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Abstract

Like all viruses, hepatitis B virus (HBV) replication and pathogenesis depends on the critical
interplay between viral and host factors. In this review, we will focus on the recent progress in
understanding the virus-host interactions at the level of the infected cell. These interactions
include the requirement of cellular chaperones for the initiation of HBV reverse transcription, the
role of the HBV X protein (HBx) in modifying viral and cellular transcription and signaling, the
formation of the HBV episomal DNA and its epigenetic regulation in viral persistence, and the
cellular factors involved viral entry, nucleocapsid maturation, and virion secretion.
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It is estimated that more than 350 million individuals are chronically infected with HBV;
many of whom (ca. %) will eventually develop severe liver diseases, including chronic
hepatitis, liver cirrhosis, and hepatocellular carcinoma (HCC), one of the most common
forms of human cancer (Seeger et al., 2007). The estimated risk of HCC in chronic HBV
carriers is approximately 100 times greater than in uninfected individuals. Currently, anti-
HBV drugs such as interferon alpha and nucleoside analogs are either fraught with adverse
reactions or are only effective in the short-term (Locarnini and Mason, 2006). Therefore, it
is necessary to elucidate the intricate interactions between viral and host factors to facilitate
the development of novel antiviral strategies.

HBYV is an enveloped DNA virus that belongs to the Hepadnaviridae family. It contains a
small (ca 3.2 kb), partially double-stranded (DS), relaxed-circular (RC) DNA genome that is
reverse transcribed via an RNA intermediate, the pregenomic RNA (pgRNA) (Seeger and
Mason, 2000; Seeger et al., 2007; Summers and Mason, 1982). The genome encodes four
overlapping open reading frames (ORFs) that are translated to make the viral core protein,
the surface proteins, a reverse transcriptase (RT), and HBx (Seeger et al., 2007).

The HBV life cycle (Fig. 1) begins when the virus attaches to an unknown receptor on the
host cell and is internalized. The virion RC DNA is delivered to the nucleus, where it is
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repaired to form a covalently closed-circular (CCC) DNA (Tuttleman et al., 1986). The
episomal CCC DNA serves as the template for the transcription of the pgRNA and the other
viral mMRNAs by the host RNA polymerase Il. The transcripts are then exported to the
cytoplasm, where translation of the viral proteins occurs. RT binds to pgRNA and triggers
assembly of the core proteins into immature, RNA-containing nucleocapsids
(Bartenschlager and Schaller, 1992; Hirsch et al., 1990). The immature nucleocapsids then
undergo a process of maturation where pgRNA is reversed transcribed by RT to make the
mature RC DNA. A unique feature of hepadnavirus reverse transcription is the RT primed
initiation of minus-strand DNA synthesis, which leads to the covalent linkage of RT to the
5’ end of the minus-strand DNA (Gerlich and Robinson, 1980; Wang and Seeger, 1992;
Weber et al., 1994; Zoulim and Seeger, 1994). The mature, RC-DNA-containing
nucleocapsids are then enveloped by the viral surface proteins and secreted as virions
(secretion pathway) or alternatively, are recycled back to the nucleus to further amplify the
pool of CCC DNA (recycling pathway) (Tuttleman et al., 1986; Wu et al., 1990).

In this short review, we will discuss the interactions between HBV viral factors and host
proteins that are involved in HBV replication and pathogenesis. The review is organized
based on the individual viral factors and their interactions with cellular proteins. In addition,
systemic factors (e.g. cytokines) have also been implicated in the replication and
pathogenesis of HBV infection; however, this is beyond the scope of the review and will not
be discussed.

Surface Protein

The envelope of the HBV virion contains three surface proteins: large (L), middle (M), and
small (S) proteins, all encoded by the S ORF. Additionally, the serum of infected individuals
also contains subviral particles made up of cell-derived lipid envelope and HBV surface
proteins without the genome or nucleocapsid. These particles can be found in as much as
10,000-fold excess of the infectious virus particles and may serve as a mechanism of
evading the host immune system (Seeger et al., 2007). While the full complement of
functions of surface proteins during HBV infection has not yet been characterized, the
involvement of the surface protein in the virus’s entry into host cells and in the release of
progeny virions will be discussed here.

