
[Frontiers in Bioscience 16, 2586-2597, June 1, 2011] 

2586 

Genomic instability caused by hepatitis B virus: into the hepatoma inferno 
 
Yi-Hsuan Hsieh1, Jye-Lin Hsu1, Ih-Jen Su2, Wenya Huang1,3,4 
 
1Department of Medical Laboratory Science and Biotechnology, College of Medicine, National Cheng Kung University, Tainan, 
Taiwan, 2Division of Infectious Diseases, National Health Research Institutes, Tainan, Taiwan, 3Institute of Basic Medicine, 
College of Medicine, National Cheng Kung University, 4Center for Signal Transduction and Gene Regulation, National Cheng 
Kung University, Tainan, Taiwan 
 
TABLE OF CONTENTS 
 
1. Abstract 
2. Introduction 
3. Basis of genomic instability 
4. Metabolism of genotoxins in liver 
5. Genomic instability in liver carcinogenesis 
6. Association of hepatitis B virus infection with host genome instability 

6.1. Viral oncoprotein HBx induces cell cycle progression and inhibits DNA repair 
6.2. The novel pre-S2 mutant LHBS induces endoplasmic reticulum stress-induced oxidative DNA damage and mutation 

7. Conclusions 
8. Acknowledgments 
9. References 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. ABSTRACT 
 

Chronic hepatitis B virus (HBV) infection is an 
important cause of hepatocellular carcinoma (HCC) 
worldwide, especially in Asia. HBV induces HCC through 
multiple oncogenic pathways. Hepatitis-induced hepatocyte 
inflammation and regeneration stimulates cell proliferation. 
The interplay between the viral and host factors activates 
oncogenic signaling pathways and triggers cell 
transformation. In this review, we summarize previous 
studies, which reported that HBV induces host genomic 
instability and that HBV-induced genomic instability is a 
significant factor that accelerates carcinogenesis. The 
various types of genomic changes in HBV-induced 
HCC—chromosomal instability, telomere attrition, and 
gene-level mutations—are reviewed. In addition, the two 
viral factors, HBx and the pre-S2 mutant large surface 
antigen, are discussed for their roles in promoting genomic 
instability as their main features as viral oncoproteins. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Hepatitis B virus (HBV) has been long known as 
an oncogenic virus for hepatocellular carcinoma (HCC). 
Numerous epidemiological studies in different world areas 
have consistently found a strong correlation between HBV 
infection and HCC (1-8). Because of that, for decades, the 
molecular mechanisms for HBV-induced HCC have been 
extensively investigated (9-21). HBV induces HCC through 
two main paths: liver inflammation caused by viral hepatitis, 
and the pathogen-host interplay mediated by the HBV 
proteins (9-21). Viral hepatitis induces the release of 
proinflammatory cytokines as a result of immune responses; 
this causes the generation of reactive oxygen species (ROS) 
and hepatotoxicity (22-25). Viral HBx protein and surface 
protein interact with host factors in DNA repair, cell cycle 
checkpoints, and signal transduction, and consequently lead 
to cell proliferation and transformation (26-33). Suffice it to 
say that the carcinogenic mechanisms for HBV-related HCC 
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Figure 1. The basis of genomic instability. 

 
are complicated and cannot be fully elaborated unless 
multiple pathways are discussed. Our recent study (90, 
91, 113-119) on the HBV pre-S mutant large surface 
antigen found that it causes endoplasmic reticulum 
stress and results in strong oxidative stress and 
genomic instability, which establishes a new role for 
HBV in hepatocellular carcinogenesis. Taking together 
the research findings in our laboratory and others’, this 
review summarizes the various pathways through 
which HBV induces genomic instability and thereby 
promotes liver carcinogenesis. 
 
3. BASIS OF GENOMIC INSTABILITY 
 

The human genome is threatened by constant 
genomic insult from endogenous and environmental 
factors. Endogenous or so-called “spontaneous” genomic 
insult, generated in natural processes of cell metabolism, 
impairs chromosomal integrity and changes nucleotide 
conformation. Lindahl and Nyberg (34) reported that 
about 18,000 purine/pyrimidine residues are lost in each 
cell every day by hydrolysis of the bond connecting the 
nitrogen base and the phosphate backbone of DNA, and 
Frederico et al. (35) showed that the transformation of 
cytosine to uracil residues by spontaneous deamination 
occurs 100 to 500 times per day in each human cell. In 
addition, oxygen free radicals, frequent by-products of 
metabolism, have been found to react readily with DNA 
to change or destroy the hydrogen bond affinities of 
individual bases and thereby cause their mispairings 
(36-39). Another common cause of spontaneous genetic 
change is base mismatch due to replication errors of DNA 
polymerases, which results in the miscoding of genetic 
information (40). Together, these endogenous and 
inevitable factors constantly induce changes in the 
chemical characteristics of nitrogen bases on genes and 
jeopardize the genetic integrity of each human cell. 

In addition to these endogenous factors, 
so-called “induced” and “environmental” sources that 
cause DNA damage commonly exist. The DNA-reactive 
chemicals generated by environmental pollutant 
substances such as dioxins and benzenes were found to 
change base structure or break DNA strands (41). The 
chemicals used in some medicines, such as 
chemotherapeutic drugs and some antibiotics, tend to 
crosslink with DNA and distort DNA conformation 
(42-46). The liver is the primary organ exposed to most 
chemical toxins, because it is the primary organ in which 
most toxin metabolism occurs and ultimate DNA 
damaging metabolites are generated (47). An example of 
chemical toxin-induced DNA damage is aflatoxins, the 
dangerous mycotoxins produced by the fungi Aspergillus, 
which are often present in contaminated cereal grains 
(48). Aflatoxins are among the most potent liver 
carcinogens known (48). Benzo[a]pyrene, which is found 
in gasoline engine emissions, tobacco smoke, and grilled 
food, is transformed into the electrophilic metabolite 
benzo[a]pyrene-7,8-diol-9,10-oxide by the enzymatic 
activities of cytochrome p450 complexes in the liver and 
becomes a potent DNA damaging agent and carcinogen 
(49, 50) (Figure 1). 
 
4. METABOLISM OF GENOTOXINS IN LIVER 
 

The liver is the primary organ exposed to most 
endogenous and environmental genotoxins and is where 
these genotoxins are metabolized and transformed (47). 
Cytochrome p450 enzymes in the liver are crucial for 
activating most proximate genotoxins, i.e., xenobiotics, to 
toxic or tumorigenic metabolites (51). The xenobiotic 
biotransforming reactions by the cytochrome P450 enzymes 
are generally divided into two groups, called phase I and 
phase II (47, 51). Phase I reactions involve hydrolysis, 
reduction, and oxidation of xenobiotics (52-54). These 
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reactions expose or introduce a functional group (-OH, -NH2, 
-SH, or -COOH) and usually increase their reactivities to 
DNA, which thereby increases their genotoxicity (55). The 
functional groups exposed or introduced during phase I 
biotransformation are often sites of phase II 
biotransformation. Phase II biotransformation reactions 
include glucuronidation, sulfation, acetylation, 
methylation, and conjugation with glutathione and amino 
acids (47). They are also believed to greatly promote the 
excretion of foreign chemicals and to be important for the 
detoxification of xenobiotics (47). Thus, through these 
biotransformation reactions, some xenobiotic genotoxins 
such as benzo[a]pyrene and carbon tetrachloride become 
hepatotoxic due to their activation to reactive metabolites 
in the liver (56). Doolittle et al. (57) reported that the 
liver injury caused by hepatotoxicity induces extensive 
generation of reactive free radicals, which are prone to 
react with DNA and cause oxidative DNA damage and 
DNA breaks, which lead to genomic instability (57). 
 

