s12864-016-2575-8

Chemin, I., and Zoulim, F. (2009). Hepatitis B virus induced hepatocellular carcinoma. 
Cancer Lett. 286, 52–59. doi: 10.1016/j.canlet.2008.12.003

Chen, W. (2015). Cancer statistics: updated cancer burden in China. Chin. J. Cancer 
Res. 27:1. doi: 10.3978/j.issn.1000-9604.2015.02.07

Chen, L., Zhang, C., Xue, R., Liu, M., Bai, J., Bao, J., et al. (2024). Deep whole-genome 
analysis of 494 hepatocellular carcinomas. Nature 627, 586–593. doi: 10.1038/
s41586-024-07054-3

Cui, X., Li, Y., Xu, H., Sun, Y., Jiang, S., and Li, W. (2023). Characteristics of hepatitis 
B virus integration and mechanism of inducing chromosome translocation. NPJ Genom. 
Med. 8:11. doi: 10.1038/s41525-023-00355-y

D'Mello, F., Partidos, C. D., Steward, M. W., and Howard, C. R. (1997). Definition 
of the primary structure of hepatitis B virus (HBV) pre-S hepatocyte binding 
domain using random peptide libraries. Virology 237, 319–326. doi: 10.1006/
viro.1997.8774

Doitsh, G., and Shaul, Y. (1999). HBV transcription repression in response to 
genotoxic stress is p53-dependent and abrogated by pX. Oncogene 18, 7506–7513. doi: 
10.1038/sj.onc.1203209

El-Serag, H. B., and Rudolph, K. L. (2007). Hepatocellular carcinoma: epidemiology 
and molecular carcinogenesis. Gastroenterology 132, 2557–2576. doi: 10.1053/j.
gastro.2007.04.061

Feitelson, M. A., and Lee, J. (2007). Hepatitis B virus integration, fragile sites, and 
hepatocarcinogenesis. Cancer Lett. 252, 157–170. doi: 10.1016/j.canlet.2006.11.010

Garcia, A. D., Ostapchuk, P., and Hearing, P. (1993). Functional interaction of nuclear 
factors EF-C, HNF-4, and RXR alpha with hepatitis B virus enhancer I. J. Virol. 67, 
3940–3950. doi: 10.1128/jvi.67.7.3940-3950.1993

Guo, H., Jiang, D., Zhou, T., Cuconati, A., Block, T. M., and Guo, J. T. (2007). 
Characterization of the intracellular deproteinized relaxed circular DNA of hepatitis B 
virus: an intermediate of covalently closed circular DNA formation. J. Virol. 81, 
12472–12484. doi: 10.1128/JVI.01123-07

Guo, W., Liu, Z., Liu, P., Lu, Q., Chang, Q., Zhang, M., et al. (2023). Association 
between triglyceride-glucose index and 1-year recurrent stroke after acute ischemic 
stroke: results from the Xi'an stroke registry study of China. Cerebrovasc. Dis. 53, 
391–402. doi: 10.1159/000534240

Heikenwalder, M., and Protzer, U. (2014). LINE(1)s of evidence in HBV-driven liver 
cancer. Cell Host Microbe 15, 249–250. doi: 10.1016/j.chom.2014.02.015

Hong, X., Kim, E. S., and Guo, H. (2017). Epigenetic regulation of hepatitis B virus 
covalently closed circular DNA: implications for epigenetic therapy against chronic 
hepatitis B. Hepatology 66, 2066–2077. doi: 10.1002/hep.29479

Honigwachs, J., Faktor, O., Dikstein, R., Shaul, Y., and Laub, O. (1989). Liver-
specific expression of hepatitis B virus is determined by the combined action of the 
core gene promoter and the enhancer. J. Virol. 63, 919–924. doi: 10.1128/
JVI.63.2.919-924.1989

Hu, Z., Zhu, D., Wang, W., Li, W., Jia, W., Zeng, X., et al. (2015). Genome-wide 
profiling of HPV integration in cervical cancer identifies clustered genomic hot spots 
and a potential microhomology-mediated integration mechanism. Nat. Genet. 47, 
158–163. doi: 10.1038/ng.3178

Huang, D. Q., Singal, A. G., Kono, Y., Tan, D. J. H., El-Serag, H. B., and Loomba, R. 
(2022). Changing global epidemiology of liver cancer from 2010 to 2019: NASH is the 
fastest growing cause of liver cancer. Cell Metab. 34, 969–977.e2. doi: 10.1016/j.
cmet.2022.05.003

