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Abstract: Hepatitis B virus (HBV) is an enveloped DNA human virus belonging to the Hepadnaviridae
family. Perhaps its main distinguishable characteristic is the replication of its genome through a
reverse transcription process. The HBV circular genome encodes only four overlapping reading
frames, encoding for the main canonical proteins named core, P, surface, and X (or HBx protein).
However, pre- and post-transcriptional gene regulation diversifies the full HBV proteome into
diverse isoform proteins. In line with this, hepatitis B virus X protein (HBXx) is a viral multifunctional
and regulatory protein of 16.5 kDa, whose canonical reading frame presents two phylogenetically
conserved internal in-frame translational initiation codons, and which results as well in the expression
of two divergent N-terminal smaller isoforms of 8.6 and 5.8 kDa, during translation. The canonical
HBx, as well as the smaller isoform proteins, displays different roles during viral replication and
subcellular localizations. In this article, we reviewed the different mechanisms of pre- and post-
transcriptional regulation of protein expression that take place during viral replication. We also
investigated all the past and recent evidence about HBV HBx gene regulation and its divergent N-
terminal isoform proteins. Evidence has been collected for over 30 years. The accumulated evidence
simply strengthens the concept of a new paradigm of the canonical HBx, and its smaller divergent
N-terminal isoform proteins, not only during viral replication, but also throughout cell pathogenesis.

Keywords: hepatitis B virus; viral replication; hepatitis B virus X protein; HBx; isoform protein; viral
regulatory protein; mRNA; pre- and post-transcriptional control

1. Introduction
1.1. Hepatitis B Virus and Its Replicative Cycle

The human hepatitis B virus (HBV) is a membrane-enveloped DNA virus classified as
a member of the viral family Hepadnaviridae. Its main distinguishable characteristic is the
replication of its genome through a reverse transcription process. As shown in Figure 1,
the HBV circular genome encodes only four overlapping reading frames, encoding for the
main canonical proteins named core, P, surface, and X (or HBx protein) [1].

However, pre- and post-transcriptional gene regulation diversifies the full HBV pro-
teome into diverse isoform proteins. The viral genome is an incomplete double-stranded,
relaxed, circular DNA (rcDNA), composed of two complementary strands of distinct ex-
tents. The approximately 3.2 kb long strand is the coding (-) strand, while the length of the
complementary (+) strand varies from 50% to 100% of the (-) strand, Figure 1 [1]. HBV is
distributed into four mains serological serotypes (adr, adw, ayr, ayw) and ten different geno-
types (varying in no less than 8% of their nucleotide sequences), referred to as genotypes
A to ]. Different HBV genotypes display distinct geographical distribution, prevalence,
disease evolution, and treatment response [2]. For instance, Latin America shows a high
prevalence of the native HBV genotypes F and H which are both autochthonous. HBV
genotype F (e.g., HBV subgenotype F1b, GenBank KM233681.1, 3215 bp [3,4]) is related
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to early, frequent, and quick progression to hepatocellular carcinoma (HCC) [5-8], while
genotype H infection is associated with low endemicity, low viral load, few cases of acute
and chronic liver diseases, and a low prevalence of HCC [9-11]. Additionally, occult hep-
atitis B infection is highly prevalent in HBV genotype H infection [11-13]. Unfortunately,
the molecular determinants that differentiate the infection courses of these two genotypes
are unknown.

preS1 preS2

HBV DNA Genome

Figure 1. Hepatitis B circular genome. The HBV genome is a partially double-stranded, relaxed,
and circular DNA of about 3.2 kb. The genome contains four overlapping reading frames encoding
for the viral envelope or surface (pre-S1/pre-S2/S, red arrow), core (pre-core/core) (green arrow),
polymerase (blue arrow), and HBx protein (yellow arrow). As shown, the DNA genome contains two
direct repeats (DR1 and DR2), two enhancers (Enhl, Enhll), and four promoter regions that regulate
protein expression. Viral P protein is covalently bound to the genome (blue) and an RNA primer is
bound to the negative strand (gray).