Liver injury caused by inflammatory and 
immune responses, i.e., hepatitis, is also a major route for 
genomic instability in hepatocytes (58). Proinflammatory 
hepatitis presents common features of leukocyte 
migration into the regions of damaged liver, which 
induces the release of inflammatory cytokines and 
thereby augments cytotoxic effects. The proinflammatory 
cytokines also stimulate the generation of ROS, which 
attack DNA and cause oxidative DNA damage and gene 
mutations (59). It is worth noting that the viral hepatitis 
caused by HBV and hepatitis C virus (HCV) infections is 
among the most important causes of chronic liver 
inflammation and is the liver disease most highly 
associated with HCC worldwide (11). Therefore, it is 
conceivable that HBV and HCV infections are major 
contributors to the hepatitis-associated genomic 
instability in HCC. In this review, we will focus primarily 
on the discussion of genomic instability caused by HBV 
factors with respect to their contribution to hepatocellular 
carcinogenesis. 
 
5. GENOMIC INSTABILITY IN LIVER 
CARCINOGENESIS 
 

Genomic instability is a prerequisite for cancer 
development. Genomic instability caused by DNA 
damage or deficient DNA repair results in the 
accumulation of DNA mutations and, consequently, 
defects in gene functions (60). In addition, dysfunctional 
cell cycle checkpoints or apoptotic factors allow cell 
proliferation in the presence of DNA lesions, and make 
cells vulnerable to genomic changes caused by random 
mutations (60). Because of genomic instability, the cells 
are susceptible to mutations in genes associated with 
proliferation, differentiation, and other pro-oncogenic 
pathways, and eventually step into the path of 
oncogenesis. It has been reported (61, 62) that 
genomically unstable cells develop into cancer in a “fast” 
mode instead of “slow” mode, which indicates that 
random hitting for gene mutations indeed accelerates 
carcinogenesis. Genomic instability can be categorized 
into chromosomal instability (CIN), which indicates a 

large chromosomal change detectable in chromosomal 
karyotypes, and small deletions, insertions, or point 
mutations, which are usually undetectable unless 
gene-level analysis is used. The common types of CIN 
reported in HCC are translocations or partial deletions of 
a chromosome, which often lead to dysregulation of gene 
expression or a loss of heterozygosity due to that one 
gene copy is lost through chromosomal deletion (63). A 
cytogenetic study (64) found that HCC presents multiple 
chromosomal aberrations, particularly in chromosomes 1, 
7, 8, 16, and 17. The loss of 1p, 4q, 6q, 8p, 9p, 10q, 13q, 
16q, and 17p, and the gain of 1q, 6p, 8q, 17q, and 20q 
have also been recurrently reported (65-67). Nishida et al. 
(68) reported that the loss of 1p is frequently identified in 
well-differentiated HCCs and also detected even in 
dysplastic and cirrhotic nodules. It is noteworthy that the 
loss of 4q and 16q has been reported (68) to occur 
preferentially in HBV-related HCC, which suggests that 
HBV factors likely induce site-specific chromosomal 
aberrations through which hepatocarcinogenesis is 
promoted. Thus, these findings strongly support the high 
association of CIN with HCC. 
 

Because of DNA breakages attributed to DNA 
repair defects, the inter-chromosomal telomere fusions 
caused by telomere attrition are also considered an 
important and direct cause of genomic instability in HCC 
(61, 69). DNA double-stranded breaks in telomeric 
regions cause uncapping of telomeres and activate 
telomere-telomere fusions, because all telomeres are 
composed of identical 6-nucleotide sequences. This 
so-called “breakage-bridge-fusion” cycle activates 
numerous interchromosomal telomere fusions, and 
consequently causes chromosomal non-disjunction in 
mitosis and aneuploidy, a common feature observed in 
tumor cells. A study by Plentz et al. (70), reporting the 
high prevalence of shortened telomeres in hepatocytes in 
cirrhosis and HCC stages, supports the telomere 
hypothesis of cancer initiation, which indicates that 
telomere breakage and uncapping initiates cancer by 
inducing CIN. 
 

In addition to CIN, DNA damage caused by 
chemical genotoxins or hepatitis viruses induces changes 
of genetic information in small DNA regions, such as 
single or small nucleotide changes involving base 
substitutions, deletions, or insertions of one or a few 
nucleotides (60). These gene mutations alter the amino 
acid composition and, presumably, the function of a 
protein; however, they cannot be detected through 
cytogenetic analysis. Instead, functional and sequence 
analyses of genomically integrated reporter genes to 
estimate the overall cellular mutation frequency and 
spectrum have been more commonly used (71). Increased 
mutation frequencies in HCC have been described by a 
number of studies (67). These increases were mostly 
associated with the loss of functions in factors essential 
for maintaining genomic stability, such as tumor 
suppressor p53 and RB, and cell cycle checkpoints p16, 
cyclin A, and p27Kip1, which indicates that the defects in 
factors in charge of maintaining genomic fidelity are 
important initiators for hepatocarcinogenesis (72-74). 
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Currently, the most accepted method for 

detecting genomic instability is microsatellite instability 
(MSI) analysis, which measures variations in DNA sizes 
of 5 to 7 di- or mono-nucleotide-repeat microsatellite 
markers in matching healthy and tumor cells. These 
tandem-repeat microsatellite markers are highly prone to 
replicational slippage, which causes insertions and 
deletions. The length changes of these markers are 
sensitively detectable using a fluorescent polymerase 
chain reaction (PCR) and then a GeneScan analysis of the 
PCR products. Although MSI offers a sensitive index for 
genomic instability, it is also the best recognized marker 
for defects in DNA mismatch repair (75). Some reports 
(76-78) showed that HCC with HBV infection presented 
MSI phenotypes in 10 to 32% of tumors; however, DNA 
mismatch repair defects have not been frequently found 
in HCC. Therefore, HBV factors are believed to somehow 
confer genomic instability independently of the DNA 
mismatch repair pathway. In the latter sections, HBV 
viral protein HBx and the pre-S2 mutant large surface 
antigen will be discussed with respect to their induction 
of genomic instability in host cells. 
 
6. ASSOCIATION OF HEPATITIS B VIRUS 
INFECTION WITH HOST GENOME INSTABILITY 
 

Recent studies (79) have demonstrated that 
HCCs associated with chronic HBV infection display 
more allelic deletions and amplifications than those not 
associated with HBV. HBV belongs to the family of 
hepadna viruses and is a small, enveloped, partially 
double-stranded DNA virus. With a size of 3.2 kilobase 
(kb) pairs, the HBV genome is one of the smallest animal 
virus genomes and is compactly organized (80). The 
HBV genome encodes four translated products: surface, 
polymerase, core, and X proteins. These viral proteins are 
essential for viral genome replication, Dane particle 
assembly, and infection (80). During viral infection the 
virus-specific cytotoxic T cells recognize viral antigens 
presented on infected hepatocytes and lead to either the 
direct lysis of the infected hepatocytes or the release of 
interferon (IFN)-γ and TNF-α, which downregulate viral 
replication in surrounding hepatocytes (59, 81-84). Thus, 
these cytokines are involved both in viral clearance and in 
inflammatory tissue damage mechanisms (85). IFN-γ and 
TNF-α stimulate the production of oxygen free radicals, 
which contribute to liver injury (86). They also activate 
secondary messengers to further activate the signals for 
ROS production, e.g., expression of inducible nitric oxide 
synthase (iNOS) (87). These primary and secondary 
reactive oxygen free radicals directly attack cellular DNA, 
which induces oxidative DNA lesions and, consequently, 
increases gene mutations in hepatocytes (60). As an 
example, the most frequently generated oxidative DNA 
lesion, 8-hydroxyguanine, tends to mispair with adenine 
or thymine and results in transition and transversion 
mutations (88). Another common oxidative DNA lesion, 
thymine glycol, which is generated by the hydroxylation 
of C5 and C6 on thymine, stalls DNA polymerase at DNA 
forks and induces replication errors (89). Studies (90, 91) 
on HBV have found that HBV-infected hepatocytes 

exhibited greater oxidative stress and DNA damage than 
the surrounding uninfected cells, which indicates that 
HBV infection indeed induces genomic instability, 
thereby activating hepatocarcinogenesis. 
 