Hung, K. L., Mischel, P. S., and Chang, H. Y. (2022). Gene regulation on 
extrachromosomal DNA. Nat. Struct. Mol. Biol. 29, 736–744. doi: 10.1038/
s41594-022-00806-7

Hwang, J. R., Byeon, Y., Kim, D., and Park, S. G. (2020). Recent insights of T cell 
receptor-mediated signaling pathways for T cell activation and development. Exp. Mol. 
Med. 52, 750–761. doi: 10.1038/s12276-020-0435-8

Ishikawa, T. (2010). Clinical features of hepatitis B virus-related hepatocellular 
carcinoma. World J. Gastroenterol. 16, 2463–2467. doi: 10.3748/wjg.v16.i20.2463

Jia, W., Xu, C., and Li, S. C. (2021). Resolving complex structures at oncovirus integration 
loci with conjugate graph. Brief. Bioinform. 22, 1–14. doi: 10.1093/bib/bbab359

Koshy, R., Maupas, P., Muller, R., and Hofschneider, P. H. (1981). Detection of 
hepatitis B virus-specific DNA in the genomes of human hepatocellular carcinoma 
and liver cirrhosis tissues. J. Gen. Virol. 57, 95–102. doi: 10.1099/0022-1317- 
57-1-95

Kumar, V., Jayasuryan, N., and Kumar, R. (1996). A truncated mutant (residues 
58-140) of the hepatitis B virus X protein retains transactivation function. Proc. Natl. 
Acad. Sci. USA 93, 5647–5652. doi: 10.1073/pnas.93.11.5647

Laskus, T., Radkowski, M., Wang, L. F., Nowicki, M., and Rakela, J. (1999). Detection 
and sequence analysis of hepatitis B virus integration in peripheral blood mononuclear 
cells. J. Virol. 73, 1235–1238. doi: 10.1128/JVI.73.2.1235-1238.1999

https://doi.org/10.3389/fmicb.2024.1469016
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/nature12064
https://doi.org/10.1038/s41467-021-26805-8
https://doi.org/10.1128/jvi.63.2.579-583.1989
https://doi.org/10.1128/mcb.9.4.1804-1809.1989
https://doi.org/10.1128/mcb.9.4.1804-1809.1989
https://doi.org/10.1073/pnas.0403925101
https://doi.org/10.1006/scbi.2000.0321
https://doi.org/10.1006/scbi.2000.0321
https://doi.org/10.1038/286533a0
https://doi.org/10.1038/s41426-018-0145-7
https://doi.org/10.1186/s12864-016-2575-8
https://doi.org/10.1186/s12864-016-2575-8
https://doi.org/10.1016/j.canlet.2008.12.003
https://doi.org/10.3978/j.issn.1000-9604.2015.02.07
https://doi.org/10.1038/s41586-024-07054-3
https://doi.org/10.1038/s41586-024-07054-3
https://doi.org/10.1038/s41525-023-00355-y
https://doi.org/10.1006/viro.1997.8774
https://doi.org/10.1006/viro.1997.8774
https://doi.org/10.1038/sj.onc.1203209
https://doi.org/10.1053/j.gastro.2007.04.061
https://doi.org/10.1053/j.gastro.2007.04.061
https://doi.org/10.1016/j.canlet.2006.11.010
https://doi.org/10.1128/jvi.67.7.3940-3950.1993
https://doi.org/10.1128/JVI.01123-07
https://doi.org/10.1159/000534240
https://doi.org/10.1016/j.chom.2014.02.015
https://doi.org/10.1002/hep.29479
https://doi.org/10.1128/JVI.63.2.919-924.1989
https://doi.org/10.1128/JVI.63.2.919-924.1989
https://doi.org/10.1038/ng.3178
https://doi.org/10.1016/j.cmet.2022.05.003
https://doi.org/10.1016/j.cmet.2022.05.003
https://doi.org/10.1038/s41594-022-00806-7
https://doi.org/10.1038/s41594-022-00806-7
https://doi.org/10.1038/s12276-020-0435-8
https://doi.org/10.3748/wjg.v16.i20.2463
https://doi.org/10.1093/bib/bbab359
https://doi.org/10.1099/0022-1317-57-1-95
https://doi.org/10.1099/0022-1317-57-1-95
https://doi.org/10.1073/pnas.93.11.5647
https://doi.org/10.1128/JVI.73.2.1235-1238.1999


