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     Abbreviations 

   AR    Androgen receptor   
  ARE    Androgen-responsive element   
  cccDNA    Covalently closed circular DNA   
  CHB    Chronic hepatitis B   
  DHBV    Duck hepatitis B Virus   
  ER    Endoplasmic reticulum   
  ERα    Estrogen receptor alpha   
  FXRA    Farnesoid X receptor alpha   
  HBcAg    Hepatitis B core antigen   
  HBeAg    Hepatitis B e antigen   
  HBV    Hepatitis B virus   
  HCC    Hepatocellular carcinoma   
  HO-1    Heme oxygenase-1   
  IFN    Interferon   
  IGF    Insulin-like growth factor   
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  miRNA    microRNA   
  NA    Nucleos(t)ide analogue   
  NLR    NOD-like receptor   
  NTCP    Sodium taurocholate cotransporting polypeptide   
  ORFs    Open reading frames   
  PAMP    Pathogen-associated molecular pattern   
  PBMC    Peripheral blood mononuclear cell   
  PRR    Pattern recognition receptor   
  rcDNA    Relaxed-circular DNA   
  RLR    RIG-I-like receptor   
  TERT    Telomerase reverse transcriptase   
  TLR    Toll-like receptor   
  Treg    Regulatory T cell   
  WHV    Woodchuck hepatitis virus   

          Virus Structure and Genetics 

 Hepatitis B virus (HBV) is the prototypic member of the family Hepadnaviridae, 
which includes a group of hepatotropic viruses with different species tropism, shar-
ing remarkable similarities in the genome organization and the unique replication 
strategy through reverse transcription of an RNA pregenome [ 1 ]. Based on the 
sequence similarity and host ranges, the Hepadnavirus family is divided into the 
genera orthohepadnavirus of mammals and avihepadnavirus of birds. Human HBV 
can be further grouped into eight genotypes, which are based on the more than 8 % 
difference of genome sequence [ 2 ]. 

 HBV is a small enveloped DNA virus with the genome size of 3.2 kb. The virion 
of HBV, Dane particle, is approximately 42 nm in diameter. It is composed of an 
internal icosahedral nucleocapsid containing a DNA genome, and an outer lipid 
bilayer membrane made of three forms of envelope proteins, including large (L), 
middle (M) and small (S) proteins. The S protein is abundant in HBV virions and in 
two subviral spheres and fi lamentous structures lacking viral nucleic acids. The lat-
ter two forms outnumber HBV virions in around 100–10,000-fold excess and are 
the major sources of HBsAg in the blood. The excessive HBsAg has been suggested 
to counteract the host neutralizing antibody against HBV infection. The HBV 
nucleocapsid is assembled by the dimers of core protein (HBcAg). HBcAg consists 
of the N-terminal self-assembly domain and C-terminal arginine-rich domain, 
which harbors three phosphorylation sites critical for packaging pregenome/poly-
merase complex and DNA synthesis [ 3 ]. 

 The genome organization of HBV is complex, featured by the circular partially 
double-stranded DNA, also termed relaxed-circular DNA (rcDNA), and overlapping 
open reading frames (ORFs). All the ORFs are in the same direction, defi ning the 
minus and plus strands of DNA. The minus strand of rcDNA spans the entire length 
of 3.2 kb genome with a redundant 5′-fl ap attached with a viral polymerase. An 
RNA primer is attached at the 5′ end of the plus strand DNA. The 3′ extension of 
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the plus strand is incomplete and only approximately two thirds of the genome, 
leaving an open gap with variable length between its 5′ and 3′ ends. 

 HBV contains four ORFs encoding core/precore, polymerase, envelope, and X 
proteins. Upon initiation of the viral replication cycle, HBV rcDNA needs to be 
converted into covalently closed circular DNA (cccDNA) in nuclei, serving as a 
transcriptional template of viral RNAs. Under a physiological condition, cccDNA is 
most likely associated with histones and other proteins to form a viral minichromo-
some [ 4 ,  5 ]. Four unidirectional RNAs, precore/pregenomic, preS1, preS2/S, and X, 
with 3.5, 2.4, 2.1, and 0.7 kb in length, respectively, are transcribed under the regu-
lation of four distinct promoters and two enhancers. Besides, epigenetic regulation, 
including histone modifi cation and DNA methylation, has been suggested to play a 
role in the control of viral transcription [ 6 – 8 ]. All the four viral transcripts terminate 
at the same polyadenylation signal, so they possess an identical 3′ end sequence but 
with variable 5′ transcriptional start sites. There exist two different 3.5 kb greater-
than- genome transcripts, precore and pregenomic transcripts, which are generated 
through the heterogeneous transcription start sites [ 9 ]. The precore protein is trans-
lated from the precore mRNA, beginning upstream of the start codon of the precore 
gene, and is further processed to generate secretory hepatitis B e antigen (HBeAg), 
which may have immunoregulatory functions [ 10 ]. The pregenomic RNA, starting 
   downstream of the start codon of the precore gene, is not only the template for viral 
replication through the reverse transcription [ 11 ], but also the mRNA for translation 
of both core and polymerase proteins. 

