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Abstract
Primary liver cancer is the second most common cause of death due to cancer 
worldwide, and a vast majority of primary liver cancer is the hepatocellular car-
cinoma (HCC) subtype. Although a number of etiologies are recognized to cause 
HCC, HBV infection accounts for over 50% of diagnosed HCC cases. HBV 
infection leads to the development of HCC through a variety of mechanisms. 
Indirectly, viral infection leads to repetitive liver injury through oxidative stress, 
the immune response, and telomere shortening, eventually causing cellular trans-
formation. Integration of viral DNA into the host genome can indirectly lead to 
carcinogenesis by inducing genomic instability, as well as directly causing onco-
genesis by preferentially integrating into genomic loci of known oncogenes. The 
activity of the HBV X protein (HBx) has been demonstrated to directly promote 
transformation and hepatocarcinogenesis in a number of ways, including activat-
ing cancer-related pathways and altering cellular epigenetic and noncoding RNA 
expression. In this chapter, we will summarize the current scientific knowledge 
of the ways in which HBV infection can lead to HCC.
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1	 �Introduction

Globally, primary liver cancer represents the fifth most commonly diagnosed can-
cer and the second most common cause of death due to cancer (Theise 2014). 
Hepatocellular carcinoma (HCC) accounts for a majority (85–90%) of primary 
liver cancers and leads to an estimated 600,000 deaths per year (Jemal et al. 2011). 
Geographically, the incidence of HCC is not distributed equally, with greater than 
80% of HCC cases occurring in East Asia or sub-Saharan Africa. China alone 
accounts for over 50% of global HCC cases (El-Serag 2012).

There are a number of recognized etiologies leading to the development of 
HCC including liver cirrhosis, alcoholic liver disease, exposure to aflatoxin B1, 
diabetes, and obesity. However, the main etiology of HCC is hepatitis B virus 
(HBV) or hepatitis C virus (HCV) infection (Sanyal et al. 2010). The association 
between HCC development and chronic HBV infection was first reported in 1975 
(Blumberg et al. 1975). Chronic HBV infection is now recognized to account for 
over 50% of HCC cases worldwide. Over 350 million people are chronic HBV 
carriers, with 75% of these cases occurring in Asian countries. Prospective cohort 
studies have shown that people who are chronically infected with HBV have a 
5- to 100-fold increased risk of developing HCC compared to non-infected per-
sons. (El-Serag 2012).

Most cases of HCC caused by HBV occur in patients with cirrhosis (70–90%), 
which is a significant risk factor for HCC (Yang et al. 2011). Other factors also 
contribute to an increased risk of developing HBV-related HCC.  For example, 
demographic factors, including male sex and advanced age, are associated with an 
increased risk of HCC.  Exposure to aflatoxin B1 or alcohol consumption also 
raises the risk of developing HBV-related HCC. Patients infected with HBV have 
a 200-fold greater risk of HCC if they are obese (body mass index ≥30) and have 
diabetes mellitus, indicating an importance of metabolic factors. HCC risk is also 
dependent on viral factors. High levels of HBV DNA and HBV replication are 
associated with increased risk. The genotype of HBV also plays a role. At least 
eight genotypes of HBV have been identified, and increased risk of developing 
HCC is associated with HBV genotype C in Asian populations, genotype A in 
Africans, and genotype F in Alaskan natives (Kew 2010). In addition, seropositiv-
ity for hepatitis B surface antigen (HBsAg) remains one of the greatest risk factors 
for HCC, varying from a sevenfold risk increase in Japan to 60- to 98-fold risk 
increase in Taiwan. Seroclearance of HBsAg reduces the risk of HBV-related 
HCC (Burns and Thompson 2014).

Understanding the epidemiological characteristics of HBV-related HCC remains 
an important field of study, but it is also important to understand the cellular mecha-
nisms by which HBV infection leads to the development of HCC. Molecular carci-
nogenesis of HBV-related HCC is caused by indirect mechanisms such as oxidative 
stress, the immune response, and telomere shortening, the “mixed” mechanism of 
DNA insertion leading to genomic instability and insertional mutagenesis, and 
direct oncogenesis caused by the HBV X protein (HBx) (Fig. 8.1). In this chapter, 
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we will review the oncogenic mechanisms by which HBV viral infection contrib-
utes to the development and progression of HCC.

2	 �Indirect Oncogenic Roles of HBV: Inflammation 
and Liver Injury

Numerous studies have shown that HBV infection leads to inflammation and 
liver injury. A mouse model study that examined the progression of disease fol-
lowing HBV infection demonstrated that overproduction of the hepatitis B virus 
large envelope protein and high concentrations of HBsAg led to phenotypic 
changes within the liver, beginning with chronic hepatitis, followed by the devel-
opment of regenerative nodules and oval cell hyperplasia, liver cell adenomas, 
and finally HCC (Dunsford et al. 1990). No histopathological changes were seen 
in age- and sex-matched controls. This study showed that HBV infection could 
directly lead to inflammation, regenerative hyperplasia, and injury to hepato-
cytes, with the potential to induce transforming mutations (Dunsford et al. 1990). 
There are several mechanisms by which HBV infection may lead to liver injury 
and HCC, including inducing oxidative stress, the immune response, and telo-
mere length (Fig. 8.1).