In chronic HBV infection, viral DNA often 
integrates into the host genome, which causes 
persistent viral replication in the cell. Almost all 
HBV-associated HCCs harbor chromosomally 
integrated HBV DNA (92). The consequences of 
HBV-DNA integration are chromosomal DNA 
instability caused by insertional mutagenesis or 
cis-activation of cellular genes near the insertion sites. 
In the case of woodchuck hepatitis B virus 
(WHV)-related HCC, WHV-DNA preferentially 
inserts itself within or near the proto-oncogenes c-Myc 
or N-Myc and likely activates their expression (93). 
However, in HBV-associated HCC in humans, 
site-specific integration of the HBV genome or 
integration of the HBV genome into known oncogenes 
seems to be a rare event. Interesting examples are the 
integration of HBV DNA in a cyclin A gene, in the 
retinoic acid receptor beta gene, in the mevalonate 
kinase gene, or in the sarco/endoplasmic reticulum 
calcium ATPase 1 gene (94-97). The regulation of 
HBV genome integration on cellular gene functions 
through cis-activation is believed to be a random event. 
Thus, the mutagenic effects to the integrated cellular 
genes create aberrations of gene functions for these 
genes. In many cases, the integrated viral genomes are 
characterized by rearrangements or partial deletions, 
or both, because HBV integration induces deletions in 
the host chromosome at the integration site (95). 

 
In addition to HBV-DNA integration’s causing 

host genome instability, the viral factors HBx and the 
pre-S2 mutant large HBV surface antigen (LHBS) also 
induce host genome changes through their direct 
associations with host factors, which causes a loss of 
genetic integrity. The mechanisms of genomic instability 
caused by HBx and pre-S2 mutant LHBS are mentioned 
below: 
 
6.1. Viral oncoprotein HBx induces cell cycle 
progression and inhibits DNA repair 

In most integrated subviral HBV genomes, the 
open reading frame for HBx regulatory protein is conserved 
and can be transcribed. The HBx gene is conserved in all 
mammalian hepadna viruses. HBx is a small polypeptide (17 
kDa) produced at very low levels during chronic and acute 
hepatitis. It is crucial in HBV transcription and replication 
(98-100). Early studies (101) showed that HBx stimulates 
the activity of viral promoters and enhancers, an effect 
primarily attributed to the transactivator activity of nuclear 
HBx protein. By directly interacting with basal transcription 
factors and acetyltransferase CBP/p300, HBx also functions 
as a transcriptional transactivator of different host genes 
involved in cellular proliferation control, such as c-Jun, 
c-Fos, and c-Myc (102). HBx upregulates G1/S and G2/M 
cell cycle progression by activating cyclin E/A-CDK2 
complex (103). 
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Figure 2. Genomic instability caused by HBV infection. Hepatitis-induced chronic inflammation induces the generation of reactive 
oxygen ions (ROI), which attacks DNA and breaks it. When viral DNA integrates into the host genome, it induces chromosomal 
breakage and CIN. Meanwhile, the viral factor HBx interacts with some cellular proteins involved in DNA repair, cell cycle 
checkpoints and apoptosis, inhibiting DNA repair activity and causing DNA mutations. In addition, the misfolded pre-S2 mutant 
LHBS accumulates in ER and induces ER stress-dependent oxidative stress and DNA damage. Through interacting with JAB1 
protein, it also triggers p27Kip1 degradation and ultimately cell cycle progression. The concerted actions of these different effects 
lead host cells to genomic instability. 

 
HBx is involved in cell cycle control in multiple 

ways. In addition to upregulating G1/S and G2/M cell cycle 
progression, HBx interacts with the BubR1 mitotic spindle 
assembly checkpoint protein and interferes with the binding of 
BubR1 to cell division cycle 20 (CDC20) protein, which 
contributes to aberrant chromosomal segregation (104). Recent 
studies (105, 106) also report that HBx associates with 
HBx-interacting protein (HBxIP) to cause excessive 
centrosome replication, which results in tripolar and multipolar 
spindles and defective cytokinesis. All these findings taken 
together clearly show that HBx is involved in promoting CIN 
induced by dysregulating the mitotic processes. 
 

An additional HBx-induced mechanism for genomic 
instability is that HBx interferes with cellular DNA repair. HBx 
directly interacts with nucleotide excision repair (NER) protein, 
DNA damage-binding protein 1 (DDB1), xeroderma 
pigmentosum B (XPB), and XPD to inhibit NER (26, 29, 107, 

108). Also, by directly binding to the tumor suppressor p53, 
HBx inhibits p53 transactivation activity (27, 28, 109, 110). 
HBx also efficiently blocks p53-dependent apoptosis and DNA 
repair activities in the in vitro cultured hepatocyte cell lines 
(111). In summary, HBx blocks tumor suppressive phenotypes 
through its pleiotropic activities on cell cycle regulation, 
signaling pathways, and DNA repair, and displays its pivotal 
role in tumor transformation. Therefore it has been designated a 
“viral oncoprotein” (112). 
 
6.2. The novel pre-S2 mutant LHBS induces endoplasmic 
reticulum stress-induced oxidative DNA damage and 
mutation 

The pre-S2 mutant LHBS is a newly identified 
viral oncoprotein. It contains an approximately 50-nt 
deletion in the pre-S2 region of the large surface protein. 
In the late 1990s, the pre-S1/S2 mutant LHBS was identified in 
ground glass hepatocytes (GGH), the histological hallmark for 
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Figure 3. Summary of the carcinogenic pathways regulated by the pre-S2 mutant LHBS. The pre-S2 mutant LHBS (A2) 
accumulated in ER activates the unfolded protein response, ER stress-mediated oxidative stress, and DNA damage, all of which 
result in gene mutations. It also interacts with JAB1 and modifies the protein complexes of JAB1 with the factors IRE1 and MIF1. 
Through ER stress, the pre-S2 mutant LHBS (A2) also induces VEGF expression, which activates the Akt/PKB pathway and, 
subsequently, cell proliferation. The activation of cell proliferation and cell cycle progression in the presence of DNA mutations 
renders cells significantly more genomically unstable and thereby promotes HCC. 

 
HBV-induced HCC (18, 20, 113, 114). The pre-S1/S2 

mutant LHBS contributes to two histological patterns: type I 
GGH and type II GGH. Type I GGH displays an inclusion-like 
pattern of HBS; while type II GGH displays HBS at the 
margins in hepatocytes. The pre-S1 mutant LHBS in type I 
GGH harbors the LHBS that is partially truncated in the pre-S1 
region; however, in type II GGH, it is partially truncated in the 
pre-S2 region. Some of the pre-S2 mutant LHBS isolates contain 
point mutations at the start codon of the middle surface antigen 
and cause a dramatic decrease in its levels (113, 114). An 
electron microscopy study (18, 115) found that both the pre-S1 
and the pre-S2 mutant LHBS accumulate in endoplasmic 
reticulum (ER) and induce strong ER stress as well as the 
associated signaling pathways (18, 115). The pre-S2 mutant 
LHBS, particularly, is highly correlated with clonal growth 

advantage (116, 117). Immunohistochemical and pathological 
studies (18, 20, 116) found that the hepatocytes expressing the 
pre-S2 mutant LHBS consistently cluster into groups due to 
clonal and integrated expansion, which indicates that the pre-S2 
mutant LHBS increases cell proliferation. 