 The three envelope proteins, L, M, and S proteins, are translated from their own 
start sites in preS1 (L protein) and preS2/S (M and S proteins) mRNAs, respec-
tively, and share the same C-terminal amino acids, called the S domain. As a conse-
quence, compared to the S protein, the L protein contains extra preS1 and preS2 
domains, and the M protein contains an extra preS2 domain. The remaining 0.7 kb 
transcript is responsible for the translation of multifunctional X protein, which 
interacts with various cellular factors to regulate host and viral transcription, cell- 
cycle progression, DNA-damage repair, and apoptosis [ 12 ,  13 ]. There are a few 
spliced viral RNAs whose functions remain elusive. 

    Cellular Targets of Infection 

    HBV is a hepatotropic virus. In the liver, hepatocytes are the main cell type, com-
prising 60–70 % of the liver cell mass. Other cells include bile ductal epithelial 
cells, stellate cells (Ito cells), sinusoidal endothelial cells, and Kupffer cells. Both 
hepatocytes and bile ductal epithelial cells originate from the common progenitor 
cells that can differentiate to hepatocytes and ductal epithelial cells. Among these 
cells, hepatocytes are the primary targets of HBV infection [ 14 ]. The hepatic tropism 
of HBV is probably due to the limited distribution of the  receptor sodium taurocho-
late cotransporting polypeptide (NTCP) on hepatocytes and hepatocyte-enriched 
transcription factors. 
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 Previous studies investigated ducks infected by duck hepatitis B virus (DHBV) 
have demonstrated that DHBV could infect and replicate in cells other than hepato-
cytes. The replicative intermediates and cccDNA can be found not only in hepato-
cytes, but also in bile ductal epithelial cells, acinar cells of the pancreas, proximal 
tubular epithelial cells of the kidney, and the spleen in chronically infected ducks 
[ 15 – 17 ]. Similarly, several human studies reported that, in addition to hepatocytes, 
HBV can replicate in bile duct epithelial cells, and in the extrahepatic sites, includ-
ing pancreas [ 18 ], spleen [ 19 ], peripheral blood mononuclear cells (PBMCs) 
 [ 20 – 22 ], and bone marrow cells [ 23 ]. Of note, these studies could not unambigu-
ously demonstrate that the replicative intermediates and cccDNA of HBV existed in 
these cells; hence it remains unclear whether HBV is just passively absorbed [ 24 ] or 
indeed actively replicates in these non-hepatocyte cells. 

 So far, hepatocytes are the only cells that are defi nitely shown to replicate HBV. 
Hepatocyte regeneration occurs in response to killing of the infected hepatocytes by 
antiviral cytotoxic T cells. Hepatocyte replacement primarily results from division 
of the remaining hepatocytes, but in chronic HBV infection, progenitor cells may 
also contribute to hepatocyte replacement by proliferation and differentiation into 
hepatocytes [ 14 ]. During liver injury, stellate cells respond by producing collagen 
fi bers [ 25 ]. In the persistent liver injury due to chronic viral infection, continuous 
deposition of collagen fi bers from stellate cells leads to hepatic fi brosis, and eventu-
ally evolves to cirrhosis.  

    Viral Latency and Replication 

 Entry of HBV into the infected hepatocytes is generally believed to undergo the 
receptor-mediated endocytosis [ 26 ]. After entry, the naked nucleocapsid is released 
into the cytoplasm and the viral genome is translocated to the nuclei. The intracyto-
solic transportation of viral genome is facilitated by the viral capsid interacting with 
cellular microtubules. The subsequent translocation through the nuclear pore com-
plex is mediated by the nuclear transport machinery importin-α and importin-β [ 27 , 
 28 ]. In the nuclei of the infected hepatocytes, rcDNA is converted into cccDNA. 

 The conversion from rcDNA to cccDNA is complicated. Comparison of the struc-
ture difference between rcDNA and cccDNA revealed various critical steps required 
for the cccDNA formation, including the fi ll-in of the 3′-gap in plus, removal of 
the viral polymerase covalently linked to the 5′ end of minus strand, removal of the 
redundant fl ap at the 5′ end of minus strand, removal of the RNA primer at the 5′ 
end of plus strand, and ligation of the resulting nicked plus and minus strands. 
Both viral polymerase and DNA repair machinery may contribute to this process 
[ 29 ,  30 ]. However, the detailed mechanisms and the host factors involved in this 
process remain unclear. The study of HBV cccDNA is also hampered by the 
fact that HBV cannot effi ciently form cccDNA in vitro, particularly in cell lines. 
Therefore, most of the information regarding the HBV replication comes from the 
studies on the replication of its kinship DHBV, which is a good model system to 
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investigate the cccDNA formation because of its high effi ciency in formation of 
cccDNA in both human and avian cell lines [ 29 ]. 