Direct mechanisms

HBx protein:
•   Cancer pathways
•   HCC “stemness”
•   Epigenetics
•   Cell cycle
•   Mitochondrial function
•   DNA repair
•   Non-coding RNA 

HBV-Related
HCC

“Mixed” mechanisms
Viral DNA integration:
•   Genomic instability (Indirect)
•   Insertional mutagenesis (Direct)

Liver Injury:
•   Oxidative stress
•   Immune response
•   Telomere shortening

Indirect mechanisms

Fig. 8.1  Indirect and direct mechanisms contribute to HBV-related HCC carcinogenesis. Indirect 
mechanisms of carcinogenesis due to liver injury include oxidative stress, the immune response, 
and telomere shortening. Direct mechanisms of carcinogenesis are due to the oncogenic activities 
of HBx protein. Viral DNA integration into the genome promotes carcinogenesis indirectly by 
inducing genomic instability and directly via insertional mutagenesis
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2.1	 �Oxidative Stress

Oxidative stress represents an important mechanism by which HBV infection may 
lead to HCC. An overabundance of reactive oxygen species (ROS) can cause dam-
age to cellular lipids, proteins, or DNA, which could potentially lead to chromo-
somal mutagenesis and carcinogenesis. ROS may also activate signaling pathways 
involved in cellular proliferation (Ha et al. 2010). DNA damage induced by oxida-
tive stress and ROS has been observed within the livers of mice with chronic active 
hepatitis. The accumulation of 8-oxo-2′-deoxyguanosine, an adduct of deoxyguano-
sine that is modified by oxidation, increased as liver disease progressed. Livers 
exhibiting advanced disease including nodular hyperplasia, adenomas, and HCC 
showed the greatest increase in 8-oxo-2′-deoxyguanosine, indicating the highest 
amount of oxidative DNA damage (Hagen et al. 1994). DNA damage induced by 
ROS has also been seen in HBV-infected patients, which was measured by the accu-
mulation of 8-hydroxydeoxyguanosine, a promutagenic DNA lesion induced by 
hydroxyl radicals (Fujita et al. 2008).

Several patient studies have examined changes in the liver due to HBV-related 
disease, with an increase in oxidative stress observed with increasing viral replica-
tion status and disease severity (Bolukbas et al. 2005). A study in Taiwan followed 
patients with HBV-associated HCC for over 20 years and found that these patients 
exhibited extensive oxidative damage during clinical disease progression (Tsai et al. 
2009). Another study compared patients with inactive HBsAg carrier state (IHBCS) 
infection, patients with chronic HBV infection, and healthy control patients. The 
study found that patients with chronic HBV infection had significantly higher mea-
sured levels of total oxidative stress and lipid peroxidation compared to IHBCS 
patients and healthy controls. Antioxidant status was decreased significantly in 
chronic HBV patients (Duygu et al. 2012).

2.2	 �Immune Response

The association between the immune cell response and cancer is well established 
(Balkwill and Mantovani 2001). A decrease in the immune response can facilitate 
viral replication and tumor formation, whereas overactive immune response and 
inflammation can lead to changes in tissue architecture and tissue remodeling, 
apoptosis, and DNA alterations, which may also promote carcinogenesis (Budhu 
and Wang 2006). HBV infection is controlled by antiviral cytotoxic T cells. In 
patients with active hepatitis who ultimately clear the virus, the T cell response is 
vigorous. In patients with chronic hepatitis, the T cell response is weaker, destroy-
ing a portion of infected cells, leading to a continuous cycle of cellular destruction 
and regeneration, resulting in liver injury and HCC development. A murine model 
demonstrated that hepatocellular injury can be induced by overexpression of the 
HBV large envelope protein, leading to cellular regeneration, DNA damage, clonal 
expansion, and ultimately HCC (Nakamoto et al. 1998). Liver cell injury initiated 
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and mediated by HBV infection has the potential to sustain carcinogenesis in the 
absence of viral integration, HBx expression, or genotoxic agents. This study sug-
gested that an ineffective T cell response may be a principal oncogenic factor in the 
development of HCC during chronic hepatitis infection (Nakamoto et  al. 1998). 
Indeed, an impaired immune response has been detected in patients with chronic 
HBV infection. For example, circulating and liver-residing regulatory T cells 
(Tregs) were increased in HCC patients with HBV infection, which suppressed the 
immune response induced by the HBV antigen and the HCC tumor antigen, thus 
inhibiting tumor immunosurveillance and promoting tumor progression (Zhang 
et al. 2010).