In general, as mentioned, viral infection displays parenteral transmission and can cause
both acute (self-limited) and chronic infections. More than 50% of long-term, persistent,
chronic HBV infections are caused through mother-to-child transmission, which occurs
either vertically or horizontally, by exposure to infectious blood or body fluids; however,
HBYV can also be spread sexually [14].

A small number of mammals and birds are infected by viruses in this family. These
viruses all include circular DNA genomes such as the woolly monkey hepatitis B virus
(WMHBYV; GenBank AF(046996.1, 3179 bp), the woodchuck hepatitis B virus (WHBYV;
GenBank AY334075.1, 3308 bp), the ground squirrel hepatitis B virus (GSHBV; GenBank
K02715.1, 3311 bp), and the duck hepatitis B virus (DHBV; GenBank K01834.1, 3021 bp) [15].
They all have a limited host range for hepatocytes.

In humans, the attachment of virion particles to the cell surface receptor (sodium tauro-
cholate co-transporting polypeptide, NTCP), which is a transmembrane protein expressed
in hepatocytes, initiates the viral life cycle, via endocytosis. Nucleocapsids harboring
viral rcDNA are released inside hepatocyte cytoplasm after particle penetration at the
plasma membrane, then soon reach the cell nucleus [16]. Through several enzymatic re-
actions, rcDNA is repaired and transformed into a viral intermediate molecule known as
covalently closed circular DNA (cccDNA), thus producing an episomal mini chromosome
structure [17]. All viral transcripts, including the 3.4 kb pre-genomic mRNA (pg-mRNA)
that is co-linear with the genome, are generated by transcription using the nuclear cccDNA
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as a template [1]. The nuclear synthesis of the pg-mRNA transcript, which is then exported
to the cytoplasm, is crucial for two distinct processes: (i) it serves as a template for the
translation of both the viral reverse transcriptase (P protein) and core protein and (ii) the
reverse transcription process is started using the pg-mRINA as a template when these two
viral proteins are produced in the cytoplasm [18]. Both the epsilon stem-loop region of
the pg-mRNA and the HBV P protein are covalently bound and combine with the capsid
protein to form an immature viral capsid structure [19]. Thus, the epsilon stem-loop plays
a key role during particle formation. The reverse transcription of pg-mRNA into rcDNA
occurs inside the capsid by HBV P protein and produces a cytoplasmic mature viral capsid.
A mature capsid can either re-enter the nucleus to maintain the nuclear pool of cccDNA
or be enveloped by HBV surface proteins on endoplasmic reticulum (ER) membranes for
virion egress, which depends on functions of the so-called multivesicular body (MVB)
pathway [20]. Moreover, double-stranded linear DNA (DSL-DNA), a minor and different
viral DNA species produced by reverse transcription, can also be released as virion DNA
and guided to enter the nucleus to generate cccDNA [21]; however, DSL-DNA is com-
monly randomly integrated into the host genome through the non-homologous end-joining
pathway, utilizing double-stranded DNA breaks in the host DNA target [22,23]. These inte-
gration events may accelerate the development of HCC by causing chromosomal instability
and insertional mutagenesis of HBV genes, amongst other genetic alterations [24]. The
integrated HBV genome, in contrast to cccDNA, does not generate functional pg-mRNA for
viral replication but may act as a second source for surface proteins, mRNA transcription,
and HBsAg production [25].