Li et al. 10.3389/fmicb.2024.1469016

Frontiers in Microbiology 11 frontiersin.org

Lau, C. C., Sun, T., Ching, A. K., He, M., Li, J. W., Wong, A. M., et al. (2014). Viral-
human chimeric transcript predisposes risk to liver cancer development and progression. 
Cancer Cell 25, 335–349. doi: 10.1016/j.ccr.2014.01.030

Laure, F., Zagury, D., Saimot, A. G., Gallo, R. C., Hahn, B. H., and Brechot, C. (1985). 
Hepatitis B virus DNA sequences in lymphoid cells from patients with AIDS and AIDS-
related complex. Science 229, 561–563. doi: 10.1126/science.2410981

Li, W., Cui, X., Huo, Q., Qi, Y., Sun, Y., Tan, M., et al. (2019). Profile of HBV integration 
in the plasma DNA of hepatocellular carcinoma patients. Curr. Genomics 20, 61–68. doi: 
10.2174/1389202919666181002144336

Li, C. L., Ho, M. C., Lin, Y. Y., Tzeng, S. T., Chen, Y. J., Pai, H. Y., et al. (2020). Cell-free 
virus-host chimera DNA from hepatitis B virus integration sites as a circulating 
biomarker of hepatocellular Cancer. Hepatology 72, 2063–2076. doi: 10.1002/hep.31230

Li, W., Wei, W., Hou, F., Xu, H., and Cui, X. (2022). The integration model of hepatitis 
B virus genome in hepatocellular carcinoma cells based on high-throughput long-read 
sequencing. Genomics 114, 23–30. doi: 10.1016/j.ygeno.2021.11.025

Li, W., Zeng, X., Lee, N. P., Liu, X., Chen, S., Guo, B., et al. (2013). HIVID: an efficient 
method to detect HBV integration using low coverage sequencing. Genomics 102, 
338–344. doi: 10.1016/j.ygeno.2013.07.002

Li, X., Zhang, J., Yang, Z., Kang, J., Jiang, S., Zhang, T., et al. (2014). The function of 
targeted host genes determines the oncogenicity of HBV integration in hepatocellular 
carcinoma. J. Hepatol. 60, 975–984. doi: 10.1016/j.jhep.2013.12.014

Liang, H. W., Wang, N., Wang, Y., Wang, F., Fu, Z., Yan, X., et al. (2016). Hepatitis B 
virus-human chimeric transcript HBx-LINE1 promotes hepatic injury via sequestering 
cellular microRNA-122. J. Hepatol. 64, 278–291. doi: 10.1016/j.jhep.2015.09.013

Lin, S. Y., Zhang, A., Lian, J., Wang, J., Chang, T. T., Lin, Y. J., et al. (2021). Recurrent 
HBV integration targets as potential drivers in hepatocellular carcinoma. Cells 10:1294. 
doi: 10.3390/cells10061294

Liu, Y. C., Lu, L. F., Li, C. J., Sun, N. K., Guo, J. Y., Huang, Y. H., et al. (2020). Hepatitis 
B virus X protein induces RHAMM-dependent motility in hepatocellular carcinoma 
cells via PI3K-Akt-Oct-1 signaling. Mol. Cancer Res. 18, 375–389. doi: 
10.1158/1541-7786.MCR-19-0463

Liu, Y., Veeraraghavan, V., Pinkerton, M., Fu, J., Douglas, M. W., George, J., et al. 
(2021). Viral biomarkers for hepatitis B virus-related hepatocellular carcinoma 
occurrence and recurrence. Front. Microbiol. 12:665201. doi: 10.3389/fmicb.2021.665201

Luo, J., Cui, X., Gao, L., and Hu, J. (2017). Identification of an intermediate in hepatitis 
B virus covalently closed circular (CCC) DNA formation and sensitive and selective 
CCC DNA detection. J. Virol. 91:e00539–17. doi: 10.1128/JVI.00539-17

Mason, W. S., Gill, U. S., Litwin, S., Zhou, Y., Peri, S., Pop, O., et al. (2016). HBV DNA 
integration and clonal hepatocyte expansion in chronic hepatitis B patients considered 
immune tolerant. Gastroenterology 151, 986–998.e4. doi: 10.1053/j.gastro.2016.07.012