2.3	 �Telomere Length

In normal cells, the length of telomeres, segments of short nucleotide repeats that 
cap the ends of chromosomes, become progressively shorter with each cell division. 
Too short telomeres can cause chromosomal instability; thus, healthy cells will 
enter cellular senescence when telomeres reach a certain length. Maintaining telo-
mere length, thus avoiding cellular senescence, is a key process in the life cycle of 
tumor cells, leading to immortalization. A study examining patient samples with 
normal livers, chronic active hepatitis, liver cirrhosis, and HCC found a progressive 
shortening of telomeres with each stage. However, telomerase, an enzyme that sta-
bilizes and lengthens telomeres by adding nucleotides onto the chromosomal ends, 
was also detected in high levels in all HCC patient samples examined. This study 
suggested that rapid cellular proliferation and turnover due to viral-induced liver 
injury causes a multistep process of HCC carcinogenesis, beginning with progres-
sive telomere shortening and eventually leading to telomerase activation (Miura 
et al. 1997).

3	 �“Mixed” Mechanism of HBV-Related Oncogenesis: DNA 
Integration

After entering the nucleus, HBV DNA can integrate into host cell chromosomes, 
allowing the virus to continually replicate in the cell. HBV DNA integration likely 
occurs prior to HCC tumor development, as integration is found in patients during 
the acute infection stage (Murakami et al. 2004). Integrated HBV DNA is found in 
the hepatocyte genome in a vast majority (85–90%) of HBV-related HCC cases and 
is considered to be one of the most important ways in which HBV causes a pro-
oncogenic effect (Minami et  al. 2005). There are several mechanisms by which 
HBV DNA integration can cause a carcinogenic effect. Indirectly, HBV can lead to 
oncogenesis by inducing genomic instability, whereas causing alterations in onco-
genic gene expression via insertional mutagenesis is considered to be a direct mech-
anism of HBV-related oncogenesis (Fig. 8.1).
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3.1	 �Genomic Instability

Genomic instability is a hallmark of cancer. Chromosomal instability, in which 
chromosome structure progressively changes in cancer cells compared to normal 
cells, is common in many types of cancer (Negrini et al. 2010). The integration of 
HBV DNA into the genome has been shown to cause structural alternations in the 
chromosomal DNA of hepatocytes. Microdeletions in host DNA at HBV DNA inte-
gration sites are thought to be integral to the mechanism of integration. 
Macrodeletions, as well as amplification of chromosomal DNA at HBV DNA inte-
gration sites, have been reported. Chromosomal translocations have also been 
observed, in which the DNA from two chromosomes is joined to each end of an 
integrated viral DNA sequence (Idilman et al. 1998). HCC that is associated with 
HBV infection has been shown to contain more genomic instability via allelic dele-
tions and amplifications, caused by HBV DNA integration, than HCC that is caused 
by other etiologies (Lee et al. 2008). These alterations could lead to alterations in 
expression of genes that are related to cancer such as tumor-suppressor genes or 
proto-oncogenes.

3.2	 �Insertional Mutagenesis

Initially, HBV DNA integration into the host genome was considered to occur at 
random, thus constituting an indirect mechanism of oncogenesis. However, with the 
implementation of next-generation sequencing, recent studies have shown that there 
are recurrent sites into which HBV DNA preferentially integrates. A number of 
these integration sites include genomic loci that code for genes that are highly well-
known to regulate proliferation and cell survival in cancer, and the integration of 
viral DNA causes changes in gene expression at these loci. For example, multiple 
studies have shown that HBV DNA preferentially integrates into the gene encoding 
TERT, telomerase reverse transcriptase, the catalytic subunit of telomerase, the 
enzyme responsible for maintaining telomere length for inhibiting cellular senes-
cence (see Sect. 2.3), allowing a cell to become immortal. Other common recurrent 
sites of integration include genes encoding MLL4, a histone methyltransferase 
known to critically regulate epigenetics and gene expression in cancer, as well as 
CCNE1, cyclin E1, which regulates the cell-cycle transition from G1 to S phase and 
is known to be overexpressed in cancer (Matsubara and Tokino 1990). It is possible 
that viral integration indeed starts as a random process but that certain integration 
sites with oncogenic potential can be selectively enriched during 
hepatocarcinogenesis.

It should also be noted that HBV DNA does not completely integrate into the 
host cell genome unaltered. The viral DNA itself is subject to rearrangements and 
genomic alterations such as deletions. Thus, the integration of viral DNA into the 
genome may also lead to functional or structural alterations of proteins via protein 
fusions containing protein coded from viral DNA and host cell DNA. These so-
called chimeric proteins may have novel functions that promote carcinogenesis. The 
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cyclin A gene has been identified as a site of HBV viral DNA integration in which 
an HBV-cyclin A fusion protein was coded. This protein contained a substitution of 
152 amino acids of the N-terminal portion of the cyclin A gene by 156 amino acids 
of the HBV middle surface protein. The resulting fusion protein demonstrated 
tumorigenic properties (Pollicino et  al. 2011). In another case, HBV DNA inte-
grated into the gene that encoded the retinoic acid receptor β, causing overexpres-
sion of the protein because its expression was under the control of the integrated 
HBV preS1 viral promotor. This fusion protein also demonstrated carcinogenic 
properties (Garcia et al. 1993).