 HBV cccDNA is the template for viral transcription. Aforementioned, the 3.5 kb 
greater-than-genome pgRNA not only serves as the mRNA for synthesis of core and 
polymerase proteins, but also is used as a template for reverse transcription. 
Although HBV shares the same replication strategy with the retrovirus, there exist 
several distinct features between HBV and retroviruses [ 1 ]. Retrovirus forms a 
double- stranded linear pre-integration complex and subsequently integrates to the 
host genome, whereas HBV generates rcDNA within the viral nucleocapsid in the 
cytoplasm of infected hepatocytes and forms episomal cccDNA in the nuclei. 
Mature nucleocapsids are then either directed to the secretory pathway in endoplas-
mic reticulum (ER) for envelopment or are redirected towards the nucleus to estab-
lish a cccDNA pool. The latter is a pathway termed intracellular recycling [ 29 ,  31 ]. 

 HBV cccDNA exhibits remarkable stability. Even after years of recovery from 
acute HBV infection, persistent intrahepatic cccDNA can be still detected even in 
the presence of active antiviral immunity [ 32 ]. Additionally, HBV reactivation can 
be found in the patients with prior resolved hepatitis B receiving anti-lymphoma 
therapy [ 33 ], indicating the transcription-competent HBV DNA can hide in a latent 
reservoir of host even under the control of effective antiviral immunity for a very 
long time. This indicates that the existence of intrahepatic cccDNA is responsible 
for the persistence of replication-competent HBV in the liver. The persistent 
cccDNA also forms a major barrier to eradication of HBV by nucleos(t)ide ana-
logues (NA). Although HBV replication can be effectively suppressed by NA treat-
ment, HBV cccDNA can last very long under this condition because NAs only 
block the reverse transcription process, but fail to destroy existing cccDNA. 
Clearance of HBV cccDNA likely requires to eliminate all the infected hepatocytes 
by lysis of them, although some noncytolytic mechanisms may also contribute to 
the clearance of HBV cccDNA [ 34 ,  35 ]. Taken together, HBV cccDNA is respon-
sible for viral latency and failure of NAs in eradicating HBV. Future therapeutic 
strategy aiming to cure chronic HBV should target intrahepatic cccDNA.  

    Immune Response 

 HBV is a non-cytopathic virus and the associated liver damage is thought to be 
immune-mediated [ 35 ,  36 ]. The outcome of acute HBV infection is the consequence 
of a complex interaction between virus and host immune responses. HBV infection 
in the majority of immunocompetent adults results in a self-limited and transient 
hepatitis, whereas in 5 % of the infected adults and more than 90 % of neonates with 
perinatal infection become chronically infected. Cellular immune response to HBV 
infection contributes to both viral clearance and liver injury [ 37 ]. In contrast to 
acute HBV infection which exhibits a robust and wide-spectrum HBV-specifi c 
T cell immunity, chronic HBV infection is characterized with an ineffi cient 
 (oligoclonal) T cell response unable to clear HBV from the liver [ 35 ,  36 ,  38 ]. In a 
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portion of patients with persistent HBV infection, the sustained weak T cell immu-
nity causes recurrent liver damage without clearance of viruses, and eventually 
leads to cirrhosis and hepatocellular carcinoma (HCC) [ 35 ]. 

 Control of viral infection often requires coordination of innate and adaptive 
immunity. The innate immune system detects the invasion of pathogens by recogni-
tion of the pathogen-associated molecular pattern (PAMP) through the pattern rec-
ognition receptors (PRRs). Three groups of PRRs have been identifi ed so far, 
including the Toll-like receptor (TLR), RIG-I-like receptor (RLR) and NOD-like 
receptor (NLR). Appropriate activation of innate immunity is usually necessary for 
induction of robust adaptive immunity against the invading pathogens [ 39 ]. 
However, the role of innate immunity in acute HBV infection has been debated. 
HBV infection exhibits a long incubation period, around 1–6 months, before the 
appearance of symptoms. In the experimental HBV infection in chimpanzees and 
natural infection in humans, during the incubation period, HBV remains undetect-
able or at a very low level until it undergoes exponential growth, usually 8 weeks 
after infection [ 40 ,  41 ]. By analyzing the serial expression profi les of intrahepatic 
genes following acute HBV infection in experimental chimpanzees, the genes of 
conventional innate immunity could not be detected in early and expansion phase 
of acute HBV infection, suggesting the stealth nature of acute HBV infection [ 42 ]. 
Similarly, studies of the innate immune response in acutely HBV-infected patients 
revealed that type I interferon (IFN) could be barely detectable in the early phase of 
HBV infection [ 43 ]. Therefore, the innate immunity seems to be silent in the initial 
stage of HBV infection. Consistently, only mild or no symptoms are noticed in the 
early period of acute HBV infection. Of note, the stealth nature of acute HBV 
infection cannot be totally attributable to the tolerogenic liver microenvironment 
because the innate immune response could be readily detected following acute 
infection of HCV, which is another hepatotropic virus and often leads to persistent 
infection [ 44 ]. 