Mason, W. S., Liu, C., Aldrich, C. E., Litwin, S., and Yeh, M. M. (2010). Clonal 
expansion of normal-appearing human hepatocytes during chronic hepatitis B virus 
infection. J. Virol. 84, 8308–8315. doi: 10.1128/JVI.00833-10

Mayor, N. P., Robinson, J., McWhinnie, A. J., Ranade, S., Eng, K., Midwinter, W., et al. 
(2015). HLA typing for the next generation. PLoS One 10:e0127153. doi: 10.1371/
journal.pone.0127153

McVey, M., and Lee, S. E. (2008). MMEJ repair of double-strand breaks (director's 
cut): deleted sequences and alternative endings. Trends Genet. 24, 529–538. doi: 
10.1016/j.tig.2008.08.007

Meng, G., Tan, Y., Fan, Y., Wang, Y., Yang, G., Fanning, G., et al. (2019). TSD: a 
computational tool to study the complex structural variants using PacBio targeted 
sequencing data. G3 9, 1371–1376. doi: 10.1534/g3.118.200900

Min, J., and Shay, J. W. (2016). TERT promoter mutations enhance telomerase 
activation by long-range chromatin interactions. Cancer Discov. 6, 1212–1214. doi: 
10.1158/2159-8290.CD-16-1050

Mladenov, E., Magin, S., Soni, A., and Iliakis, G. (2016). 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. 37-38, 51–64. doi: 10.1016/j.
semcancer.2016.03.003

Nagaya, T., Nakamura, T., Tokino, T., Tsurimoto, T., Imai, M., Mayumi, T., et al. 
(1987). The mode of hepatitis B virus DNA integration in chromosomes of human 
hepatocellular carcinoma. Genes Dev. 1, 773–782. doi: 10.1101/gad.1.8.773

Ozkal-Baydin, P. (2014). How did hepatitis B virus effect the host genome in the last 
decade? World J. Hepatol. 6, 851–859. doi: 10.4254/wjh.v6.i12.851

Peneau, C., Imbeaud, S., La Bella, T., Hirsch, T. Z., Caruso, S., Calderaro, J., et al. 
(2022). Hepatitis B virus integrations promote local and distant oncogenic driver 
alterations in hepatocellular carcinoma. Gut 71, 616–626. doi: 10.1136/
gutjnl-2020-323153

Pontisso, P., Poon, M. C., Tiollais, P., and Brechot, C. (1984). Detection of hepatitis B 
virus DNA in mononuclear blood cells. Br. Med. J. 288, 1563–1566. doi: 10.1136/
bmj.288.6430.1563

Qian, Z., Liang, J., Huang, R., Song, W., Ying, J., Bi, X., et al. (2024). HBV integrations 
reshaping genomic structures promote hepatocellular carcinoma. Gut 73, 1169–1182. 
doi: 10.1136/gutjnl-2023-330414

Qin, Y., Zhou, X., Jia, H., Chen, C., Zhao, W., Zhang, J., et al. (2016). Stronger enhancer 
II/core promoter activities of hepatitis B virus isolates of B2 subgenotype than those of 
C2 subgenotype. Sci. Rep. 6:30374. doi: 10.1038/srep30374

Salpini, R., D'Anna, S., Benedetti, L., Piermatteo, L., Gill, U., Svicher, V., et al. (2022). 
Hepatitis B virus DNA integration as a novel biomarker of hepatitis B virus-mediated 
pathogenetic properties and a barrier to the current strategies for hepatitis B virus cure. 
Front. Microbiol. 13:972687. doi: 10.3389/fmicb.2022.972687

Scotto, J., Hadchouel, M., Hery, C., Alvarez, F., Yvart, J., Tiollais, P., et al. (1983). 
Hepatitis B virus DNA in children's liver diseases: detection by blot hybridisation in liver 
and serum. Gut 24, 618–624. doi: 10.1136/gut.24.7.618

Sfeir, A., and Symington, L. S. (2015). Microhomology-mediated end joining: a Back-
up survival mechanism or dedicated pathway? Trends Biochem. Sci. 40, 701–714. doi: 
10.1016/j.tibs.2015.08.006

Shamay, M., Agami, R., and Shaul, Y. (2001). HBV integrants of hepatocellular 
carcinoma cell lines contain an active enhancer. Oncogene 20, 6811–6819. doi: 10.1038/
sj.onc.1204879