4	 �Direct Oncogenic Roles of HBV: HBx Protein

The HBx gene of HBV encodes the 154 amino acid, 17 kDa HBx protein. This pro-
tein does not directly bind to DNA but acts as a transactivator of viral gene expres-
sion via protein-protein interactions and modulating signaling pathways. HBx 
protein is required for viral replication and is critical for protecting infected hepato-
cytes from immune destruction. HBx also enhances HCC carcinogenesis in a num-
ber of ways (Geng et  al. 2015). Several studies have shown that HBx RNA and 
protein expression is found in HCC tumor cells without active viral replication (Su 
et  al. 1998; Peng et  al. 2005). HBx protein itself can also be mutated, and the 
C-terminal region of HBx, produced by truncation, has also been shown to contrib-
ute to HCC carcinogenesis.

HBx protein interacts with, and oftentimes enhances, many key proteins and 
pathways that are involved in HCC carcinogenesis. For example, transforming 
growth factor β (TGF-β) can act as a tumor suppressor by inhibiting epithelial cell 
growth. However, the TGF-β signaling pathway can also shift to promote oncogen-
esis, and it has been demonstrated that HBx can stimulate this change in the early 
stages of HCC carcinogenesis (Murata et al. 2009). In this section, we will discuss 
the various mechanisms by which HBx has been implicated in the maintenance and 
progression of HCC tumor cells (Fig. 8.1, Table 8.1).

4.1	 �HBx Affects Cancer-Related Pathways

It has been speculated that HBx can act as a growth factor for HCC tumor cells, by 
activating several pathways that have been implicated in the initiation and mainte-
nance of cancer cells such as the Jak/STAT signaling pathway (Lee and Yun 1998) 
and the RAS/RAF/MAPK pathway (Benn and Schneider 1994). HBx also directly 
binds to the C-terminus of the tumor-suppressor p53. Inactivation mutations or dele-
tion of p53 is one of the most common pan-cancer alterations. HBx inhibits the 
activity of p53, including p53-mediated apoptosis, by sequestering p53 in the cyto-
plasm and preventing it from entering the nucleus (Wang et al. 1994). HBx mutants, 
caused by the HBx gene overlapping with the HBV core promoter region, also 
indirectly modulate p53 by upregulating the S phase kinase-associated protein 2 
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Table 8.1  Summary of mechanisms of HBx-mediated HCC

Effect Mechanism Reference
Alterations of cancer 
pathways

TGF-β Murata et al. (2009)
Jak/STAT Lee and Yun (1998)
RAS/RAF/MAPK Benn and Schneider 

(1994)
p53 Wang et al. (1994)
p53: SKP2 Yan et al. (2015)
NF-κB: MTA1 Bui-Nguyen et al. (2010)
NF-κB: IL6 Lee et al. (1998)
NF-κB: MMP, VEGF Liu et al. (2010a)
HIF-1α Moon et al. (2004)
Ang2 Sanz-Cameno et al. 

(2006)
Wnt/β-catenin: APC Hsieh et al. (2011)
Wnt/β-catenin: GSK3 Cha et al. (2004)

HCC cell “stemness” Oct-4, Nanog, Klf-4, β-catenin, 
E-cadherin, EpCAM

Arzumanyan et al. 
(2011)

Epigenetic changes DNMT1/DNMT3A: RAR-β(2) Jung et al. (2010)
DNMT1/DNMT3A: p16ink4a Zhu et al. (2010)
DNMT1: E-cadherin Lee et al. (2005)
ASPP Zhao et al. (2010)

Centrosome duplication 
and cell cycle

Crm1/Ran GTPase Forgues et al. (2003)
CDK1/2, cyclin A/B/E Benn and Schneider 

(1995)
p21waf1/cip1, CDK2 Park et al. (2000)
p15/p16/p21/p27, cyclin D1/E, CDK2/4 Gearhart and Bouchard 

(2010)
hTERT Liu et al. (2010b)
p16/p21 via DNA methylation Park et al. (2011)

Mitochondrial function Abnormal aggregation Takada et al. (1999)
HVDAC3 Rahmani et al. (2000)
Electron transport Lee et al. (2004)
Hsp60 Tanaka et al. (2004)
Calcium signaling Tan et al. (2009)

DNA repair XAP-1/UVDDB Becker et al. (1998)
p53/ERCC3 Wang et al. (1994)
XPB/XPD Jia et al. (1999)
hMYHα Chang et al. (2009)
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(SKP2). SKP2 contributes to the downregulation of p53 via ubiquitination and deg-
radation, thus contributing to tumorigenesis (Yan et al. 2015).

The nuclear factor (NF)-κB protein complex is a key transcription factor in can-
cer biology, regulating inflammation and cell death. The activation of the NF-κB 
pathway plays a known role in hepatocarcinogenesis (Luedde and Schwabe 2011). 
HBx stimulates the expression of metastasis-associated protein 1 (MTA1), via inter-
actions with NF-κB. MTA1 is a chromatin modulator that is involved in tumor ini-
tiation and the inflammatory response (Bui-Nguyen et  al. 2010). The pleotropic 
cytokine interleukin 6 (IL6), which is involved in immune and inflammatory 
response, is also upregulated due to the enhancement of two NF-κB subunits to 
target gene DNA (Lee et al. 1998). HBx increases the expression of known NF-κB 
target genes, including several matrix metalloproteinases (MMPs), which are 
involved in metastasis, and vascular endothelial growth factor (VEGF), a key regu-
lator of angiogenesis (Liu et al. 2010a). HBx may also play a role in tumorigenesis 
by upregulating and stabilizing hypoxia-inducible factor 1α (HIF-1α), a key regula-
tor of hypoxia, which stimulates angiogenesis (Moon et al. 2004). HBx also stimu-
lates the upregulation of angiopoietin-2 (Ang2), a pro-angiogenic growth factor that 
is involved in vascular remodeling and development during carcinogenesis (Sanz-
Cameno et al. 2006).