 
The pre-S2 mutant LHBS usually emerges in chronic 

HBV carriers rather than in recently infected individuals (118). 
It is highly expressed in most of the HBV-induced cirrhotic 
nodules through the stages of the pre-neoplastic lesions, early 
HCC, and large HCC tumors, which implies its importance in 
tumor progression (20, 113, 114, 118). Like HBV oncoprotein 
HBx, the pre-S2 mutant LHBS interacts with some host proteins 
through which it regulates the cellular functions related to 
carcinogenesis. We found (119) that the pre-S2 mutant LHBS 
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specifically interacts with c-Jun activation domain-binding 
protein 1 (JAB1), which degrades the cyclin-dependent kinase 
(Cdk) inhibitor p27Kip1, increases Cdk2 activity, and inactivates 
the tumor suppressor retinoblastoma protein through 
hyper-phosphorylation. Through transcriptional activation, it 
also increases the level of cyclin A in a cell (116). These effects 
together trigger the phenotype of cell cycle progression in 
pre-S2 mutant LHBS(+) hepatocytes (Figure 2). 
 

We previously reported (90) that pre-S2 mutant 
LHBS induced ER stress-dependent oxidative stress and 
DNA damage in in vitro cultured hepatoma cell lines, 
pre-S2 mutant LHBS transgenic mice, and type II GGH 
cells from human HCC patients, which indicated that 
pre-S2 mutant LHBS is genotoxic. The cells expressing 
pre-S2 mutant LHBS exhibit the typical phenotypes of 
genotoxic stress: DNA breakages and gene expression of 
the DNA repair factors induced in response to DNA 
damage. Given that the pre-S2 mutant LHBS also induces 
cell cycle progression, it is conceivable that the cells 
continue to proliferate in the presence of unrepaired 
oxidative DNA damage, which makes them vulnerable to 
mutation accumulation and genomic instability (119). We 
found that in the mouse ML-1 hepatoma cell line, the 
pre-S2 mutant LHBS stimulated mutations at the x-linked 
hprt gene, which supported the notion that the pre-S2 
mutant LHBS accelerates carcinogenesis by inducing 
genomic instability (90). Therefore, the pre-S2 mutant 
LHBS is a novel viral oncoprotein that promotes 
hepatocellular carcinogenesis by inducing genomic 
(Figure 3). 
 
7. CONCLUSIONS 
 

Genomic instability is an essential parameter for 
cancer development. Just as CIN has been frequently observed 
in hepatoma, so, too, have the small deletions, insertions, and 
point mutations in the tumor suppressor genes and oncogenes 
been found to highly correlate with the initiation and 
progression of these tumors. In areas in which HCC is highly 
prevalent, HBV-related HCC accounts for more than 80% of 
HCC cases. This review summarizes the recent findings about 
the contributions to hepatocarcinogenesis of two HBV 
oncoproteins, HBx and pre-S2 mutant LHBS. Their direct and 
indirect involvements in promoting host genome instability 
were extensively discussed. These effects are believed to be 
among the most important examples of virus-induced host 
genome change that causes tumor development. They also 
represent a molecular mechanism of carcinogenesis through 
virus-host interplay. Some other viral oncoproteins, e.g., human 
papillomavirus E6 protein and hepatitis C virus nonstructural 
3/4A protein, have also been associated with tumorigenesis 
through direct interaction with host factors, which increases 
host genomic instability (120, 121). Therefore, this is a general 
mechanism for some virus-induced carcinogenic pathways. 
Maintaining genomic integrity in the respective virus-infected 
host cells by improving their DNA repair activities is a useful 
approach for inhibiting carcinogenesis in these cells. 
 
8. ACKNOWLEDGMENTS 
 

Our pre-S2 mutant LHBS studies were financially 

supported by grant NHRI-EX95-9520BI from the Taiwan 
National Health Research Institutes (to W. Huang), grant 
DOH99-TD-I-111-TM006 from the Taiwan Department of 
Health, Taiwan (to W. Huang), and grant 
DOH99-TD-B-111-102 from the Taiwan Multidisciplinary 
Center of Excellence for Clinical Trial and Research (to I.-J. 
Su and W. Huang). 
 
9. REFERENCES 
 
1. R. L. Yarrish, B. G. Werner and B. S. Blumberg: 
Association of hepatitis B virus infection with 
hepatocellular carcinoma in American patients. Int J Cancer, 
26(6), 711-5 (1980)  
 
2. J. B. Gibson, P. C. Wu, J. C. Ho and I. J. Lauder: Hepatitis 
B surface antigen, hepatocellular carcinoma and cirrhosis in 
hong kong: a necropsy study: 1963-1976. Br J Cancer, 42(3), 
370-7 (1980)  
 
3. C. Brechot, C. Pourcel, A. Louise, B. Rain and P. Tiollais: 
Presence of integrated hepatitis B virus DNA sequences in 
cellular DNA of human hepatocellular carcinoma. Nature, 
286(5772), 533-5 (1980)  
 
4. J. L. Sung and D. S. Chen: Maternal transmission of 
hepatitis B surface antigen in patients with hepatocellular 
carcinoma in Taiwan. Scand J Gastroenterol, 15(3), 321-4 
(1980)  
 
5. M. C. Kew, A. J. Gear, I. Baumgarten, G. M. Dusheiko 
and G. Maier: Histocompatibility antigens in patients with 
hepatocellular carcinoma and their relationship to chronic 
hepatitis B virus infection in these patients. 
Gastroenterology, 77(3), 537-9 (1979)  
 
6. M. C. Kew, J. Desmyter, A. F. Bradburne and G. M. 
Macnab: Hepatitis B virus infection in southern African 
blacks with hepatocellular cancer. J Natl Cancer Inst, 62(3), 
517-20 (1979)  
 
7. M. Pirovino, M. Heer, H. P. Joller-Jemelka, J. Altorfer, A. 
Akovbiantz and M. Schmid: Hepatocellular carcinoma and 
hepatitis B virus infection. Analysis of 75 cases from 
Switzerland. Liver, 3(6), 398-402 (1983)  
 
8. A. G. Dalgleish, R. L. Woods, J. A. Levi, D. Raghavan, G. 
W. McCaughan and M. H. Tattersall: The role of hepatitis B 
virus in the etiology of hepatocellular carcinoma in Australia. 
Aust N Z J Med, 13(6), 605-7 (1983)  
 
9. D. A. Shafritz and H. M. Lieberman: The molecular 
biology of hepatitis B virus. Annu Rev Med, 35, 219-32 
(1984)  
 
10. C. E. Rogler and F. V. Chisari: Cellular and molecular 
mechanisms of hepatocarcinogenesis. Semin Liver Dis, 
12(3), 265-78 (1992) doi:10.1055/s-2007-1007398 
 
11. W. S. Robinson: Molecular events in the pathogenesis of 
hepadnavirus-associated hepatocellular carcinoma. Annu 
Rev Med, 45, 297-323 (1994)  



Genomic instability caused by hepatitis B virus 

2593 

12. C. Brechot, D. Gozuacik, Y. Murakami and P. 
Paterlini-Brechot: Molecular bases for the development of 
hepatitis B virus (HBV)-related hepatocellular carcinoma 
(HCC). Semin Cancer Biol, 10(3), 211-31 (2000)  
 