 Nevertheless, this long-assumed notion that HBV is a stealth virus has been chal-
lenged recently. Using an in vitro HBV recombinant baculovirus infection system 
with HepG2 and HepaRG cells, it was shown that HBV infection could activate 
strong type I IFN response [ 45 ]. Besides, it was also shown that, upon infection of 
primary human liver cells, HBV is recognized by nonparenchymal cells, mainly 
Kupffer cells [ 46 ], although they are not infected. This recognition leads to release 
of IL-6, which subsequently suppresses HBV replication by inhibition of the activ-
ity of HNF-1 and HNF-4, two liver-enriched transcription factors critical for HBV 
transcription. Furthermore, it was found that the woodchuck hepatitis virus (WHV) 
infection activates production of proinfl ammatory cytokines, IFN-γ and IL-12, and 
both NK and NKT cell responses within a few hours after inoculation with a liver- 
pathogenic dose of virus, although the induction of adaptive immune response is 
delayed 4–5 weeks later [ 47 ]. Altogether, these studies suggest that innate immunity 
could be activated by HBV infection. Therefore, it raises the questions about how 
the host innate immune system recognizes HBV infection, whether or which PRRs 
are required for HBV recognition, and also how HBV attenuates the innate immune 
response. Interestingly, a recent study reported that the assembled nucleocapsid, but 
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not free core antigen, controls HBV clearance in an immune-competent mouse 
model of HBV persistence, suggesting the potential role of assembled viral nucleo-
capsid in dictating the viral clearance [ 48 ]. Besides, it is found that NKT cells could 
sense HBV infection-induced alternations of self-lipid through CD1d and thus con-
tribute to control of HBV infection [ 49 ]. Moreover, HBV virions and proteins, such 
as HBsAg and HBeAg, can suppress the response elicited by TLRs of parenchymal 
and nonparenchymal liver cells [ 50 ]. These data further support the importance of 
innate immunity in the control of HBV infection, may be independent of IFN-α, and 
suggest the sensing mechanisms of host for recognition of HBV infection. 

 In contrast to the controversial role of innate immunity in the control of HBV 
infection, adaptive immunity is well known to control viral clearance. Adaptive 
immunity can be strongly induced following HBV infection, because natural infec-
tion of HBV in adults can cause robust neutralizing antibody and T cell immunity. 
After the start of exponential increase following the initial incubation phase of HBV 
replication, HBV-specifi c CD4 and CD8 T cell responses are timely activated and 
become readily detectable [ 41 ,  51 ]. The important role of CD8 T cell immunity in 
the control of HBV infection has been documented [ 52 ]. It has been also observed 
in chimpanzees [ 40 ] and in humans [ 41 ] that maximal reduction in HBV levels 
occurs before signifi cant destruction of infected hepatocytes. Additionally, the anti-
viral CD8 T cell response appears when HBV viral load starts to decline. Therefore, 
in addition to the cytolytic effects of cellular immunity, noncytolytic inhibition of 
HBV replication by innate and cellular immunity should also contribute to the viral 
clearance [ 53 ]. 

 In chronic HBV infection, the immune response of patients fails to clear virus. 
Chronic HBV infection exhibits several defects of immune responses, which are 
currently under intensive investigation and are the potential targets for developing 
the therapeutic strategy to eradicate HBV infection. Analysis of the spectrum and 
magnitude of cellular immunity against HBV reveals the distinct profi les of T cell 
immunity between resolved and persistent HBV infection [ 38 ]. The reasons causing 
the defects of cellular immunity are multifactorial, probably due to the tolerogenic 
environment of the liver [ 54 ], the effects of regulatory T cells (Tregs) [ 55 ,  56 ], and 
the persistent exposure to a high viral load. These combined mechanisms can result 
in either deletion of HBV-specifi c cellular immunity or its functional exhaustion 
[ 57 ]. Exhausted T cells are characteristic by the upregulation of negative co- 
stimulatory molecules or dysregulation of the co-stimulatory pathway, like PD-1/
PD-L1 [ 38 ,  58 ,  59 ]. 