The Wnt/β-catenin pathway plays an important role in embryonic development 
and also contributes to the homeostasis of stem cells. The transcription of down-
stream target genes by β-catenin is regulated by the β-catenin destruction complex, 
which modulates the amount of stabilized β-catenin that can enter the nucleus. 

Table 8.1  (continued)

Effect Mechanism Reference
Noncoding RNA miR-15a/miR-16-1 Wang et al. (2013)

Signal transduction, cell death, DNA 
damage, and recombination

Ura et al. (2009)

NF-κB: miR-143/FNDC3B Zhang et al. (2009)
Let7, STAT3 Wang et al. (2010)
miR-148a: HPIP, Akt/ERK, mTOR Xu et al. (2013)
miR-21: IL6, STAT3 Li et al. (2014)
miR-21: PDCD4 Qiu et al. (2013)
miR-152: DNMT1 Huang et al. (2010)
miR-122: PPARγ Song et al. (2013)
miR-132 via DNA methylation Wei et al. (2013)
HULC: p18 Du et al. (2012)
lncRNA-dreh: vimentin Huang et al. (2013)
DBH-AS1: MAPK Huang et al. (2015)
Evi1 Huang et al. (2016)
UCA1: p27 Hu et al. (2016)
HBx-LINE1 fusion: Wnt/β-catenin Lau et al. (2014)
HBx-LINE1 fusion: miR-122 Liang et al. (2016)
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However, aberrant β-catenin signaling can lead to the improper transcription of tar-
get genes such as VEGF, oncoprotein c-Myc, and cyclin D1, an important cell-cycle 
regulator, leading to tumorigenesis. HBx competitively binds to the adenomatous 
polyposis coli (APC) protein, which is part of the β-catenin destruction complex, 
causing the release, stabilization, and nuclear localization of β-catenin, leading to 
the transcription of downstream Wnt pathway targets (Hsieh et al. 2011). β-catenin 
levels are also directly regulated by glycogen synthase kinase 3 (GSK3) activity, 
which directly phosphorylates β-catenin, priming β-catenin for ubiquitination and 
degradation. HBx can inhibit the activity of GSK3, leading the Wnt/β-catenin path-
way activation (Cha et al. 2004).

4.2	 �HBx Promotes “Stemness” of HCC Cells

High tumor heterogeneity represents a hallmark of HCC. Tumor-initiating cancer 
stem cells (CSCs) are found within HCC tumors and are associated with aggressive 
disease and poor prognosis. It has been demonstrated that HBx protein promotes 
“stemness” characteristics in HCC cells. HBx activates the expression of classic 
CSC markers Oct-4, Nanog, and Klf-4, which are associated with self-renewal. 
HBx expression is also associated with decreased amounts of E-cadherin. Loss of 
E-cadherin leads to epithelial to mesenchymal transition and thus increased metas-
tasis and invasion. In addition, the expression of epithelial cell adhesion molecule 
(EpCAM), a marker of HCC tumor-initiating stem cells, has been detected in the 
nuclei of patients who are infected with HBV-related HCC (Arzumanyan et  al. 
2011). EpCAM is also a direct transcriptional target of Wnt/β-catenin signaling 
(Yamashita et al. 2009), which is known to be activated by HBx, as discussed in 
Sect. 4.1.

4.3	 �HBx Induces Epigenetic Changes

Epigenetics, in which gene expression is controlled by modifications to genetic 
DNA such as DNA methylation, are also associated with cancer. Tumors exhibit a 
global hypomethylation of DNA, yet silencing of tumor suppressors by hypermeth-
ylation (Esteller 2008). In addition to directly modifying cancer-related signaling 
pathways through signal activation and protein-protein interaction, HBx also causes 
changes in gene expression through epigenetic modifications of the promoter region 
of genes, causing the downregulation of gene expression. Aberrant hypermethyl-
ation of the retinoic acid receptor-β(2) (RAR-β(2)) gene has been detected in HBV-
induced HCC.  HBx has been shown to upregulate the expression of DNA 
methyltransferases 1 and 3A (DNMT1, DNMT3A), which induces promoter hyper-
methylation of RAR-β(2). Downregulation of RAR-β(2) expression leads to the 
subsequent downregulation of G1-checkpoint regulators p16, p21, and p27, which 
desensitizes cells to growth inhibition signaled by retinoic acid (Jung et al. 2010). 
HBx can also induce the direct hypermethylation and downregulation of p16ink4a 
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expression via DNMT1 and DNMT3A (Zhu et al. 2010). Activation of DNMT1 by 
HBx has also been associated with the downregulated expression of E-cadherin, a 
tumor suppressor that is associated with HCC CSCs (see Sect. 4.2) (Lee et al. 2005). 
Indirectly, HBx expression is associated with hypermethylation of the promoters for 
the genes encoding ankyrin-repeat-containing, SH3-domain-containing, and pro-
line-rich-region-containing proteins (ASPP). The ASPP family of proteins is known 
to regulate cellular apoptosis via interaction with p53. ASPP downregulation was 
associated with increased tumor growth and decreased sensitivity to apoptotic stim-
uli (Zhao et al. 2010).