The mechanism by which hepadnaviruses enter host cells is not completely understood. This
entry mechanism has been primarily studied using duck hepatitis B virus (DHBV) as a
model system. In 1994, a cellular factor that binds DHBV particles with high affinity was
identified (Kuroki et al., 1994). This factor was shown to be carboxypeptidase D (gp180),
which is now widely accepted to act as a primary receptor molecule for DHBV infection
(Kuroki et al., 1995; Tong et al., 1995; Urban et al., 1998). However, it appears that
additional factors are necessary for subsequent entry steps. Glycine decarboxylase has been
identified as a candidate cofactor involved in some post-binding steps (Li et al., 2004; Li et
al., 1999; Li et al., 1996). The receptor for human HBV has not yet been identified.

Only mature, DNA-containing nucleocapsids interact with the surface proteins to undergo
subsequent envelopment and secretion from the host cell. However, it is currently unclear
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how the surface proteins select mature nucleocapsids for envelopment or which host factors
may participate in this selection process. On the other hand, the budding and secretion of
HBV virions from host cells has been suggested to involve the machinery of multivesicular
body (MVB) formation, including the interaction of host factors y2-adaptin, Nedd4 ubiquitin
ligase, and Vps4 (Hartmann-Stuhler and Prange, 2001; Kian Chua et al., 2006; Rost et al.,
2006). A recent report further supports the requirement of host MVB function: HBV S
protein was found to colocalize with AIP1 and VSP4B, proteins involved in multivesicular
body formation (Watanabe et al., 2007). Dominant negative mutants of AIP1 and VSP4B
were able to inhibit the release of virions, but not subviral particles, suggesting that the
release of mature virions may require the association of cellular factors discrete from those
of other populations of viral particles (Watanabe et al., 2007).

Reverse Transcriptase

The HBV RT is a multifunctional protein that consists of four domains: terminal protein
(TP), reverse transcriptase, RNase H, and a non-conserved spacer domain between the TP
and RT domains. Initiation of reverse transcription and nucleocapsid assembly in HBV is
carried out by RT (Bartenschlager and Schaller, 1992; Hirsch et al., 1990; Summers and
Mason, 1982). The unique TP domain is used as a protein primer to initiate reverse
transcription catalyzed by the RT domain (Pollack and Ganem, 1994; Wang and Seeger,
1992; Wang et al., 1994; Weber et al., 1994; Zoulim and Seeger, 1994). This protein
priming reaction requires the recognition and binding of RT to a stem-loop structure located
at the 5’ end of the pgRNA called epsilon (g). As a result of the protein priming mechanism,
the polymerase remains covalently linked via its TP domain to the 5’ end of the minus-
strand DNA of the RC DNA genome. In addition to its role as a primer and polymerase for
DNA synthesis, RT, via its specific recognition of the € RNA, also triggers the assembly of
the nucleocapsid, leading to the specific incorporation of both the pgRNA and RT into
replication-competent nucleocapsids (Bartenschlager and Schaller, 1992; Pollack and
Ganem, 1994).

Early biochemical studies on the hepadnavirus RT were thwarted by difficulties in obtaining
an active recombinant protein due to problems of low expression, extreme instability, and
insolubility, thus making the study of it structure and function very challenging (Hu and
Seeger, 1996a). It was not until 1992 that an enzymatically active RT, from DHBV, was first
produced using the rabbit reticulocyte lysate (RRL) in vitro translation system (Wang and
Seeger, 1992). This then led to the discovery that a cellular molecular chaperone complex,
consisting of heat shock protein 90 (Hsp90) and its cofactors, was required for the
interaction between the viral RT and ¢ RNA (Hu and Seeger, 1996b; Hu et al., 1997). These
observations suggested a model in which Hsp90 stabilizes a transient conformation of the
viral polymerase to permit the formation of a ribonucleoprotein (RNP) complex between RT
and € RNA during viral assembly and reverse transcription.