 Perinatal transmission is the primary route of HBV infection in Asia. As mentioned 
above, the infection of newborn results in chronic infection in more than 90 %. This 
probably results from the immaturity of the hepatic immune system, although the 
detailed mechanisms causing this phenomenon remain unclear [ 60 ]. Three distinct 
virological and immunological phases, including immune tolerance, immune clear-
ance, and inactive residual phases, are often noted in chronic hepatitis B (CHB) 
patients, particularly in perinatally acquired subjects [ 61 ]. The immune tolerance 
phase is characterized with positivity of HBeAg, high viremia, and no or only mini-
mal hepatic damage, indicating that infected hepatocytes are not attacked by the host 
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immune system. The transition from the immune tolerance phase to clearance phase 
often occurs in patients aged between 20 and 40 years old. So far, the mechanisms 
triggering the loss of immune tolerance are also unknown. During the phase of 
immune clearance, most patients experience decline of viremia and fl uctuation of 
hepatitis activity and fi nally enter the inactive residual phase, which is accompanied 
by loss of HBeAg, a low viral replication and the remission of hepatitis, leading to a 
better clinical outcome. Of note, although most patients with chronic HBV infection 
become inactive carriers, a portion of patients have the sustained weak T cell immune 
response that causes recurrent liver damage, and results in persistent hepatic necroin-
fl ammation, eventually leading to liver cirrhosis and HCC. 

 HBeAg seroconversion, defi ned as loss of HBeAg and appearance of anti-HBe 
antibody, is thus a virological landmark that usually signifi es remission of both viral 
replication and hepatitis activity, and partial recovery of cellular immunity against 
HBV. Additionally, during HBeAg seroconversion, mutant strains that decrease or 
even abolish production of HBeAg are preferentially selected [ 61 ]. Despite its 
important role in the natural history of HBV infection, the biological function of 
HBeAg is still unclear because it is not required for HBV assembly, replication, or 
infection [ 10 ]. Clinical observation suggests that serum HBeAg may have an immu-
nomodulatory function in immune tolerance phase, whereas cytosolic HBeAg may 
serve as a target for the infl ammatory immune response in the immune clearance 
phase [ 10 ]. Although interesting, this speculation has not been unambiguously dem-
onstrated by experiments. 

 In conclusion, the coordinated response of innate and adaptive immunity plays a 
role in the control of acute HBV infection. Cellular immunity against HBV infec-
tion contributes to both viral clearance and liver damage. Persistent necroinfl amma-
tion caused by sustained weak T cell response in CHB patients often leads to liver 
cirrhosis and even HCC. Understanding the immunobiology and immunopathogen-
esis of HBV infection should facilitate the development of novel therapeutic strate-
gies for CHB.   

    Viral Oncogenes and Cellular Transformation 

 The incidence of HCC ranks fi fth for cancers worldwide and causes about half-a- 
million deaths every year [ 62 ]. More than two-thirds of HCC occur in Asia because 
of the high prevalence of chronic HBV infection, which is usually an ultimate out-
come of chronic hepatitis caused by persistent HBV viral infection [ 63 ,  64 ]. 
Vaccination of newborns against HBV has been initiated worldwide and has effec-
tively reduced persistent HBV infections from 15 % in the prevaccination era to 1 % 
in the postvaccination era [ 65 ]. However, vaccination cannot control infection in 
adults who are already chronically infected. There are about 350 million HBsAg 
carriers in the world [ 62 ]. 

 Fortunately, orally administered NAs have been developed to control the 
 progression of liver disease in CHB patients [ 66 ,  67 ]. Current NAs (Lamivudine, 
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Adefovir Entecavir, Telbivudine, Tenofovir, etc.) inhibit viral replication by block-
ing the HBV reverse transcriptase activity. Such treatments can only block the viral 
replication and subsequent infections, but cannot eradicate the existing virus 
genome (cccDNA) and cannot reduce the viral transcription and protein translation. 
There are still abundant viral proteins with carcinogenic activities in the HBV- 
infected hepatocytes, which continuously contribute to the carcinogenic process in 
CHB patients despite receiving antiviral therapies. 

 HBV can encode oncogenic viral proteins that directly contribute to carcinogen-
esis, including HBx and deletion mutants of pre-S proteins [ 68 ,  69 ]. HBx is a non-
structural viral protein that has multifunctional regulator modulating gene 
transcription, cell responses to genotoxic stress, protein degradation, apoptosis, and 
several signaling pathways [ 13 ,  63 ]. Its role in malignant transformation of hepato-
cytes has been demonstrated in the liver-specifi c HBx transgenic mouse models 
[ 70 ,  71 ]. Several possible carcinogenic mechanisms for HBx have been reported, 
with the major one coming from its effects in antagonizing the p53-dependent anti-
tumor functions, including transcriptional activation and apoptosis [ 72 – 74 ]. In 
addition, HBx has the ability to stimulate several cytoplasmic signaling pathways 
to promote cell proliferation and anti-apoptosis activity, such as Ras/MEK/MAPK, 
JNK/JAK/STAT, and PI3K/Akt/GSK-3 [ 13 ,  74 ]. The c-Src kinase as the upstream 
key switch for HBx to turn on these kinase signaling cascades has been reported 
[ 13 ,  74 ]. It has been shown that HBx can trigger the release of Ca 2+  ions from the 
ER and mitochondria, which in turn activates the Ca 2+ -responsive Pyk2 kinase and 
leads to c-Src activation [ 75 ]. In addition, HBx can also affect a variety of cellular 
transcriptional factors, either directly or indirectly. It can directly interact with 
components of the basal transcription machinery, such as ribosome-binding protein 
5 and TATA-binding protein, as well as the transcriptional activators of CREB/ATF 
and NF-κB [ 13 ,  74 ]. It is noteworthy that an increasing list of HBx- responsive tran-
scription factors have been identifi ed, including NF-κB, NFAT, AP-1, and androgen 
receptor (AR) [ 13 ,  68 ,  76 ]. With the evidence from both cell culture-based assay 
and the hydrodynamic injection-based mouse models, these HBx-modulated cel-
lular events could also stimulate HBV viral transcription and replication, which 
also leads to an increased risk of HBV-associated HCC [ 13 ,  77 – 79 ]. 