Shi, Y., Lan, Y., Cao, F., Teng, Y., Li, L., Wang, F., et al. (2014). Infected hematopoietic 
stem cells and with integrated HBV DNA generate defective T cells in chronic HBV 
infection patients. J. Viral Hepat. 21, e39–e47. doi: 10.1111/jvh.12236

Sidorkiewicz, M. (2001). CCC DNA--intermediate replication form of HBV genome. 
Postepy Biochem. 47, 2–9

Summers, J., Jilbert, A. R., Yang, W., Aldrich, C. E., Saputelli, J., Litwin, S., et al. (2003). 
Hepatocyte turnover during resolution of a transient hepadnaviral infection. Proc. Natl. 
Acad. Sci. USA 100, 11652–11659. doi: 10.1073/pnas.1635109100

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. 
(2021). Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71, 209–249. doi: 10.3322/
caac.21660

Sung, W. K., Zheng, H., Li, S., Chen, R., Liu, X., Li, Y., et al. (2012). Genome-wide 
survey of recurrent HBV integration in hepatocellular carcinoma. Nat. Genet. 44, 
765–769. doi: 10.1038/ng.2295

Takahashi, H. (2004). Mechanisms of HBV replication. Nihon Rinsho 62, 12–16.

Tang, H., and McLachlan, A. (2001). Transcriptional regulation of hepatitis B virus by 
nuclear hormone receptors is a critical determinant of viral tropism. Proc. Natl. Acad. 
Sci. U S A 98, 1841–1846. doi: 10.1073/pnas.98.4.1841

Tian, Q., and Jia, J. (2016). Hepatitis B virus genotypes: epidemiological and clinical 
relevance in Asia. Hepatol. Int. 10, 854–860. doi: 10.1007/s12072-016-9745-2

Toniutto, P., Falleti, E., Cmet, S., Cussigh, A., Degasperi, E., Anolli, M. P., et al. (2024). 
Sodium taurocholate cotransporting polypeptide (NTCP) polymorphisms may 
influence HDV RNA load and early response to bulevirtide. J. Hepatol. doi: 10.1016/j.
jhep.2024.06.013

Wang, P., Wang, X., Cong, S., Ma, H., and Zhang, X. (2008). Mutation analyses of 
integrated HBV genome in hepatitis B patients. J. Genet. Genomics 35, 85–90. doi: 
10.1016/S1673-8527(08)60013-2

Wang, S. H., Yeh, S. H., and Chen, P. J. (2021). Unique features of hepatitis B virus-
related hepatocellular carcinoma in pathogenesis and clinical significance. Cancers 
13:2454. doi: 10.3390/cancers13102454

Wei, L., and Ploss, A. (2020). Core components of DNA lagging strand synthesis 
machinery are essential for hepatitis B virus cccDNA formation. Nat. Microbiol. 5, 
715–726. doi: 10.1038/s41564-020-0678-0

Westbrook, C. J., Karl, J. A., Wiseman, R. W., Mate, S., Koroleva, G., Garcia, K., et al. 
(2015). No assembly required: full-length MHC class I  allele discovery by PacBio 
circular consensus sequencing. Hum. Immunol. 76, 891–896. doi: 10.1016/j.
humimm.2015.03.022

Yaginuma, K., Kobayashi, H., Kobayashi, M., Morishima, T., Matsuyama, K., and 
Koike, K. (1987). Multiple integration site of hepatitis B virus DNA in hepatocellular 
carcinoma and chronic active hepatitis tissues from children. J. Virol. 61, 1808–1813. 
doi: 10.1128/jvi.61.6.1808-1813.1987

Yan, H., Yang, Y., Zhang, L., Tang, G., Wang, Y., Xue, G., et al. (2015). Characterization 
of the genotype and integration patterns of hepatitis B virus in early- and late-onset 
hepatocellular carcinoma. Hepatology 61, 1821–1831. doi: 10.1002/hep.27722

Yano, Y., Yamashita, F., Kuwaki, K., Fukumori, K., Kato, O., Yamamoto, H., et al. 
(2006). Clinical features of hepatitis C virus-related hepatocellular carcinoma and their 
association with alpha-fetoprotein and protein induced by vitamin K absence or 
antagonist-II. Liver Int. 26, 789–795. doi: 10.1111/j.1478-3231.2006.01310.x