13. H. Dominguez-Malagon and S. Gaytan-Graham: 
Hepatocellular carcinoma: an update. Ultrastruct Pathol, 
25(6), 497-516 (2001)  
 
14. P. Arbuthnot and M. Kew: Hepatitis B virus and 
hepatocellular carcinoma. Int J Exp Pathol, 82(2), 77-100 
(2001)  
 
15. C. Brechot: Pathogenesis of hepatitis B virus-related 
hepatocellular carcinoma: old and new paradigms. 
Gastroenterology, 127(5 Suppl 1), S56-61 (2004)  
 
16. H. L. Chan and J. J. Sung: Hepatocellular carcinoma and 
hepatitis B virus. Semin Liver Dis, 26(2), 153-61 (2006)  
 
17. D. Cougot, C. Neuveut and M. A. Buendia: HBV 
induced carcinogenesis. J Clin Virol, 34 Suppl 1, S75-8 
(2005)  
 
18. H. C. Wang, W. Huang, M. D. Lai and I. J. Su: Hepatitis 
B virus pre-S mutants, endoplasmic reticulum stress and 
hepatocarcinogenesis. Cancer Sci, 97(8), 683-8 (2006)  
 
19. W. L. Tsai and R. T. Chung: Viral hepatocarcinogenesis. 
Oncogene, 29(16), 2309-24 (2010)  
 
20. I. J. Su, H. C. Wang, H. C. Wu and W. Y. Huang: 
Ground glass hepatocytes contain pre-S mutants and 
represent preneoplastic lesions in chronic hepatitis B virus 
infection. J Gastroenterol Hepatol, 23(8 Pt 1), 1169-74 
(2008)  
 
21. A. Tan, S. H. Yeh, C. J. Liu, C. Cheung and P. J. Chen: 
Viral hepatocarcinogenesis: from infection to cancer. Liver 
Int, 28(2), 175-88 (2008)  
 
22. D. R. Milich, J. Jones, J. Hughes and T. Maruyama: 
Hepatitis B virus infection, the immune response and 
hepatocellular carcinoma. Ciba Found Symp, 187, 113-29; 
discussion 129-31 (1994)  
 
23. Y. Nakamoto and S. Kaneko: Mechanisms of viral 
hepatitis induced liver injury. Curr Mol Med, 3(6), 537-44 
(2003)  
 
24. A. Bertoletti and A. J. Gehring: The immune response 
during hepatitis B virus infection. J Gen Virol, 87(Pt 6), 
1439-49 (2006)  
 
25. A. Boonstra, A. M. Woltman and H. L. Janssen: 
Immunology of hepatitis B and hepatitis C virus infections. 
Best Pract Res Clin Gastroenterol, 22(6), 1049-61 (2008)  
 
26. S. A. Becker, T. H. Lee, J. S. Butel and B. L. Slagle: 
Hepatitis B virus X protein interferes with cellular DNA 
repair. J Virol, 72(1), 266-72 (1998)  
 

27. S. Prost, J. M. Ford, C. Taylor, J. Doig and D. J. Harrison: 
Hepatitis B x protein inhibits p53-dependent DNA repair in 
primary mouse hepatocytes. J Biol Chem, 273(50), 
33327-32 (1998)  
 
28. P. Arbuthnot, A. Capovilla and M. Kew: Putative role of 
hepatitis B virus X protein in hepatocarcinogenesis: effects 
on apoptosis, DNA repair, mitogen-activated protein kinase 
and JAK/STAT pathways. J Gastroenterol Hepatol, 15(4), 
357-68 (2000)  
 
29. I. Jaitovich-Groisman, N. Benlimame, B. L. Slagle, M. H. 
Perez, L. Alpert, D. J. Song, N. Fotouhi-Ardakani, J. 
Galipeau and M. A. Alaoui-Jamali: Transcriptional 
regulation of the TFIIH transcription repair components 
XPB and XPD by the hepatitis B virus x protein in liver cells 
and transgenic liver tissue. J Biol Chem, 276(17), 14124-32 
(2001)  
 
30. J. Benn and R. J. Schneider: Hepatitis B virus HBx 
protein deregulates cell cycle checkpoint controls. Proc Natl 
Acad Sci U S A, 92(24), 11215-9 (1995)  
 
31. M. Bouchard, S. Giannakopoulos, E. H. Wang, N. 
Tanese and R. J. Schneider: Hepatitis B virus HBx protein 
activation of cyclin A-cyclin-dependent kinase 2 complexes 
and G1 transit via a Src kinase pathway. J Virol, 75(9), 
4247-57 (2001)  
 
32. Y. I. Lee, S. Kang-Park and S. I. Do: The hepatitis B 
virus-X protein activates a phosphatidylinositol 
3-kinase-dependent survival signaling cascade. J Biol Chem, 
276(20), 16969-77 (2001) 
 
33. T. W. Chung, Y. C. Lee, J. H. Ko and C. H. Kim: 
Hepatitis B Virus X protein modulates the expression of 
PTEN by inhibiting the function of p53, a transcriptional 
activator in liver cells. Cancer Res, 63(13), 3453-8 (2003)  
 
34. T. Lindahl and B. Nyberg: Rate of depurination of native 
deoxyribonucleic acid. Biochemistry, 11(19), 3610-8 (1972)  
 
35. L. A. Frederico, T. A. Kunkel and B. R. Shaw: A 
sensitive genetic assay for the detection of cytosine 
deamination: determination of rate constants and the 
activation energy. Biochemistry, 29(10), 2532-7 (1990)  
 
36. K. J. Davies: The broad spectrum of responses to 
oxidants in proliferating cells: a new paradigm for oxidative 
stress. IUBMB Life, 48(1), 41-7 (1999)  
 
37. K. C. Cheng, D. S. Cahill, H. Kasai, S. Nishimura and L. 
A. Loeb: 8-Hydroxyguanine, an abundant form of oxidative 
DNA damage, causes G----T and A----C substitutions. J Biol 
Chem, 267(1), 166-72 (1992)  
 
38. Y. Kuchino, F. Mori, H. Kasai, H. Inoue, S. Iwai, K. 
Miura, E. Ohtsuka and S. Nishimura: Misreading of DNA 
templates containing 8-hydroxydeoxyguanosine at the 
modified base and at adjacent residues. Nature, 327(6117), 
77-9 (1987)  
 



Genomic instability caused by hepatitis B virus 

2594 

39. S. Shibutani, M. Takeshita and A. P. Grollman: Insertion 
of specific bases during DNA synthesis past the 
oxidation-damaged base 8-oxodG. Nature, 349(6308), 
431-4 (1991)  
 
40. T. A. Kunkel and K. Bebenek: DNA replication fidelity. 
Annu Rev Biochem, 69, 497-529 (2000)  
 
41. N. Kayamori, I. Shirota, T. Konishi and S. Matsugo: 
Deoxyribonucleic acid strand break induced by the hydroxy 
radical-generating cyclic peroxide, 
4-ethoxy-1,4-dihydro-2,3-benzodioxin-1-ol. Chem Pharm 
Bull (Tokyo), 39(11), 2965-8 (1991)  
 
42. A. Eastman: The formation, isolation and 
characterization of DNA adducts produced by anticancer 
platinum complexes. Pharmacol Ther, 34(2), 155-66 (1987)  
 
43. J. J. Roberts and J. M. Pascoe: Cross-linking of 
complementary strands of DNA in mammalian cells by 
antitumour platinum compounds. Nature, 235(5336), 282-4 
(1972)  
 