 In addition to HBx, frequent deletions at the pre-S region of HBV have been 
identifi ed in progressive liver diseases and were associated with a higher risk of 
HCC in CHB patients [ 69 ,  80 ]. A recent report showed that the mice carrying trans-
genes of HBV with a replication-competent pre-S2 deletion mutant develop liver 
cancers, including HCC, at the end of 2-year follow-up, supporting the carcinogenic 
potential of this mutant [ 81 ]. The truncated HBsAg accumulates in the ER, which 
can induce ER stress and oxidative DNA damage. Its signifi cance in contributing to 
hepatocarcinogenesis awaits further clarifi cation [ 81 – 83 ]. 

 Aside from specifi c viral oncogenic proteins, several viral genetic variations 
were found to be associated with the carcinogenic process. These variations are 
mainly due to the lack of proofreading function of the HBV reverse transcriptase. 
Among them, the viral genotype attracts much attention, which is based on overall 
genome sequence divergence [ 84 ,  85 ]. Currently, at least eight HBV genotypes 
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(A–H) have been designated, showing distinct geographical distribution [ 86 ]. The 
HBV viral genotype was shown to affect the clinical outcome. In Asia, where geno-
types B and C are endemically dominant, a higher prevalence of genotype C was 
identifi ed in patients with severe liver diseases, liver cirrhosis, and HCC [ 87 ]. 
Likewise, in Western countries, where HBV genotypes A and D are dominant, gen-
otype D was found to be associated with more severe liver disease and a higher 
incidence of HCC than genotype A [ 87 ]. Intriguingly, in longitudinal cohort stud-
ies, the risk of HBV-related HCC was shown to be further signifi cantly increased 
when viral load was included in the analysis in combination with the worse geno-
types [ 88 ,  89 ]. 

 Some other specifi c virus genetic variations (or mutations) were also demon-
strated to correlate with the risk of HCC. For example, the A1762T/G1764A basal 
core promoter mutant was shown to be an HBV titer-independent risk factor for 
HCC, whereas the precore G1896A mutant confers a protective effect [ 89 ]. 
Presumably, the specifi c virus genetic variants associated with the risk of HCC are 
those selected during the chronic infl ammation processes. They might have differ-
ential contributions to the infl ammation and tumorigenesis in hepatocytes, such as 
enhancing cell proliferation activity or suppressing apoptosis activity, although the 
underlying molecular mechanisms in hepatocarcinogenesis for these genetic varia-
tions have not yet been identifi ed.  