Recent success in producing recombinant DHBV and HBV RT protein in Escherichia coli
has allowed for the development of a defined biochemical reconstitution system that has
greatly facilitated efforts to elucidate viral and cellular requirements for RNP formation and
protein priming in hepadnaviruses (Hu and Anselmo, 2000; Hu et al., 2004; Hu et al., 2002).
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Together with Hsp90, several other chaperone proteins, including Hsp70, Hsp40, Hop, and
p23 (all known components of the Hsp90 complex), are also necessary for the specific
binding of DHBV and HBV RT to their cognate € RNA in vitro (Hu et al., 2004; Hu et al.,
2002). In the case of DHBV RT, the reconstituted RT-g complex is then competent to carry
out protein priming (Hu and Anselmo, 2000; Hu et al., 2002). However, despite the efficient
reconstitution of HBV RT-¢ interaction, protein priming activity could not be detected with
the HBV RT protein, suggesting that additional cellular factors are required for HBV protein
priming (Hu and Boyer, 2006; Hu et al., 2004). These results are consistent with the
observation that the HBV RT translated in RRL had no detectable protein priming activity,
even though the DHBV RT expressed in RRL was demonstrated early on to have protein
priming activity (Wang and Seeger, 1992).

Nucleoside analogs are highly effective in suppressing the activity of the HBV RT and thus,
viral replication (Locarnini and Mason, 2006; Seeger et al., 2007). Treatment of chronic
hepatitis B with these RT inhibitors has been associated with a rapid decrease in viremia.
However, long-term treatment is required to maintain viral suppression, which leads to the
development of drug-resistant HBV variants that renders the nucleoside analogs ineffective.
Therefore, novel anti-HBV therapy needs to be developed. Recently, we discovered that iron
protoporphyrin IX (heme), an endogenous component of hemoglobin and several other
cellular enzymes, and several related porphyrin compounds, are potent inhibitors of
hepadnavirus protein priming (Lin and Hu, 2007). Heme and its analogs disrupted the
formation of the RT-e complex, which is a prerequisite for protein priming. This block
appears to be mediated by the binding of heme to the TP domain and to a lesser extent, the
RT domain (Lin and Hu, 2007). These findings may represent a novel avenue for the
development of anti-HBV drugs with an entirely new mechanism of action, which should
complement the existing anti-HBV drugs very well. Furthermore, since the TP domain is
unique to hepadnaviruses, drugs targeting TP should be highly selective for HBV.

The cellular deaminase protein, APOBEC3G, was recently shown to inhibit the replication
of HBV, as well as a wide range of retroviruses (Cullen, 2006; Nguyen et al., 2007; Sheehy
etal., 2002; Turelli et al., 2004). Initially, it was thought that the mechanism of inhibition of
HBYV replication was similar to that of retroviruses by inducing massive hypermutation on
the viral minus-strand DNA via its deaminase activity (Lecossier et al., 2003; Rosler et al.,
2005; Turelli et al., 2004). However, it turned out that the main mode of inhibition of HBV
DNA synthesis is via a deaminase-independent mechanism (Nguyen et al., 2007; Rosler et
al., 2005; Turelli et al., 2004). Although the details of the editing-independent mechanism
are still not fully understood, we recently reported that APOBEC3G could block reverse
transcription of HBV at a very early stage (Nguyen et al., 2007). APOBEC3G could
potentially block this early step in DNA synthesis by inhibiting the polymerase function, or
alternatively, it could affect the template function of the pgRNA via its known RNA binding
activity.

Core Protein

Hepadnavirus nucleocapsids are composed of multiple (180 or 240) copies of one viral
protein, the capsid or core protein, encoded by the C ORF. Core protein is subdivided into
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the N-terminal assembly domain (NTD) and the C-terminal functional domain (CTD), with
the absolute requirement of the NTD for the formation of capsid particles (Nassal, 1992).
The CTD is dispensable for assembly but is important in pgRNA packaging and DNA
synthesis. It is arginine-rich and contains several serine/threonine phosphorylation sites
(Nassal, 1992; Schlicht et al., 1989; Yu and Summers, 1994).