1.2. HBV Genes and Translation of Viral RNA Transcripts into Viral Isoform Proteins

Due to the utilization of several internal AUG initiation codons in the same open
reading frame, alternative translation initiation is a mechanism by which a single mRNA
molecule causes the translation of isoform proteins with different N-termini [26,27]. As a
result, this mechanism modifies protein function and/or subcellular localization, which
expands the proteome [26]. Although certain ribosomes may bypass the start codon and
carry on scanning, the translation initiation mechanism in eukaryotes generally follows the
scanning ribosome model, in which the ribosome scans the mRNA from the 5'-end, and
initiates translation at the first AUG codon detected [28-30]. This process is known as “leaky
scanning” and is determined by the sequence context of each AUG. The general regulation
of the translation initiation comes from Kozak’s consensus sequence: (A/G)XXAUGG (start
codon underlined), in which the —3(A/G) and +4G are the first and second most important
bases for efficient initiation, respectively (+1 is the first base of the start triplet) [28-30]. In
the literature, the number of protein isoforms whose expression is regulated by alternative
translation initiation is progressively increasing [26,31,32].

Importantly, we utilized the web server https:/ /atgpr.dbcls.jp/ (accessed on 20 March
2023) [33], which is software for identifying initiation codons in cDNA sequences accord-
ing to Kozak’s consensus rule to analyze the potential whole HBV proteome arising by
alternative translation initiation from each viral reading frame. Full prediction results
are presented in Supplementary Table S1, where the canonical HBV reading frames are
shown in bold and reliability is the probability that the prediction will be achieved correctly.
Records will be commented on for each viral reading frame as follows.

The core, polymerase (P), envelope (S), and X canonical viral genes are located within
the four broadly overlapping reading frames that make up the circular HBV genome DNA,
Figure 1. The basal core promoter (BCP), S1, S2, and X are the four primary promoters
that control the expression of the HBV genome, directing the host nuclear transcriptional
machinery (RNA polymerase II and transcription cell factors) to initiate transcription at
various locations to produce a variety of mRNA species with lengths of 3.5, 3.4, 2.4, 2.1,
and 0.7 kb [1,34]. To translate proteins and replicate DNA, viral mRNAs are exported to
the cytoplasm. These viral mRNAs are 5'-capped, and all are co-terminated at the same
position in a single polyadenylation signal at their 3’-ends, which is a hexanucleotide (HBV
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DNA nt 1916 to 1921, sequence TATAAA) sequence of the viral DNA [35]. In addition, two
enhancer elements (Enhl and Enhll), and the transactivity function of the HBV HBx protein
(X gene product) can further stimulate the viral transcription [36].

HBYV transcriptions of both the largest pre-core RNA (pC-mRNA) and pre-genome
RNA (pg-mRNA) transcripts are controlled by the BCP (nt 1740 to 1850) region of the
viral genome. The HBV Enhll region is located immediately upstream of BCP (Enhll,
nt 1620 to 1740) [37]. HBV BCP/Enhll activity is regulated by different factors, such as
CCAAT/enhancer-binding protein (C/EBP), hepatocyte nuclear factor 4 (HNF4), HNF3,
and the cell factor named specificity protein 1 (Sp1) [38]. As indicated above, both particle
morphogenesis and genome replication depend on pg-mRNA, which also serves as a
template for the translation of the viral core and P proteins. These reading frames are
structured in a bi-cistronic arrangement, where the P protein is independently translated
from pg-mRNA through ribosome “leaky scanning” past the AUG of the core reading
frame. Thus, as shown in Figure 2A, the 5’-end of the P cistron’s AUG overlaps with the