Ye, J., Huang, P., Ma, K., Zhao, Z., Hua, T., Zai, W., et al. (2023). Genome-wide 
extrachromosomal circular DNA profiling of paired hepatocellular carcinoma and 
adjacent liver tissues. Cancers 15:5309. doi: 10.3390/cancers15225309

Yoshimi, K., Kunihiro, Y., Kaneko, T., Nagahora, H., Voigt, B., and Mashimo, T. (2016). 
ssODN-mediated knock-in with CRISPR-Cas for large genomic regions in zygotes. Nat. 
Commun. 7:10431. doi: 10.1038/ncomms10431

Yu, A. M., and McVey, M. (2010). Synthesis-dependent microhomology-mediated end 
joining accounts for multiple types of repair junctions. Nucleic Acids Res. 38, 5706–5717. 
doi: 10.1093/nar/gkq379

https://doi.org/10.3389/fmicb.2024.1469016
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.ccr.2014.01.030
https://doi.org/10.1126/science.2410981
https://doi.org/10.2174/1389202919666181002144336
https://doi.org/10.1002/hep.31230
https://doi.org/10.1016/j.ygeno.2021.11.025
https://doi.org/10.1016/j.ygeno.2013.07.002
https://doi.org/10.1016/j.jhep.2013.12.014
https://doi.org/10.1016/j.jhep.2015.09.013
https://doi.org/10.3390/cells10061294
https://doi.org/10.1158/1541-7786.MCR-19-0463
https://doi.org/10.3389/fmicb.2021.665201
https://doi.org/10.1128/JVI.00539-17
https://doi.org/10.1053/j.gastro.2016.07.012
https://doi.org/10.1128/JVI.00833-10
https://doi.org/10.1371/journal.pone.0127153
https://doi.org/10.1371/journal.pone.0127153
https://doi.org/10.1016/j.tig.2008.08.007
https://doi.org/10.1534/g3.118.200900
https://doi.org/10.1158/2159-8290.CD-16-1050
https://doi.org/10.1016/j.semcancer.2016.03.003
https://doi.org/10.1016/j.semcancer.2016.03.003
https://doi.org/10.1101/gad.1.8.773
https://doi.org/10.4254/wjh.v6.i12.851
https://doi.org/10.1136/gutjnl-2020-323153
https://doi.org/10.1136/gutjnl-2020-323153
https://doi.org/10.1136/bmj.288.6430.1563
https://doi.org/10.1136/bmj.288.6430.1563
https://doi.org/10.1136/gutjnl-2023-330414
https://doi.org/10.1038/srep30374
https://doi.org/10.3389/fmicb.2022.972687
https://doi.org/10.1136/gut.24.7.618
https://doi.org/10.1016/j.tibs.2015.08.006
https://doi.org/10.1038/sj.onc.1204879
https://doi.org/10.1038/sj.onc.1204879
https://doi.org/10.1111/jvh.12236
https://doi.org/10.1073/pnas.1635109100
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/ng.2295
https://doi.org/10.1073/pnas.98.4.1841
https://doi.org/10.1007/s12072-016-9745-2
https://doi.org/10.1016/j.jhep.2024.06.013
https://doi.org/10.1016/j.jhep.2024.06.013
https://doi.org/10.1016/S1673-8527(08)60013-2
https://doi.org/10.3390/cancers13102454
https://doi.org/10.1038/s41564-020-0678-0
https://doi.org/10.1016/j.humimm.2015.03.022
https://doi.org/10.1016/j.humimm.2015.03.022
https://doi.org/10.1128/jvi.61.6.1808-1813.1987
https://doi.org/10.1002/hep.27722
https://doi.org/10.1111/j.1478-3231.2006.01310.x
https://doi.org/10.3390/cancers15225309
https://doi.org/10.1038/ncomms10431
https://doi.org/10.1093/nar/gkq379


Li et al. 10.3389/fmicb.2024.1469016

Frontiers in Microbiology 12 frontiersin.org

Yu, X., and Mertz, J. E. (2001). Critical roles of nuclear receptor response elements in 
replication of hepatitis B virus. J. Virol. 75, 11354–11364. doi: 10.1128/
JVI.75.23.11354-11364.2001

Yu, H., Ren, J., Deng, H., Li, L., Zhang, Z., Cheng, S., et al. (2024). Neuropilin-1 is a 
novel host factor modulating the entry of hepatitis B virus. J. Hepatol. doi: 10.1016/j.
jhep.2024.06.032