4.4	 �HBx Deregulates Centrosome Duplication and the Cell 
Cycle

The cell cycle is a highly regulated process in which DNA is replicated and cells 
divide to create daughter cells that are genetically identical to the parent cell. 
Centrosomes are key in regulating cell division and serve to organize and orient 
microtubules during interphase and direct the formation of bipolar spindles during 
mitosis. Centrosome duplication begins during the G1/S phase of the cell cycle and 
is completed at S phase, occurring only once per cell cycle. However, centrosome 
amplification in cancer cells suggests that this process is deregulated and is not cell-
cycle dependent (Budhu and Wang 2005). The nuclear export receptor Crm1 and 
Ran GTPase form a complex that is involved in the maintenance of centrosome 
duplication and assembly of the mitotic spindle. HBx binds and sequesters Crm1 in 
the cytoplasm, causing centrosome duplication, mitotic defects, and chromosome 
transmission errors. The genomic instability that results from centrosome amplifica-
tion and loss of faithful cell division may contribute to carcinogenesis (Forgues 
et al. 2003).

The fidelity of cell-cycle progression is controlled by cyclins and the subsequent 
activation of cyclin-dependent kinases (CDK), which are responsible for regulating 
key transitions. Several studies have shown that HBx protein is capable of deregu-
lating the cell cycle. One study demonstrated that HBx activated progression 
through the cell cycle, shortening the emergence from quiescence (G0) and entry 
into S phase, accelerating through growth checkpoint controls at G0/G1 and 
G2/M. The cyclin-dependent kinases CDK1 and CDK2, and their associations with 
cyclin A, cyclin B, and cyclin E, were activated at a quicker and increased rate by 
HBx (Benn and Schneider 1995). In another study, HBx induced growth arrest at 
the G1 phase by activating the cyclin-dependent kinase inhibitor p21waf1/cip1, inhibit-
ing CDK2, and allowing HCC cells to evade apoptosis (Park et  al. 2000). HBx 
induces quiescent hepatocytes to exit the G0 phase by decreasing levels of p15 and 
p16 and increasing levels of active G1 phase proteins cyclin D1, cyclin E, p21, p 27, 
and CDK4. The activation of CDK2, the CDK controlling late G1/S phase, was also 
inhibited, causing cells to stall in the G1 phase of the cell cycle. This study suggested 
that active HBV viral replication requires cells to maintain the G1 phase of growth 
for the most efficient replication (Gearhart and Bouchard 2010).
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HBx protein can also promote HCC tumor cell immortality by overcoming 
senescence, growth arrest, and apoptosis. HBx upregulates the transcriptional acti-
vation of TERT, increasing telomerase activity and leading to chromosomal telo-
mere lengthening and preventing cells from becoming senescent (Liu et al. 2010b). 
HBx can also cause tumor cells to overcome senescence induced by all-trans reti-
noic acid by promoting the downregulation of p16 and p21 proteins via DNA meth-
ylation (Park et al. 2011).

4.5	 �HBx Affects Mitochondrial Function

HBx may induce cellular dysfunction in HCC cells through interactions with mito-
chondria. Mitochondrial structures aggregate abnormally in HBV-infected HCC 
cells, and HBx protein is associated with these structures, leading to a potential 
increase in cell death (Takada et al. 1999). HBx can alter the transmembrane poten-
tial of mitochondria by physically co-localizing with the voltage-dependent anion 
channel HVDAC3 (Rahmani et al. 2000). HBx has also been shown to downregu-
late key mitochondrial enzymes that are involved in electron transport for oxidative 
phosphorylation and increases oxidative injury via mitochondrial reactive oxygen 
species and the production of lipid peroxide. These changes sensitize cells to apop-
tosis signals (Lee et al. 2004). It has been found that the nuclear chaperone protein 
heat shock protein 60 (Hsp60) physically co-localizes with HBx in the mitochon-
dria of HCC cells and enhances apoptosis (Tanaka et al. 2004). HBx protein also 
activates a kinase pathway that is essential for HBV replication. This pathway is 
calcium-dependent and can decrease mitochondrial calcium signaling, causing 
mitochondrial permeability transition (Tan et al. 2009).