3’-end of the core gene [39-41].
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Figure 2. HBV mRNAs and their coding capacity. (A) pg-RNA, 3.4 kb. pg-RNA is organized in a
bi-cistronic arrangement where the first AUG is encoding for core, and downstream, in a different
reading frame, the AUG codes for the P protein. Core and P proteins are shown with their main
domain organizations. (B) preC-RNA, 3.5 kb. preC protein starts translation upstream to the core’s
AUG, but in the same reading frame. Sites for cleavage events (ER and Golgi apparatus) on the
immature protein are shown. As a result, HBeAg is a secreted protein. (C) preS1-RNA, 2.4 kb. At the
top, HBV DNA is shown with the relative locations of S1 and S2 promoters. preS1-RNA is predicted
to encode the canonical LHBs, although other AUGs are present in the same reading frame (see the
text). LHBs is shown with its domains preS1, preS2, and S. Both preS1 and S domains bear PTMs as
shown. (D) S-RNA, 2.1 kb. S-RNA is predicted to encode both preS2 and S domains where MHBs
and SHBs are produced.
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On the other hand, as shown in Supplementary Table S1, the canonical core reading
frame has two internal AUG initiation codons that could function as alternative initiation
codons for translation, producing two smaller core isoforms of 13.6 and 10.6 kDa, although
core isoform 1 has a higher reliability than that of core isoform 2. Both core isoforms would
maintain an intact C-terminal domain, which is the RNA-binding domain (an arginine-rich
region) of this HBV capsid protein (Figure 2A) [42]. On the other hand, the reading frame of
the P protein bears ten different internal AUG initiation codons, but only two of them might
function as initiation codons based on the threshold and their reliability. Thus, P protein
would have two smaller isoforms of 41 and 20.8 kDa with somewhat similar reliabilities.
In the case of the N-terminal truncated P protein of 41 kDa, this isoform protein would
initiate translation within the reverse transcriptase (RT) domain, having an intact YMDD
active site motif and RNase H domain, whereas the 20.8 kDa isoform would only contain a
complete RNase H domain, Figure 2A [43]. Interestingly, the HIV-1 RT forms functionally
active heterodimers where one subunit is the complete RT polypeptide, while the other
subunit is a truncated RT polypeptide lacking the RNase H domain, which is lost by a
proteolytic cleavage performed by a viral protease [44].

An additional 5’ extension with an AUG at the 5'-end of the pre-core mRNA (pc-
mRNA, 3.5 kb) differentiates it from the pg-mRNA [45,46] (Figure 2B). However, the
pc-mRNA transcript is believed to only be involved in the expression of the pre-core
protein, which is the hepatitis B e antigen precursor (HBeAg or early antigen). As during
translation, the pre-core protein translocates to the ER and then to the Golgi apparatus as
the protein is processed for maturation. A 36 kDa dimeric HBeAg protein is then released
after both amino- and carboxyl-terminal cleavage events (Figure 2B) [47,48]. HBeAgis a
secreted protein which is essential for establishing persistent/chronic infection through the
formation of immunological tolerance, but it is not necessary for viral replication [49,50].
Consistent with the translational information contained in the pc-mRNA, the canonical
isoform, as well as two smaller core isoforms, would also be translated from this transcript,
although with significantly less reliability than that of predominant HBeAg protein, as
shown in Supplementary Table S1.

A 2.4 kb mRNA species transcribed under the control of the hepato-specific promoter
SI (or SPI), encoding the canonical and complete preS-S reading frame (the HBV canonical
surface gene), is thought to be mostly translated into L protein (Figure 2C) [51,52]. The
promoter SI/SPI (nt 2750 to 2840) is situated upstream of AUGI, and it seems to be
regulated by transcription factors such as Oct-1, HNF1, and HNF3 [38]. This reading frame
bears two additional initiation codons, AUG2 and AUG3, which would both favor the
expression of the canonical large surface proteins (LHBs) as well as two smaller isoform
proteins named middle surface proteins (MHBs) and small surface proteins (SHBs), at one
of three in-frame initiation codons from the entire reading frame (Figure 2C), as shown
in Supplementary Table S1. These three surface proteins all share a common C-terminal
end which corresponds to the S isoform protein (SHBs). Thus, by alternative translation
initiation at one of the specific AUGs in the HBV surface gene, three divergent N-terminal
isoform envelope proteins can be generated [53]. Due to their unique N-termini, these
surface proteins exhibit various functional differences during particle assembly and HBV
infection (Figure 2C,D) [41].