44. H. Borowy-Borowski, R. Lipman and M. Tomasz: 
Recognition between mitomycin C and specific DNA 
sequences for cross-link formation. Biochemistry, 29(12), 
2999-3006 (1990)  
 
45. M. Fox and D. Scott: The genetic toxicology of nitrogen 
and sulphur mustard. Mutat Res, 75(2), 131-68 (1980)  
 
46. J. Piette, M. P. Merville-Louis and J. Decuyper: 
Damages induced in nucleic acids by photosensitization. 
Photochem Photobiol, 44(6), 793-802 (1986)  
 
47. L. J. Casarett, J. Doull and C. D. Klaassen: Casarett and 
Doull's toxicology : the basic science of poisons. 
McGraw-Hill Medical Pub. Division, New York (2001)  
 
48. M. E. Smela, S. S. Currier, E. A. Bailey and J. M. 
Essigmann: The chemistry and biology of aflatoxin B(1): 
from mutational spectrometry to carcinogenesis. 
Carcinogenesis, 22(4), 535-45 (2001)  
 
49. B. Schoket: DNA damage in humans exposed to 
environmental and dietary polycyclic aromatic 
hydrocarbons. Mutat Res, 424(1-2), 143-53 (1999)  
 
50. D. H. Phillips: Fifty years of benzo(a)pyrene. Nature, 
303(5917), 468-72 (1983)  
 
51. W. Bielawski and W. Zegarski: [Review of certain 
mechanisms of hepatic detoxification]. Pol Arch Med Wewn, 
47(3), 281-5 (1971)  
 
52. T. Satoh and M. Hosokawa: The mammalian 
carboxylesterases: from molecules to functions. Annu Rev 
Pharmacol Toxicol, 38, 257-88 (1998)  
 
53. B. Yan, D. Yang, M. Brady and A. Parkinson: Rat 
kidney carboxylesterase. Cloning, sequencing, cellular 
localization, and relationship to rat liver hydrolase. J Biol 

Chem, 269(47), 29688-96 (1994)  
 
54. W. B. Jakoby, J. R. Bend and J. Caldwell: Metabolic 
basis of detoxication : metabolism of functional groups. 
Academic Press, New York (1982)  
 
55. T. Lindahl and D. E. Barnes: Repair of endogenous 
DNA damage. Cold Spring Harb Symp Quant Biol, 65, 
127-33 (2000)  
 
56. K. O. Lindros, Y. A. Cai and K. E. Penttila: Role of 
ethanol-inducible cytochrome P-450 IIE1 in carbon 
tetrachloride-induced damage to centrilobular hepatocytes 
from ethanol-treated rats. Hepatology, 12(5), 1092-7 (1990)  
 
57. D. J. Doolittle, G. Muller and H. E. Scribner: A 
comparative study of hepatic DNA repair, DNA replication 
and hepatotoxicity in the CD-1 mouse following multiple 
administrations of dimethylnitrosamine. Mutat Res, 188(2), 
141-7 (1987)  
 
58. M. P. Dore, G. Realdi, D. Mura, A. Onida, G. Massarelli, 
G. Dettori, D. Y. Graham and A. R. Sepulveda: Genomic 
instability in chronic viral hepatitis and hepatocellular 
carcinoma. Hum Pathol, 32(7), 698-703 (2001)  
 
59. J. R. Larrubia, S. Benito-Martinez, J. Miquel-Plaza, E. 
Sanz-de-Villalobos, F. Gonzalez-Mateos and T. Parra: 
Cytokines - their pathogenic and therapeutic role in chronic 
viral hepatitis. Rev Esp Enferm Dig, 101(5), 343-51 (2009)  
 
60. R. A. Beckman and L. A. Loeb: Genetic instability in 
cancer: theory and experiment. Semin Cancer Biol, 15(6), 
423-35 (2005)  
 
61. S. Gagos and I. Irminger-Finger: Chromosome 
instability in neoplasia: chaotic roots to continuous growth. 
Int J Biochem Cell Biol, 37(5), 1014-33 (2005)  
 
62. H. Nagai, P. Pineau, P. Tiollais, M. A. Buendia and A. 
Dejean: Comprehensive allelotyping of human 
hepatocellular carcinoma. Oncogene, 14(24), 2927-33 
(1997)  
 
63. V. Boige, P. Laurent-Puig, P. Fouchet, J. F. Flejou, G. 
Monges, P. Bedossa, P. Bioulac-Sage, F. Capron, A. 
Schmitz, S. Olschwang and G. Thomas: Concerted 
nonsyntenic allelic losses in hyperploid hepatocellular 
carcinoma as determined by a high-resolution allelotype. 
Cancer Res, 57(10), 1986-90 (1997)  
 
64. S. H. Yeh, P. J. Chen, H. L. Chen, M. Y. Lai, C. C. Wang 
and D. S. Chen: Frequent genetic alterations at the distal 
region of chromosome 1p in human hepatocellular 
carcinomas. Cancer Res, 54(15), 4188-92 (1994)  
 
65. P. J. Chen, S. H. Yeh and D. S. Chen: Alleles lost and 
gained in malignant cells. N Engl J Med, 331(23), 1591-2 
(1994) 
 
66. N. I. Herath, B. A. Leggett and G. A. MacDonald: 
Review of genetic and epigenetic alterations in 



Genomic instability caused by hepatitis B virus 

2595 

hepatocarcinogenesis. J Gastroenterol Hepatol, 21(1 Pt 1), 
15-21 (2006)  
 
67. M. Tsopanomichalou, E. Kouroumalis, M. Ergazaki and 
D. A. Spandidos: Loss of heterozygosity and microsatellite 
instability in human non-neoplastic hepatic lesions. Liver, 
19(4), 305-11 (1999)  
 
68. N. Nishida, T. Nishimura, T. Ito, T. Komeda, Y. Fukuda 
and K. Nakao: Chromosomal instability and human 
hepatocarcinogenesis. Histol Histopathol, 18(3), 897-909 
(2003)  
 
69. R. C. O'Hagan, S. Chang, R. S. Maser, R. Mohan, S. E. 
Artandi, L. Chin and R. A. DePinho: Telomere dysfunction 
provokes regional amplification and deletion in cancer 
genomes. Cancer Cell, 2(2), 149-55 (2002)  
 
70. R. R. Plentz, M. Caselitz, J. S. Bleck, M. Gebel, P. 
Flemming, S. Kubicka, M. P. Manns and K. L. Rudolph: 
Hepatocellular telomere shortening correlates with 
chromosomal instability and the development of human 
hepatoma. Hepatology, 40(1), 80-6 (2004)  
 
71. R. A. Busuttil, M. Dolle, J. Campisi and J. Vijga: 
Genomic instability, aging, and cellular senescence. Ann N Y 
Acad Sci, 1019, 245-55 (2004)  
 
72. B. Bressac, M. Kew, J. Wands and M. Ozturk: Selective 
G to T mutations of p53 gene in hepatocellular carcinoma 
from southern Africa. Nature, 350(6317), 429-31 (1991)  
 
73. X. Zhang, H. J. Xu, Y. Murakami, R. Sachse, K. 
Yashima, S. Hirohashi, S. X. Hu, W. F. Benedict and T. 
Sekiya: Deletions of chromosome 13q, mutations in 
Retinoblastoma 1, and retinoblastoma protein state in human 
hepatocellular carcinoma. Cancer Res, 54(15), 4177-82 
(1994)  
 
74. Y. Kondo, Y. Kanai, M. Sakamoto, M. Mizokami, R. 
Ueda and S. Hirohashi: Genetic instability and aberrant 
DNA methylation in chronic hepatitis and cirrhosis--A 
comprehensive study of loss of heterozygosity and 
microsatellite instability at 39 loci and DNA 
hypermethylation on 8 CpG islands in microdissected 
specimens from patients with hepatocellular carcinoma. 
Hepatology, 32(5), 970-9 (2000)  
 