4.6	 �HBx Affects DNA Repair

The ability of cancer cells to detect and repair DNA damage is another key hallmark 
of cancer. The accumulation of DNA damage leads to mutagenesis and genomic 
instability. Multiple studies have shown that HBx interferes with nucleotide exci-
sion repair (NER). One study demonstrated that HBx can interact with X-associated 
protein 1(XAP-1), a human protein homologous to simian repair protein 
UV-damaged DNA-binding protein (UVDDB), which is thought to be involved 
with the first step of NER by binding to damaged DNA, thus prohibiting effective 
NER (Becker et al. 1998). HBx also affects NER by complexing with p53 protein 
and inhibiting the association of p53 with the NER transcription factor ERCC3 
(Wang et al. 1994). HBx can also directly bind to NER factors XPB and XPD DNA 
helicases and inhibit NER (Jia et al. 1999). Another study indicated that HBx affects 
the expression of NER DNA repair enzyme DNA glycosylase α (hMYHα), leading 
to an increase in the level of 8-hydroxy-2 deoxyguanosine (8-OHdG), a mutagenic 
DNA adduct that serves as a cellular indicator of oxidative stress (Cheng et  al. 
2010).
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4.7	 �HBx Causes Changes in Noncoding RNA

A majority of the DNA in the human genome is transcribed into RNA transcripts 
that are not translated into protein products. However, these noncoded transcripts 
still have an important function within the cell, controlling cellular pathways by 
modulating the expression of other noncoding RNA and mRNA from genes 
encoding proteins or directly interacting with proteins. There are two general 
classes of noncoding RNA based on size: short noncoding RNAs, including 
microRNAs (miRNA), with a length of under 200 nucleotides, and long noncod-
ing RNAs (lncRNA) that are greater than 200 nucleotides in length (Ghidini and 
Braconi 2015). Expression of HBx in HCC cells deregulates the expression of 
numerous miRNAs and lncRNAs. The HBx transcript directly downregulates the 
expression of two well-known tumor-suppressor microRNAs, miR-15a and miR-
16-1, via viral RNA sequences that target the microRNA (Wang et al. 2013). A 
number of other studies have demonstrated that HBx protein indirectly affects 
microRNA expression. For example, one study showed that in tumor samples 
from patients infected with HBV, deregulated miRNAs targeted genes in path-
ways associated with signal transduction, cell death, and DNA damage and 
recombination (Ura et al. 2009). NF-κB, upregulated by HBx protein, transcribes 
an increased amount of miR-143, causing the repression of fibronectin type III 
domain-containing 3B (FNDC3B), leading to an increase in cellular invasion and 
migration, promoting tumor metastasis (Zhang et  al. 2009). HBx expression 
downregulated members of the let-7 family of miRNAs, leading to an upregula-
tion of signal transducer and activator of transcription 3 (STAT3) and an increase 
in cellular proliferation (Wang et  al. 2010). Another study found that HBx 
enhances tumorigenesis by downregulating the p53-mediated activation of miR-
148a, which reduces growth, invasion, and metastasis of HCC cells. A decrease in 
miR-148a led to the increased expression of hematopoietic pre-B-cell leukemia 
transcription factor-interacting protein (HPIP), which regulates cancer cell growth 
through the Akt/extracellular-related kinase (ERK) and mammalian target of 
rapamycin (mTOR) signaling pathway (Xu et al. 2013). The microRNA miR-21 
has been shown in several studies to promote HCC carcinogenesis. A C-terminal-
truncated HBx protein upregulated miR-21 through IL6 and STAT3 activation. 
This study demonstrated that miR-21 overexpression plays a critical role in hepa-
tocyte carcinogenesis following HBV infection (Li et al. 2014). HBx downregu-
lated the expression of programed cell death 4 (PDCD4) through miR-21. PDCD4 
may induce apoptosis in cells; thus, a decrease in PCDC4 may lead to decreased 
apoptosis in HCC cells (Qiu et al. 2013).

Epigenetics and microRNAs are interrelated in the progression of HCC. For 
example, HBx can lead to epigenetic aberration via downregulation of tumor-
suppressing miR-152, which causes an increase in DNMT1, leading to hyper-
methylation and silencing of target genes (Huang et al. 2010). Another microRNA, 
miR-122, is the most highly expressed liver microRNA, and reduced expression 
of miR-122 is associated with the progression of HCC.  Peroxisome 
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proliferator-activated receptor-gamma (PPARγ) is part of a nuclear complex that 
modifies gene transcription, via epigenetic changes through the recruitment of 
histone deacetylases or histone methyltransferases, and promotes the expression 
of miR-122. PPARγ is directly bound by HBx in HBV-infected hepatocytes, 
leading to decreased miR-122 expression and cancer progression (Song et  al. 
2013). MiR-132, a tumor-suppressive microRNA, represses tumor growth by 
inhibiting the Akt-signaling pathway. HBx epigenetically represses the expres-
sion of MiR-132 by inducing DNA methylation of the MiR-132 promoter (Wei 
et al. 2013).