There is an intragenic promoter within the HBV canonical surface gene called SII/SPII
(nt 2960 to 3150). It is located within the preS-S reading frame, and it regulates transcrip-
tion of a 2.1 kb mRNAs with different 5'-ends either upstream or downstream of AUG2
(Figure 2C,D) [54,55]. This SII/SPII promoter seems to be upregulated by the cellular
nuclear transcription factor Y (NF-Y), CCAAT-binding factor (CBF), Sp1, and NF1 [38].
It is believed that the 2.1 kb mRNA segment, which includes AUG?2, is translated into
both MHBs and SHBs [52,56] as indicated by Supplementary Table S1. The major (SHBs)
protein is produced by translation initiation at AUG3 (p24 and gp27); initiation at AUG2
adds 55 amino acids to the N-terminus (named preS2 region, Figure 2C,D), producing the
middle (MHBs) protein (p30, and gp33 and gp36). Interestingly, the translation of a smaller
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isoform protein of 17.2 kDa and 152 residues at the C-terminal domain would be favored
from the S-mRNA transcript (Supplementary Table S1). Thus, the translation of the HBV
envelope gene is regulated by both the alternative translation and transcription initiations,
which both generate critical functional diversity of the HBV surface proteins.

1.3. HBV Viral Isoform Proteins Generated by RNA Splicing

mRNA splicing is a post-transcriptional process that allows the translation of a cyto-
plasmic, mature mRNA into protein [57]. This process takes place by removing the inter-
vening, non-coding nucleotide sequences of genes (introns) from the nuclear, immature
pre-mRNA molecules, then ligating the protein-coding nucleotide sequences (exons) [58].
In addition, a process called alternative splicing enables several exon combinations to be
included in the final mature mRNA molecule, resulting in various distinct isoforms of the
same protein that are all encoded by the same DNA gene [59,60].

Following infection, various mammalian viruses exploit the cell splicing machinery to
carry out their replication cycles, and so refine protein diversity [61,62]. Members of the
Retroviridae, Adenoviridae, Herpesviridae, and Papillomaviridae families and lentiviruses such
as HIV [61,63-65] are only a few viral families that use host splicing machinery. Numerous
studies have discussed the splicing processes of the HBV pg-mRNA transcript, which also
serves as a template for genome replication as indicated earlier [66]. Splicing activities on
subgenomic viral mRNAs have also been described. Other members of the Hepadnaviridae
family, such as WHBV and DHBYV, encode several viral RNAs going through alternative
splicing [67,68]. Importantly, alternative splicing of HBV pre-genomic RNAs generates at
least twenty unique splice variants [69]. The preservation of the epsilon stem-loop region
at the 5’-end of spliced RNA isoforms, however, indicates a potential for particle packaging
and usage as a reverse transcription template. Thus, nearly every one of these spliced forms
would produce defective genomes and viral particles, which can be found in the blood of
HBV-infected patient samples [70,71]. Spliced RNAs do not appear to be essential for viral
replication, but mounting evidence points to a role in liver pathogenesis [70].

From HBV-spliced RNAs, several potential shortened or original isoform proteins
could be produced.

1.4. Hepatitis B-Spliced Protein (HBSP; 12.3 kDa)

This protein is produced from a single splicing event, and it is encoded by the 2.2 kb
singly spliced 1 (sp1) RNA molecule of the HBV pg-mRNA transcript. HBSP is usually
identified as the “eighth HBV protein”. The N-terminal amino acids of the HBSP sequence
are identical to those of the viral polymerase (47 aa), whereas the C-terminal amino acids
(64 aa) are unique because of the splicing event (Figure 3).

AYG UAG

PERNA Poly(A)

PERNA Poly(A)

HN COOH

Residues 1-47 (Pol) Residues 48-111 (original)

MPLSY QHFRK LLLLD _EHQP PARGH ARPAR FLLKE

DEAGP LEEEL PRLAD PLCFP LVAVQ NIRTE TALVE

EGLNR RVAED LNLGN PSHHP GLSQD SYGSG PQSVS
IN_ PGSVY

HBSP, 111 residues, 12.31kDa.