The phosphorylation state of DHBV nucleocapsids has been shown to correlate to the
maturation stage of the virus. Immature nucleocapsids that contain RNA are phosphorylated
at six CTD sites, while mature, DNA-containing nucleocapsids, either inside cells or in
extracellular virions are completely dephosphorylated (Perlman et al., 2005; Pugh et al.,
1989). Mutations made at these sites that mimic constitutively phosphorylated or un-
phosphorylated states block viral replication at distinct stages. Phosphorylation of the HBV
core protein has been shown to affect pgRNA packaging and DNA synthesis (Melegari et
al., 2005; Yeh and Ou, 1991). In a similar manner, we recently reported that phosphorylation
of the DHBV core protein is required for minus-strand DNA synthesis (Basagoudanavar et
al., 2007), which suggests that phosphorylation of core protein plays an important role in the
replication of all hepadnaviruses.

Purified HBV particles were found to demonstrate in vitro kinase activity almost 30 years
ago (Albin and Robinson, 1980). Since the viral genome does not code for any proteins with
kinase activity, it was predicted that the nucleocapsid packages a kinase of cellular origin
during the assembly process (Albin and Robinson, 1980). The packaged kinase may play a
role in the aforementioned CTD phosphorylation required for pgRNA packaging and minus-
strand DNA synthesis. Additionally, the packaged kinase may participate in the uncoating
process following viral entry, possibly initiating the uncoating process by phosphorylating
the C-termini of the core subunits, thereby destabilizing the capsid (Barrasa et al., 2001).
Over the last 3 decades, many kinases have been reported to be associated with viral capsids,
including, but not limited to, a 46-kD kinase, a cdc2-like kinase, and SRPK1 and SRPK2
(Barrasa et al., 2001; Daub et al., 2002; Kau and Ting, 1998). Although these kinases have
the ability to phosphorylate the core protein in vitro, no direct evidence for a role in viral
replication has been convincingly demonstrated.

Similarly, because mature DHBV nucleocapsids are devoid of phosphorylation, a cellular
phosphatase has been predicted to remove the phosphate groups during a late stage of
reverse transcription, before the viral particles are enveloped and secreted (Basagoudanavar
et al., 2007; Perlman et al., 2005; Pugh et al., 1989). It is clear that dynamic modification of
the core protein by phosphorylation and dephosphorylation plays an indispensable role in
the life cycle of hepadnaviruses. Identification of the host kinase(s) and phosphatase(s)
responsible for this modification would undoubtedly provide new molecular targets for
antiviral therapies, as would the identification of other cellular factors that interact with core
protein during the different stages of HBV replication.

HBV X Protein

Despite all the recent progress in the field of HBV research, the function of one HBV
protein, HBX, has remained elusive. HBx is encoded by the smallest HBV ORF and is 154
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amino acids in size, with a molecular weight of about 17.5-kD. It has been suggested to
affect viral replication, as well as host cell functions, by modulating a wide variety of
cellular processes, including transcription, cell cycle progression, DNA damage repair, and
apoptosis. However, its exact role in viral replication has yet to be established. Early studies
have reported that HBX is essential for viral infection in vivo (Chen et al., 1993; Zoulim et
al., 1994), yet it is dispensable for viral replication in cell culture (Blum et al., 1992). These
differences in results obtained in vivo versus in vitro may suggest a critical role of HBx in
the establishment of HBV infection in vivo, but not for viral replication per se.

Although it is not well defined, the subcellular localization of HBx seems to be mainly
cytoplasmic, with a small fraction in the nucleus (Bouchard and Schneider, 2004). Thus it is
believed that HBx may have a dual role in transcriptional regulation: cytoplasmic HBx could
affect the regulation of signal transduction pathways while nuclear HBx may function at the
promoter level (Doria et al., 1995).