LncRNAs have been implicated in cancer progression as well. The lncRNA 
highly upregulated in liver cancer (HULC) is positively associated with HCC. HBx 
promotes the expression of HULC by associating with the cAMP-responsive ele-
ment-binding protein and activating the HULC promoter. Increased expression of 
HULC was also found to downregulate the expression of the tumor-suppressor 
protein p18, leading to increased hepatocarcinogenesis (Du et al. 2012). Another 
lncRNA, downregulated expression by HBx (termed lncRNA-dreh), acts as a 
tumor suppressor by interacting with and reducing the expression of the interme-
diate filament protein vimentin, preventing tumor metastasis. A decrease in 
lncRNA-dreh is associated with poor prognosis in HCC patients (Huang et  al. 
2013). The expression of a novel lncRNA, DBH-AS1, was discovered to be posi-
tively associated with HBsAg expression, as well as HCC tumor size. DBH-AS1 
promotes tumorigenesis by inducing cell-cycle progression, inhibiting apoptosis, 
and activating the MAPK pathway. The expression of DBH-AS1 is significantly 
increased by HBx protein (Huang et al. 2015). HBx protein also affects lncRNA 
expression through the transcription regulator ecotropic viral integration site 1 
(Evi1). HBx expression causes an increase in Evi1, which deregulates a cluster of 
lncRNAs involved in HCC progression (Huang et al. 2016). HBx expression also 
induces the upregulation of the lncRNA UCA1, which promotes cell growth by 
enhancing cell-cycle progression via the downregulation of p27 genes (Hu et al. 
2016).

As discussed in Sect. 3, HBV viral DNA inserts into host DNA, causing inser-
tional mutagenesis. HBV insertion often occurs near or within DNA that is noncod-
ing, such as long interspersed nuclear elements (LINEs), leading to the creation of 
chimeric HBx-LINE fusions. One study demonstrated that the HBx-LINE1 chime-
ric fusion is found in 23.3% of HCC tumors that are associated with HBV and is 
correlated with poor survival. The authors of the study also demonstrated that HBx-
LINE1 expression could affect the activity of β-catenin and activate Wnt pathway 
signaling, thus acting like a lncRNA with HCC promoting properties (Lau et al. 
2014). The HBx-LINE1 fusion transcript also contains six binding site for the 
tumor-suppressive miR-122, thus sequestering and depleting miR-122  in HCC 
cells. The reduction of miR-122 promotes tumorigenesis by activating epithelial-
mesenchymal transition (EMT), leading to changes such as activation of the Wnt/β--
catenin pathway, downregulation of E-cadherin, and increased cell migration (Liang 
et al. 2016).
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5	 �Concluding Remarks

HBV infection constitutes a major etiological factor for the development of primary 
liver cancer and remains a public health issue worldwide. HBV contributes to the 
carcinogenesis of HCC by various indirect and direct mechanisms (Fig. 8.1). HBV 
infection triggers cellular damage through oxidative stress, reactive oxygen species, 
the inflammatory response, and telomere shortening, leading to potential mutation 
and cellular transformation following repeated cycles of liver cell injury. HBV inte-
gration into the genome contributes to oncogenesis indirectly by inducing genomic 
instability and directly through insertional mutagenesis in or near genomic loci that 
code for genes that regulate cellular proliferation and survival. The integration of 
viral DNA also allows for the expression of the HBx protein, which directly contrib-
utes to the molecular carcinogenesis of HCC by a number of mechanisms including 
affecting cancer-related pathways and altering cellular epigenetics and noncoding 
RNA expression (Table 8.1), which promotes cellular transformation.

To date, the most effective treatment for HBV-related HCC is prevention through 
vaccination programs. In Taiwan, a universal nationwide childhood vaccination pro-
gram was implemented in the 1980s. A 20-year follow-up revealed a significant 
reduction of both the number of HBV carriers, as well as the incidence of childhood 
HCC, with benefits being maintained into adulthood (Chang et al. 2009). For people 
who are already carriers of HBV, continued surveillance of disease progression is an 
important preventative strategy, and early interventional antiviral therapy is key for 
reducing the incidence of HCC. Antiviral therapy, in addition to reducing serum 
viral load, controlling viral replication, and promoting the serum conversion of hep-
atitis B e antigen, may also block the carcinogenic properties of HBx. The immuno-
modulator interferon alpha (INF-α) may provide a benefit to patients with cirrhosis, 
whereas treatment with nucleoside analogs has been shown to reduce the risk of 
HCC development and delay disease progression in patients with HBV. However, 
the development of resistance continues to be a challenge (Sanyal et al. 2010; Lai 
and Yuen 2013).

Despite our current understanding of the molecular mechanisms of HCC carcino-
genesis that are promoted by HBV infection, there are still a number of important 
questions that remain to be answered. For example, there is a disconnect between the 
vast amount of information we have gathered regarding the various mechanisms of 
HBV-induced HCC carcinogenesis and the true contribution that each plays in cellular 
transformation. It is unknown whether the amount of HBV replication or viral integra-
tion in each patient is directly correlated to increased clonal expansion, cellular trans-
formation, and advanced tumor progression. Additionally, it remains to be answered 
whether there are distinct subtypes of HBV-related HCC or how HBV may interact 
with other etiological factors in HCC, which may lead to unique molecular pathogen-
esis. Thus, the discovery of biomarkers and new therapeutic targets for the treatment 
of HBV-related HCC will continue to be an important field of study, which will be 
necessary for the development of prevention strategies and personalized treatment 
modalities for patients with HBV infection (Levrero and Zucman-Rossi 2016).
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