    Host Cofactors of HBV-Related Pathogenesis 

 As the virus-related carcinogenic process is an interplay between the hepatitis virus 
and the host hepatocytes, host factors are also involved in pathogenesis. Since 
tumor-associated infl ammatory response has recently been added as another carci-
nogenic factor, at the earliest stages of neoplastic progression, which is critical for 
fostering the incipient neoplasias to acquire other hallmark capabilities into full- 
blown cancers [ 90 ]. This can also be applied to HBV-induced hepatocarcinogene-
sis. HBV causes decades of chronic infl ammation in the liver; the persistent 
necrosis and regeneration predispose the accumulation of carcinogenic events in 
hepatocytes. During infl ammation, Kupffer cells and other immune cells are 
recruited to the liver. They will then release the proinfl ammatory cytokines and 
chemokines, such as TNF-α, IL-1β, IL-6, CXCL8, and CXCR4 [ 91 – 95 ], which 
then stimulate the aberrant proliferation of hepatocytes through activating the tran-
scriptional activators of NF-κB, STAT3, and hypoxia-inducible factor 1α. The pro-
cess not only stimulates the tumorigenic activity of hepatocytes but also leads to 
the production of some more infl ammatory mediators, which further recruit and 
activate immune cells in the liver tissues [ 91 – 95 ]. Such an amplifi cation loop estab-
lishes a cancer-prone infl ammatory microenvironment in the liver. Evidence from 
the genetic manipulation of mice has confi rmed the central role of NF-κB in  tipping 
the interplay between target liver cells and immune cells in favor of tumorigenic 
processes [ 95 – 97 ]. 
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 The long-term persistent infl ammation induces the continuous cycles of excess 
hepatocyte death and regeneration. During the process, not only the viral variants 
associated with HCC are selected, the hepatocytes with aberrations conferring 
growth or survival advantages are also selected for clonal expansion at the stage of 
liver cirrhosis, resulting in the monoclonal characteristics in cirrhotic nodules which 
can be regarded precancerous [ 98 ,  99 ]. When such lesions gain further genetic aber-
rations conferring other capabilities of tumor cells for the resulting HCC, such as 
invasiveness, limitless replication, or angiogenesis, they become malignant [ 90 ]. 
Currently, integration of the increasing data derived from the genome-wide analyses 
of HCCs has delineated several signaling pathways involved in hepatocarcinogen-
esis [ 100 – 102 ]. The two major pathways are the activation of Wnt-signaling path-
way in (~70 % of HCC, with frequent mutations of β-catenin and Axin-1) [ 103 – 105 ], 
and the dysregulation of cell-cycle G1/S transition in (~80 % of HCC, with aberra-
tions of p53, INK4a, ARF, Rb, and cyclin D1) [ 106 ,  107 ]. Some other pathways 
have also been documented, including the activation of the insulin-like growth fac-
tor (IGF) signaling pathway [ 108 – 110 ], the Ras/MAPK signaling pathway, the 
mTOR pathway [ 111 ], the c-met pathway [ 101 ], the JAK/STAT pathway [ 112 ], the 
hedgehog pathway [ 113 ], and the telomerase reverse transcriptase (TERT) activa-
tion [ 102 ]. 

 Among these pathways, the occurrence of p53 and β-catenin mutations shows 
intriguing viral-etiology-associated mutation patterns. Most p53 mutations belong 
to the missense somatic mutations, which occur more frequently in HBV-related 
HCCs [ 114 ]. A hotspot p53 mutation at codon 249, with a selective arginine-to- 
serine substitution (caused by G to T transversion), was identifi ed to be strongly 
associated with exposure to afl atoxin B1 in combination with chronic HBV infec-
tion [ 115 ]. The possibility therefore exists that p53 might play an important role as 
the checkpoint for the HBV-specifi c carcinogenic mechanisms. In contrast to p53, 
oncogenic β-catenin mutations were scarcely identifi ed in HBV-related HCC [ 114 ] 
and were identifi ed mainly in hepatitis-related HCCs [ 116 ]. Most β-catenin muta-
tions in HCC occur predominantly at the N-terminus as the dominant Wnt-signaling 
activation mutants, which help β-catenin escape the degradation regulated by 
GSK-3β/APC/Axin complex [ 117 ]. According to the fi nding that HBx can activate 
the β-catenin signaling in HCC cells through inhibiting the c-Src/GSK-3β-dependent 
signaling pathway [ 118 ,  119 ], it raised the possibility that HBV infection confers a 
mechanism to activate β-catenin signaling and bypass the need for the activating 
mutations. More recently, the results from our liver-specifi c β-catenin KO mouse 
model further supported that HBx can synergistically collaborate with β-catenin in 
stimulating the carcinogenic process from hepatic progenitor cells to HCC in this 
mouse model [ 120 ]. 

 In addition to genetic and gene expression aberrations, microRNAs (miRNAs) 
have recently been reported as important host factors of carcinogenic process asso-
ciated with HBV [ 121 ,  122 ]. Several miRNAs were identifi ed with the ability to 
regulate HBV mRNA levels, either by direct binding to the viral transcripts or by 
targeting to cellular factors regulating the viral transcription. For example, miR-155 
and miR-372 can decrease the transcription of HBV through targeting C/EBP-β and 
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PRKACB, respectively [ 123 ,  124 ]. In contrast, miR-1 can enhance the activity of 
the HBV core promoter by augmenting a positive transcription factor of farnesoid 
X receptor alpha (FXRA) [ 125 ]. Our recent study also pointed out miR- 18a can 
repress the estrogen receptor alpha (ERα) [ 126 ], which in turn represses the tran-
scription of HBV through blocking the essential transcription factor of HNF4α 
binding to the HBV enhancer I [ 127 ]. And several miRNAs were recently identifi ed 
with potential to directly bind to the HBV transcripts and regulate their expression, 
such as miR-210, miR-199a, and miR-125a [ 128 – 130 ]. In addition to affect the 
viral transcription, several miRNAs were reported involved in regulating the repli-
cation of HBV, mainly by indirectly affecting the key host factors. For example, 
miR-122 restricts HBV replication through regulating Heme oxygenase-1 (HO-1) 
gene [ 131 ]; and miR-1 and miR-152 repress the expression of HDAC4 and DNMT1 
to regulate the HBV replication epigenetically on viral cccDNA [ 125 ,  132 ]. 
Intriguingly, the host miRNAs can in turn also be regulated by the specifi c HBV 
proteins, such as HBx, with the functional signifi cance still awaiting to be investi-
gated [ 133 ]. Finally, by comparing the miRNA expression profi les of paired HCC 
liver tissues, numerous miRNAs showed differential expression patterns in HCC 
with distinct viral etiology [ 134 – 137 ]. For example, the aberrant changes of miR- 
96, miR-602, miR-26, and miR-18a seem to occur preferentially in the HBV-related 
HCC [ 122 ,  126 ,  138 ]. Their roles in HBV-related hepatocarcinogenesis warrants 
further investigation. 