HBx has been shown to transactivate a variety of viral and cellular promoters (Bouchard and
Schneider, 2004; Seeger et al., 2007). Its ability to regulate a wide range of genes suggests
that HBx could upregulate the expression of HBV gene by transactivating its own
promoters, as well as modify the environment by transactivating cellular genes in infected
hepatocytes to facilitate viral replication. Since HBx does not directly bind DNA, its ability
to activate transcription of host genes is thought to occur indirectly by interaction with
nuclear transcription factors or by activation of different signal transduction pathways. In
support of its role in transcriptional regulation, HBx was reported to associate with several
components of the basal transcriptional machinery, including TFIIB, TFIIH, and RBP5, a
subunit of mammalian RNA polymerase (Cheong et al., 1995). It has also been
demonstrated to bind to transcription factors including CREB, ATF-2, and AP-2 to modify
their activities (Maguire et al., 1991; Seto et al., 1990). It was recently demonstrated that
HBx could interact and cooperate with CREB-binding protein (CBP)/p300 to synergistically
enhance CREB activity (Cougot et al., 2007). Thus, the ability of HBXx to interact with these
cellular factors may provide a mechanism for its participation in transcriptional regulation.

Aside from its transactivating capabilities, a number of different cytoplasmic signal
transduction cascades appear to be affected by HBX, including Ras-Raf-mitogen-activated
protein kinase (Ras-Raf-MAPK), extracellular signal-regulated kinase (ERK), the stress-
activated protein kinases/NHo-terminal-Jun kinase (SAPK/INK), protein kinase B (PKB/
Akt), and the Janus kinase/STAT (JAK/STAT) (Benn et al., 1996; Bouchard and Schneider,
2004). Recently, Bouchard et al. (Bouchard et al., 2001) demonstrated that HBx could
stimulate cellular calcium signaling pathways, resulting in the release of Ca2* ions into the
cytosol. This led to the activation of focal adhesion kinase (FAK) and proline-rich tyrosine
kinase 2 (Pyk2), and the subsequent activation of Src tyrosine kinases. This, in turn, resulted
in the induction of downstream signaling pathways such as Ras-Raf-MAPK pathway. Such a
model for HBx function is attractive because Ca2* affects so many cellular processes,
including transcription, cell cycle control, and apoptosis, many of which have been
suggested to be affected by HBx.
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HBX has also been implicated in the development of HCC, yet its link to the progression of
HCC remains controversial (Kim et al., 1991; Lee et al., 1990; Madden et al., 2001; Yu et
al., 1999). It is generally viewed that HBx can promote cellular transformation by either
disrupting cell signaling pathways involved in transcription, apoptosis, and cell proliferation
(Benn and Schneider, 1995; Bouchard and Schneider, 2004; Bouchard et al., 2001; Chirillo
et al., 1997). Alternatively, HBx could stimulate viral replication (Leupin et al., 2005) which
may lead to an enhanced immune response against the virus. This will result in the continual
destruction and regeneration of hepatocytes due to chronic liver inflammation and thus
increase the chance of genetic mutations (Chisari et al., 1989).

HBx has been found to be overexpressed in human HCC and its overexpression in
hepatocyte cultures and transgenic mice resulted in a tumorigenic phenotype in some model
systems, although this remains controversial (Kim et al., 1991; Yu et al., 1999). Some
evidence suggested that HBx interacts with the Ras-Raf-MAPK pathway to promote cell
growth and activity (Wang et al., 1997). In addition, multiple pathways of DNA repairs are
also comprised by HBx. Several groups have demonstrated that an interaction between HBXx
and the DNA repair protein, damaged DNA-binding proteins (DDB) 1 could stimulate viral
replication (Leupin et al., 2005; Sitterlin et al., 2000). More recently, it was found that both
HBXx and telomerase were highly expressed in hepatoma tissue and liver cirrhosis tissues
(Zhang et al., 2005) and that HBx could upregulate the expression and activity of hTERT,
the catalytic subunit of telomerase (Zhang et al., 2005). These findings suggest that HBx
expression may play a role in the development of HCC by modulating telomerase activity,
given that telomerase activation has been associated with late stage tumors (Kim et al.,
1994).