75. G. A. Macdonald, J. K. Greenson, K. Saito, S. P. Cherian, 
H. D. Appelman and C. R. Boland: Microsatellite instability 
and loss of heterozygosity at DNA mismatch repair gene 
loci occurs during hepatic carcinogenesis. Hepatology, 
28(1), 90-7 (1998)  
 
76. M. Maggioni, G. Coggi, B. Cassani, P. Bianchi, S. 
Romagnoli, A. Mandelli, M. Borzio, P. Colombo and M. 
Roncalli: Molecular changes in hepatocellular dysplastic 
nodules on microdissected liver biopsies. Hepatology, 32(5), 
942-6 (2000)  
 
77. Y. Kondo, Y. Kanai, M. Sakamoto, M. Mizokami, R. 
Ueda and S. Hirohashi: Microsatellite instability associated 

with hepatocarcinogenesis. J Hepatol, 31(3), 529-36 (1999)  
 
78. J. C. Sheu, Y. W. Lin, H. C. Chou, G. T. Huang, H. S. 
Lee, Y. H. Lin, S. Y. Huang, C. H. Chen, J. T. Wang, P. H. 
Lee, J. T. Lin, F. J. Lu and D. S. Chen: Loss of 
heterozygosity and microsatellite instability in 
hepatocellular carcinoma in Taiwan. Br J Cancer, 80(3-4), 
468-76 (1999)  
 
79. J. M. Lee, C. M. Wong and I. O. Ng: Hepatitis B 
virus-associated multistep hepatocarcinogenesis: a stepwise 
increase in allelic alterations. Cancer Res, 68(14), 5988-96 
(2008)  
 
80. S. J. Flint: Principles of virology : molecular biology, 
pathogenesis, and control of animal viruses. ASM Press, 
Washington, D.C. (2004)  
 
81. H. McClary, R. Koch, F. V. Chisari and L. G. Guidotti: 
Relative sensitivity of hepatitis B virus and other 
hepatotropic viruses to the antiviral effects of cytokines. J 
Virol, 74(5), 2255-64 (2000)  
 
82. K. Kakimi, T. E. Lane, F. V. Chisari and L. G. Guidotti: 
Cutting edge: Inhibition of hepatitis B virus replication by 
activated NK T cells does not require inflammatory cell 
recruitment to the liver. J Immunol, 167(12), 6701-5 (2001)  
 
83. J. L. Baron, L. Gardiner, S. Nishimura, K. Shinkai, R. 
Locksley and D. Ganem: Activation of a nonclassical NKT cell 
subset in a transgenic mouse model of hepatitis B virus 
infection. Immunity, 16(4), 583-94 (2002)  
 
84. L. G. Guidotti, T. Ishikawa, M. V. Hobbs, B. Matzke, R. 
Schreiber and F. V. Chisari: Intracellular inactivation of the 
hepatitis B virus by cytotoxic T lymphocytes. Immunity, 4(1), 
25-36 (1996)  
 
85. B. Rehermann and M. Nascimbeni: Immunology of 
hepatitis B virus and hepatitis C virus infection. Nat Rev 
Immunol, 5(3), 215-29 (2005)  
 
86. S. Tselepidis, L. Papazoglou, A. Dessiris, I. Vlemas, G. 
Papageorgiou, A. Stournara and A. Minas: Liver injury after 
ischemia and reperfusion: the role of oxygen free radicals. Mil 
Med, 169(7), 531-5 (2004)  
 
87. W. J. Thomas, D. L. Thomas, J. A. Knezetic and T. E. 
Adrian: The role of oxygen-derived free radicals and nitric 
oxide in cytokine-induced antiproliferation of pancreatic cancer 
cells. Pancreas, 24(2), 161-8 (2002)  
 
88. M. L. Michaels and J. H. Miller: The GO system protects 
organisms from the mutagenic effect of the spontaneous lesion 
8-hydroxyguanine (7,8-dihydro-8-oxoguanine). J Bacteriol, 
174(20), 6321-5 (1992)  
 
89. R. E. Johnson, S. L. Yu, S. Prakash and L. Prakash: Yeast 
DNA polymerase zeta (zeta) is essential for error-free 
replication past thymine glycol. Genes Dev, 17(1), 77-87 
(2003)  
 



Genomic instability caused by hepatitis B virus 

2596 

90. Y. H. Hsieh, I. J. Su, H. C. Wang, W. W. Chang, H. Y. 
Lei, M. D. Lai, W. T. Chang and W. Huang: Pre-S mutant 
surface antigens in chronic hepatitis B virus infection induce 
oxidative stress and DNA damage. Carcinogenesis, 25(10), 
2023-32 (2004)  
 
91. F. Yang, S. Yan, Y. He, F. Wang, S. Song, Y. Guo, Q. 
Zhou, Y. Wang, Z. Lin, Y. Yang, W. Zhang and S. Sun: 
Expression of hepatitis B virus proteins in transgenic mice 
alters lipid metabolism and induces oxidative stress in the 
liver. J Hepatol, 48(1), 12-9 (2008)  
 
92. D. A. Shafritz, D. Shouval, H. I. Sherman, S. J. 
Hadziyannis and M. C. Kew: Integration of hepatitis B virus 
DNA into the genome of liver cells in chronic liver disease 
and hepatocellular carcinoma. Studies in percutaneous liver 
biopsies and post-mortem tissue specimens. N Engl J Med, 
305(18), 1067-73 (1981)  
 
93. Y. Wei, A. Ponzetto, P. Tiollais and M. A. Buendia: 
Multiple rearrangements and activated expression of c-myc 
induced by woodchuck hepatitis virus integration in a 
primary liver tumour. Res Virol, 143(2), 89-96 (1992)  
 
94. J. Wang, X. Chenivesse, B. Henglein and C. Brechot: 
Hepatitis B virus integration in a cyclin A gene in a 
hepatocellular carcinoma. Nature, 343(6258), 555-7 (1990)  
 
95. A. Dejean and H. de The: Hepatitis B virus as an 
insertional mutagene in a human hepatocellular carcinoma. 
Mol Biol Med, 7(3), 213-22 (1990)  
 
96. E. Graef, W. H. Caselmann, J. Wells and R. Koshy: 
Insertional activation of mevalonate kinase by hepatitis B 
virus DNA in a human hepatoma cell line. Oncogene, 9(1), 
81-7 (1994)  
 
97. P. Paterlini-Brechot, K. Saigo, Y. Murakami, M. Chami, 
D. Gozuacik, C. Mugnier, D. Lagorce and C. Brechot: 
Hepatitis B virus-related insertional mutagenesis occurs 
frequently in human liver cancers and recurrently targets 
human telomerase gene. Oncogene, 22(25), 3911-6 (2003)  
 
98. S. Carmona, A. Ely, C. Crowther, N. Moolla, F. H. 
Salazar, P. L. Marion, N. Ferry, M. S. Weinberg and P. 
Arbuthnot: Effective inhibition of HBV replication in vivo 
by anti-HBx short hairpin RNAs. Mol Ther, 13(2), 411-21 
(2006)  
 
99. S. Benhenda, D. Cougot, M. A. Buendia and C. Neuveut: 
Hepatitis B virus X protein molecular functions and its role 
in virus life cycle and pathogenesis. Adv Cancer Res, 103, 
75-109 (2009)  
 