 The unique gender difference issue for HBV-related HCC again has attracted lots 
of attention recently. The male preference of HCC is more evident in HBV-related 
than HCV-related HCC [ 62 ], with the male to female ratio of 3–7:1 for HBV-related 
HCC and 1.5–3:1 for HCV-related HCC [ 139 ,  140 ]. Epidemiological studies highly 
suggested the involvement of androgen and estrogen axes in regulating this gender 
difference specifi c in HBV-related HCC. For example, the elevated serum testoster-
one levels and the genetic polymorphisms for increased androgen activities were 
signifi cantly associated with increased risk of HCC in male HBsAg carriers [ 141 , 
 142 ], suggesting the androgen axis as a tumor promoter function in HBV-related 
male HCC. In contrast, the estrogen axis was considered as a tumor protector in 
female HCC. Early oophorectomy was associated an increased risk; whereas post-
menopausal hormone replacement therapy was associated with a lower risk of 
female HBV-related HCC [ 143 ]. 

 Our recent studies demonstrated that HBV is actually the virus responsive for the 
sex hormones in hepatocytes. Both the androgen and estrogen pathways are involved 
in regulating the transcription of HBV, to control the major HCC risk factor of viral 
titers in HBV-infected patients, and thus provides possible mechanisms for their 
involvement in the gender difference of HCC. First, for the androgen part of study, 
we have identifi ed that the ligand-stimulated AR could increase the transcription of 
HBV mRNAs through its direct binding to the two androgen-responsive element 
(ARE) motifs in the enhancer I region of HBV genome [ 144 ]. Moreover, the HBx 
in turn increases the transcriptional activity of ligand bound AR through enhancing 
the dimerization and the activity of AR N-terminal transactivation domain, by the 
two key kinase switches of c-Src and GSK-3 [ 76 ,  145 ]. The results indicated a 
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potential positive feedback loop between ligand-stimulated AR and HBx protein, 
which persistently increases the risk of HCC in male HBV carriers. The fi nding has 
been confi rmed in the HBV transgenic mouse models [ 146 ,  147 ]. 

 For the estrogen part of study, we fi rst found that HBV titers were increased in 
female HBV transgenic mice after ovariectomy and decreased in male mice supple-
mented with estrogen [ 127 ]. Next, in the HepG2 hepatoma cells, we found that 
upregulation of ERα can reduce the HBV transcription, through a specifi c region 
within enhancer I of HBV. To further dissect the mechanism, we found that ERα 
represses the transcription of HBV mediated by squelching the liver-enriched tran-
scription factor HNF4α, which is an essential positive factor for the active transcrip-
tion of HBV in hepatocytes. This mechanism might account for the lower viral load 
and reduced incidence of liver cancer in HBV-infected women [ 127 ]. Moreover, we 
have also identifi ed a novel miR-18a elevation-mediated mechanism for suppress-
ing the expression of ERα in more than 60 % of female HCC [ 126 ]. This mechanism 
not only attributes to the decreased activity of estrogen pathway, but also points out 
a potential mechanism for indirectly regulating the transcription of HBV. 

 Therefore, the gender disparity in HCC can actually be attributed to both andro-
gen and estrogen sex hormones, targeting to regulate the transcription of HBV. 
Using the DEN-induced HCC mouse model, which also showed a gender difference 
of HCC, it has been demonstrated that estrogens can protect hepatocytes from 
malignant transformation via downregulation of the secretion of IL-6 from Kupffer 
cells [ 148 ]. Of note, an intriguing HNF4α-miRNA infl ammatory feedback circuit 
has been identifi ed, which is critical in this DEN-induced hepatocarcinogenesis 
model [ 149 ]. Since IL-6 and STAT3 are also the key members in this circuit, the 
involvement of this circuit in regulation of the estrogen function on HBV is worthy 
to be studied. Using the same animal model, Foxa1 and Foxa2 as the key factors 
regulating the transcription of both the AR and ER alpha target genes in hepatocytes 
have recently been identifi ed [ 150 ]. The sexually dimorphic HCC is completely 
reversed in Foxa1- and Foxa2-defi cient mice in this mouse model. The involvement 
of Foxa1/2 in regulating the AR and ER alpha effects on the transcription of HBV 
is also an intriguing issue to be addressed accordingly.     
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