Covalently Closed Circular DNA

The HBV CCC DNA exists as an episome in the nucleus with an estimated copy number of
5-50 molecules per infected cell (Locarnini and Mason, 2006; Wu et al., 1990; Zhang et al.,
2003). It is organized as a minichromosome (Newbold et al., 1995) and is regulated by
epigenetic changes (see below). It serves as the sole intranuclear transcriptional template for
the synthesis of viral RNAs. As such, a critical step in HBV infection is the establishment
and maintenance of a pool of viral CCC DNA. However, very little is known about the
factors that may be involved in CCC DNA formation. The only known viral protein to
regulate CCC DNA formation is the viral large surface (LS) protein (Gao and Hu, 2007;
Lenhoff and Summers, 1994; Summers et al., 1990), which was shown to suppress CCC
DNA amplification by using a negative-feedback mechanism. When CCC DNA levels are
low, viral transcription and protein expression (including LS protein) are low, and the
mature, RC-containing, nucleocapsids enter the recycling pathway where the RC DNA is
converted to CCC DNA, thus increasing the pool of CCC DNA. As the CCC DNA level
increases, LS protein will accumulate which will result the preferential secretion of the
mature nucleocapsids, over its recycling back to the nucleus.

Similarly, virtually nothing is known about the potential host factors involved in CCC DNA
formation. The observation that the liver of HBV transgenic mice failed to accumulate
detectable levels of CCC DNA, despite the presence of high levels of RC DNA precursor,
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led to the suggestion that CCC formation may require species-specific host factors (Guidotti
et al., 1995). However, HBV transgenic mouse that lack HNF1a synthesized low levels of
nuclear CCC DNA, suggesting that the physiological state of the host hepatocytes may
somehow modulate CCC DNA formation (Raney et al., 2001). Also, since the conversion of
RC DNA to CCC DNA can be thought of as a DNA damage response, it has been
speculated that host cell DNA repair enzymes may, in part, be involved in this step.
However no specific host factors that participate in CCC DNA formation have thus far been
identified. Alternatively, it is possible that the viral RT may solely be responsible for this
conversion step.

Biochemically, the formation of CCC DNA from RC DNA involves the completion of the
plus-strand DNA, removal of the RT protein that is covalently linked to the 5” end of the
minus-strand DNA (Gao and Hu, 2007), and the ligation of the two DNA strands. Recent
identification of a protein-free RC DNA from which the RT protein has been removed may
provide a valuable window into the mechanism of RC DNA processing in CCC DNA
formation (Gao and Hu, 2007; Guo et al., 2007).

It is widely accepted that the clearance of the HBV CCC DNA is essential to resolving
chronic HBV infections. Although effective suppression of RC DNA synthesis by inhibition
of RT can lead to a significant reduction in CCC DNA levels in patients with chronic HBV
infection due either to cell death or intrinsic CCC DNA instability (Hu and Nguyen, 2004),
most often, the infection is not resolved owing to the persistence of the HBV CCC DNA in
the infected liver (Locarnini and Mason, 2006). This accounts for the rapid reappearance of
HBYV replication upon cessation of antiviral therapy (Locarnini and Mason, 2006). Thus, the
successful eradication of chronic HBV infection requires either the permanent clearance of
the viral CCC DNA from the infected cell (i.e. curing) or the elimination of the infected cell
itself (i.e. killing).

Integration

HBYV DNA has been reported to be integrated into host chromosomes in tissues of HCC
patients or in cell lines derived from HCC (Seeger and Mason, 2000). Although HBV
replication cannot be sustained by integration of the viral DNA into the host genome due to
the disruption of the circular genome, it may still contribute to the development of HCC by
several mechanisms. It was hypothesized that HBV could act as an insertional mutagen
causing the activation of a proto-oncogene. In the woodchuck model, woodchuck hepatitis
virus (WHV) DNA was found to integrate close to members of the myc proto-oncogene
family and the resulting oncogene deregulation appeared to be a major cause of liver cancer
(Fourel et al., 1990). In humans, HBV integration is random and plays a direct role in
carcinogenesis in only a few cases, where the viral DNA is inserted next to important
growth regulatory genes (Dejean et al., 1986; Wang et al., 1990). Viral DNA integration
may also promote the general instability of chromosomal DNA in the infected cells, which
may be exacerbated by the chronic inflammation in the infected liver (Hagen et al., 1994;
Summers and Mason, 2004).