Zha, Y., Yao, Q., Liu, J. S., Wang, Y. Y., and Sun, W. M. (2018). Hepatitis B virus X 
protein promotes epithelial-mesenchymal transition and metastasis in hepatocellular 
carcinoma cell line HCCLM3 by targeting HMGA2. Oncol. Lett. 16, 5709–5714. doi: 
10.3892/ol.2018.9359

Zhang, Z., Bao, Y., Gu, Y., Zhang, M., and Li, X. (2024). Cost-effectiveness analysis of 
CYP2C19 genotype-guided antiplatelet therapy for patients with acute minor ischemic 
stroke and high-risk transient ischemic attack in China. Br. J. Clin. Pharmacol. 90, 
483–492. doi: 10.1111/bcp.15921

Zhang, Y., Yan, Q., Gong, L., Xu, H., Liu, B., Fang, X., et al. (2021). C-terminal 
truncated HBx initiates hepatocarcinogenesis by downregulating TXNIP and 
reprogramming glucose metabolism. Oncogene 40, 1147–1161. doi: 10.1038/
s41388-020-01593-5

Zhang, D., Zhang, K., Protzer, U., and Zeng, C. (2021). HBV integration  
induces complex interactions between host and viral genomic functions at the 
insertion site. J. Clin. Transl. Hepatol. 9, 399–408. doi: 10.14218/JCTH.2021. 
00062

Zhao, L. H., Liu, X., Yan, H. X., Li, W. Y., Zeng, X., Yang, Y., et al. (2016). Genomic and 
oncogenic preference of HBV integration in hepatocellular carcinoma. Nat. Commun. 
7:12992. doi: 10.1038/ncomms12992

Zheng, B., Liu, X. L., Fan, R., Bai, J., Wen, H., Du, L. T., et al. (2021). The 
landscape of cell-free HBV integrations and mutations in cirrhosis and 
hepatocellular carcinoma patients. Clin. Cancer Res. 27, 3772–3783. doi: 
10.1158/1078-0432.CCR-21-0002

Zhou, M., Wang, H., Zhu, J., Chen, W., Wang, L., Liu, S., et al. (2016). Cause-specific 
mortality for 240 causes in China during 1990-2013: a systematic subnational analysis 
for the global burden of disease study 2013. Lancet 387, 251–272. doi: 10.1016/
S0140-6736(15)00551-6

Zhuo, Z., Rong, W., Li, H., Li, Y., Luo, X., Liu, Y., et al. (2021). Long-read sequencing 
reveals the structural complexity of genomic integration of HBV DNA in hepatocellular 
carcinoma. NPJ Genom. Med. 6:84. doi: 10.1038/s41525-021-00245-1

https://doi.org/10.3389/fmicb.2024.1469016
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/JVI.75.23.11354-11364.2001
https://doi.org/10.1128/JVI.75.23.11354-11364.2001
https://doi.org/10.1016/j.jhep.2024.06.032
https://doi.org/10.1016/j.jhep.2024.06.032
https://doi.org/10.3892/ol.2018.9359
https://doi.org/10.1111/bcp.15921
https://doi.org/10.1038/s41388-020-01593-5
https://doi.org/10.1038/s41388-020-01593-5
https://doi.org/10.14218/JCTH.2021.00062
https://doi.org/10.14218/JCTH.2021.00062
https://doi.org/10.1038/ncomms12992
https://doi.org/10.1158/1078-0432.CCR-21-0002
https://doi.org/10.1016/S0140-6736(15)00551-6
https://doi.org/10.1016/S0140-6736(15)00551-6
https://doi.org/10.1038/s41525-021-00245-1

	The role of the hepatitis B virus genome and its integration in the hepatocellular carcinoma
	1 Introduction
	2 HBV structure and genome
	3 Replication of HBV genome
	4 Present status of HBV in the cells
	5 Discovery of HBV integration events
	6 Effect of HBV integration events
	7 Carcinogenesis of HBV integration event
	8 Mechanisms of HBV integration
	9 Hotspots of virus integration
	10 Pathway effects of HBV virus integration sites
	11 HBV integration as a promising biomarker
	12 The significance of third-generation sequencing and CRISPR/Cas9 technologies in explaining virus integration mode
	13 Future research on HBV oncogenicity

	References