100. H. Tang, L. Delgermaa, F. Huang, N. Oishi, L. Liu, F. 
He, L. Zhao and S. Murakami: The transcriptional 
transactivation function of HBx protein is important for its 
augmentation role in hepatitis B virus replication. J Virol, 
79(9), 5548-56 (2005)  
 
101. F. F. Henkler and R. Koshy: Hepatitis B virus 
transcriptional activators: mechanisms and possible role in 

oncogenesis. J Viral Hepat, 3(3), 109-21 (1996)  
102. D. Cougot, Y. Wu, S. Cairo, J. Caramel, C. A. Renard, 
L. Levy, M. A. Buendia and C. Neuveut: The hepatitis B 
virus X protein functionally interacts with CREB-binding 
protein/p300 in the regulation of CREB-mediated 
transcription. J Biol Chem, 282(7), 4277-87 (2007)  
 
103. K. Koike, K. Moriya, H. Yotsuyanagi, S. Iino and K. 
Kurokawa: Induction of cell cycle progression by hepatitis B 
virus HBx gene expression in quiescent mouse fibroblasts. J 
Clin Invest, 94(1), 44-9 (1994)  
 
104. S. Kim, S. Y. Park, H. Yong, J. K. Famulski, S. Chae, J. 
H. Lee, C. M. Kang, H. Saya, G. K. Chan and H. Cho: HBV 
X protein targets hBubR1, which induces dysregulation of 
the mitotic checkpoint. Oncogene, 27(24), 3457-64 (2008)  
 
105. R. Fujii, C. Zhu, Y. Wen, H. Marusawa, B. 
Bailly-Maitre, S. Matsuzawa, H. Zhang, Y. Kim, C. F. 
Bennett, W. Jiang and J. C. Reed: HBXIP, cellular target of 
hepatitis B virus oncoprotein, is a regulator of centrosome 
dynamics and cytokinesis. Cancer Res, 66(18), 9099-107 
(2006)  
 
106. Y. Wen, V. S. Golubkov, A. Y. Strongin, W. Jiang and 
J. C. Reed: Interaction of hepatitis B viral oncoprotein with 
cellular target HBXIP dysregulates centrosome dynamics 
and mitotic spindle formation. J Biol Chem, 283(5), 
2793-803 (2008)  
 
107. M. J. Wentz, S. A. Becker and B. L. Slagle: 
Dissociation of DDB1-binding and transactivation 
properties of the hepatitis B virus X protein. Virus Res, 68(1), 
87-92 (2000)  
 
108. L. Jia, X. W. Wang and C. C. Harris: Hepatitis B virus 
X protein inhibits nucleotide excision repair. Int J Cancer, 
80(6), 875-9 (1999)  
 
109. M. A. Feitelson, M. Zhu, L. X. Duan and W. T. London: 
Hepatitis B x antigen and p53 are associated in vitro and in 
liver tissues from patients with primary hepatocellular 
carcinoma. Oncogene, 8(5), 1109-17 (1993)  
 
110. X. W. Wang, K. Forrester, H. Yeh, M. A. Feitelson, J. 
R. Gu and C. C. Harris: 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, 91(6), 2230-4 (1994)  
 
111. X. W. Wang, M. K. Gibson, W. Vermeulen, H. Yeh, K. 
Forrester, H. W. Sturzbecher, J. H. Hoeijmakers and C. C. 
Harris: Abrogation of p53-induced apoptosis by the hepatitis 
B virus X gene. Cancer Res, 55(24), 6012-6 (1995)  
 
112. K. Koike: Hepatitis B virus X gene is implicated in 
liver carcinogenesis. Cancer Lett, 286(1), 60-8 (2009)  
 
113. Y. F. Fan, C. C. Lu, Y. C. Chang, T. T. Chang, P. W. 
Lin, H. Y. Lei and I. J. Su: Identification of a pre-S2 mutant 
in hepatocytes expressing a novel marginal pattern of 
surface antigen in advanced diseases of chronic hepatitis B 



Genomic instability caused by hepatitis B virus 

2597 

virus infection. J Gastroenterol Hepatol, 15(5), 519-28 
(2000)  
 
114. Y. F. Fan, C. C. Lu, W. C. Chen, W. J. Yao, H. C. Wang, 
T. T. Chang, H. Y. Lei, A. L. Shiau and I. J. Su: Prevalence 
and significance of hepatitis B virus (HBV) pre-S mutants in 
serum and liver at different replicative stages of chronic 
HBV infection. Hepatology, 33(1), 277-86 (2001)  
 
115. H. C. Wang, H. C. Wu, C. F. Chen, N. Fausto, H. Y. Lei 
and I. J. Su: Different types of ground glass hepatocytes in 
chronic hepatitis B virus infection contain specific pre-S 
mutants that may induce endoplasmic reticulum stress. Am J 
Pathol, 163(6), 2441-9 (2003)  
 
116. H. C. Wang, W. T. Chang, W. W. Chang, H. C. Wu, W. 
Huang, H. Y. Lei, M. D. Lai, N. Fausto and I. J. Su: Hepatitis B 
virus pre-S2 mutant upregulates cyclin A expression and 
induces nodular proliferation of hepatocytes. Hepatology, 41(4), 
761-70 (2005)  
 
117. J. C. Yang, C. F. Teng, H. C. Wu, H. W. Tsai, H. C. 
Chuang, T. F. Tsai, Y. H. Hsu, W. Huang, L. W. Wu and I. J. 
Su: Enhanced expression of vascular endothelial growth 
factor-A in ground glass hepatocytes and its implication in 
hepatitis B virus hepatocarcinogenesis. Hepatology, 49(6), 
1962-71 (2009)  
 
118. F. C. Shen, I. J. Su, H. C. Wu, Y. H. Hsieh, W. J. Yao, K. C. 
Young, T. C. Chang, H. C. Hsieh, H. N. Tsai and W. Huang: A 
pre-S gene chip to detect pre-S deletions in hepatitis B virus 
large surface antigen as a predictive marker for hepatoma risk in 
chronic hepatitis B virus carriers. J Biomed Sci, 16, 84 (2009)  
 
119. Y. H. Hsieh, I. J. Su, H. C. Wang, J. H. Tsai, Y. J. Huang, 
W. W. Chang, M. D. Lai, H. Y. Lei and W. Huang: Hepatitis B 
virus pre-S2 mutant surface antigen induces degradation of 
cyclin-dependent kinase inhibitor p27Kip1 through c-Jun 
activation domain-binding protein 1. Mol Cancer Res, 5(10), 
1063-72 (2007)  
 
120. B. A. Werness, A. J. Levine and P. M. Howley: 
Association of human papillomavirus types 16 and 18 E6 
proteins with p53. Science, 248(4951), 76-9 (1990)  
 
121. E. D. Brenndorfer, J. Karthe, L. Frelin, P. Cebula, A. 
Erhardt, J. Schulte am Esch, H. Hengel, R. Bartenschlager, 
M. Sallberg, D. Haussinger and J. G. Bode: Nonstructural 
3/4A protease of hepatitis C virus activates epithelial growth 
factor-induced signal transduction by cleavage of the T-cell 
protein tyrosine phosphatase. Hepatology, 49(6), 1810-20 
(2009)  
 
Key Words: hepatitis B virus, pre-S mutant, Genomic 
Instability, Hepatoma, HBV Large Surface Protein, Review 
 
Send correspondence to: Wenya Huang, Department of 
Medical Laboratory Science and Biotechnology, College of 
Medicine, National Cheng King University, Tainan, Taiwan, 
Tel: 886-6-2353535, ext. 5766, Fax: 886-6-236-3956, 
E-mail: whuang@mail.ncku.edu.tw  
 

http://www.bioscience.org/current/vol16.htm 
 
 
 
 
 
 