J Céll Physiol. Author manuscript; available in PMC 2015 April 06.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 9

Regulation of HBV Transcription

Transcription of the HBV genes is controlled by four viral promoters and two enhancer
elements. In vitro studies have demonstrated that the transcription of the HBV genome is
regulated by a variety of transcription factors, such as the liver-enriched transcription factors
C/EBP, retinoid X receptor alpha (RXRa), peroxisome proliferator-activated receptor alpha
(PPARq), hepatocyte nuclear factor (HNF) 3, HNF4 and the ubiquitous transcription
factors, Spl, NFxB, p53 (Seeger et al., 2007). Studies have also indicated that members of
the nuclear receptor family (i.e. HNF4) may be involved in the downregulation of some viral
promoters (Yu and Mertz, 1997).

Recently, Pollicono et al. (Pollicino et al., 2006) reported that HBV replication seems to be
regulated by the acetylation status of histones H3 and H4 bound to CCC DNA
minichromosome. Furthermore, it appears that cellular acetyltransferases, p300 and CBP,
and cellular deacetylases, HDAC1, were recruited in vitro and in vivo onto the HBV CCC
DNA. Using histone deacetylase inhibitors, they saw an increase in HBV transcripts, which
was paralleled by an increase of HBV replicative intermediates in the cytoplasm, as well as
an increase in secreted HBV viral particles. These results suggested that HBV transcription
can be modulated by epigenetic changes to the CCC DNA and provide new insight into how
cellular host factors might regulate HBV replication. One potential mechanism by which
host transcription factors can regulate transcription of CCC DNA may be through modifying
the CCC DNA-bound histones via the recruitment of acetyltransferases and deacetylases to
the viral promoters. Similarly, the role of HBx in the epigenetic regulation of CCC DNA can
also be envisioned since it was reported to interact with p300 (Cougot et al., 2007).

Conclusion

The past two decades have seen tremendous advances in our understanding of the HBV life
cycle. However, we have only just begun to unravel the complex interplay between the virus
and host cell and its impact on viral replication and pathogenesis. The role of HBx during
viral replication in vivo and its involvement in the development of HCC are still unknown.
How is CCC DNA converted from RC DNA? Does this process involve cellular DNA repair
enzymes? What is the cellular receptor(s) involved in HBV entry? What is the identity of the
kinase(s) or phosphatase(s) that regulate core phosphorylation/dephosphorylation and thus
viral DNA synthesis? How are mature HBV nucleocapsids selected for virion secretion? Are
host proteins involved in this process? What is the identity of the putative cellular factor(s)
required for HBV RT priming following RT-¢ interaction? The recent discoveries that
APOBEC3G and heme could inhibit HBV replication points to the existence of cellular
factors that could counteract viral replication and therefore serve as natural antiviral defense
mechanisms. Ultimately, understanding these complex virus-host interactions during an
HBYV infection will be critical to the development of novel antiviral therapies in the future.
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Figure 1. Thevirus-cel interactionsin the hepadnaviral lifecycle
HBV binds to an unknown receptor on hepatocytes, is internalized, uncoated and delivers its

RC DNA genome to the nucleus. The genome is repaired to form the CCC DNA that serves
as the transcriptional template. Viral RNAs, including the pgRNA, are exported to the
cytoplasm, where translation of the viral proteins occurs. The pgRNA is packaged together
with RT into immature nucleocapsids composed of core protein. It is then reversed
transcribed within the nucleocapsids into the mature RC DNA form. The mature, RC DNA-
containing nucleocapsids are then enveloped by the viral envelope proteins and secreted
extracellularly as virions or recycled to the nucleus to amplify the CCC DNA pool.
Facilitators and suppressors of viral replication are highlighted in red and blue, respectively.
RC DNA, relaxed circular DNA; CCC DNA, covalently closed circular DNA; pgRNA,
pregenomic RNA; RT, reverse transcriptase; P, Phosphates, PPase, Phosphatase; Hsp 90,
heat-shock protein 90.
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