Figure 3. Hepatitis B-spliced protein, HBSP. HBSP is produced from a single splicing event, and
it is encoded by the 2.2 kb sp1 RNA molecule of the HBV pg-mRNA transcript. Both core and P
reading frames are shown. SD, splice donor site, SA, splice acceptor site, and intron, are shown,
located within the P reading frame. During translation initiation, the 47 first residues of P protein are
translated, and then the junction changes the reading frame, and so the sequence of the C-terminal
half of this protein is unique.
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The biological role of the HBSP fusion protein is unclear. HBSP has been detected in
liver biopsies from chronic patients, and in the sera, where x-HBSP antibodies have also
been found [72,73]. The expression of HBSP reduces the apoptosis mediated by Fas by
improving the PI3K/ Akt signaling [74].

1.5. HBV Polymerase-Surface Fusion Protein, HBV P-S Fusion ORF

This glycoprotein is produced from a single splicing event, and it is encoded by the
2.2 kb sp14 RNA molecule corresponding to the viral pg-RNA bearing a deletion of 454 nt.
This 43 kDa P-S fusion protein has been identified in extracellular viral particles, cell lysates,
and subviral particles. It is believed that, during virion maturation, this fusion protein can
replace the role of HBV LHBs [75,76]. Within cells, the HBV P-S fusion protein is localized
within the perinuclear area, and it can block HBV genome replication by the suppression
of HBsAg secretion. This function might improve immune evasion, implying a role in
HBV pathogenesis.

1.6. Hepatitis B Double Splicing Protein, HBDSP

This viral protein is produced by a sp7 RNA molecule after a double splicing event
takes place. It was first identified in liver HCC biopsy samples, lacking two intron RNA
sequences [77,78]. The dimeric activator protein-1 (AP-1) and CCAAT/enhancer-binding
protein (C/EBP) family of transcription factors exhibit several transactivating abilities and
pleiotropic effects. However, precise mechanisms associated with the regulatory functions
of HBDSP and its biological implication in HBV pathogenesis need further investigation.

1.7. The Canonical HBx Is a Unique Multifunctional Regulatory HBV Protein

Canonical HBx protein corresponds to the smallest gene (465 nucleotides, 154 amino
acids, and 16.6 kDa) and it is the only regulatory protein of HBV. The protein is common to
all the mammalian members of the Hepadnaviridae family, including woodchucks, but absent
in avian viruses such as DHBV (e.g., GenBank K01834.1). The HBx protein is essential for
viral replication and HBV infection [79-81]. The multifunctional HBx protein is organized
into two distinct functional domains (Figure 4A) [82-84].

The N-terminal domain (residues 1-50) is composed of a highly conserved N-terminal
region displaying transrepressor activity (residues 21-50, Figure 4B) [85] as well as a
Ser/Pro-rich region apparently required for dimerization (residues 21-50) [83], which is
also important for cellular transformation [86]. The C-terminal region is fundamental for
HBx functionality as it contains the essential transactivation domain of the protein (residues
52-142, Figure 4B) [82,87,88]. Moreover, within the C-terminal region, further functional
studies have shown that residues 58-119 are involved in signal transduction activities [89],
while residues 120-140 are involved in nuclear transactivation mechanisms [87,90], and
the last 20 residues are involved in HBx stability [91] (Figure 4B). Furthermore, HBx also
contains a putative mitochondrial localization domain, and expression of HBx at the
mitochondria alters its metabolism [92,93]. The 3D structure of HBx is unknown. While
the N-terminus bears a highly conserved but unstructured and disordered region [94], the
C-terminal of the protein is more structured [95]. On the other hand, a plethora of HBx-
interacting proteins have been described (Figure 4C) [96], targeting its different domains,
and so affecting different intracellular pathways. Only several instances of mapped HBx
interactions are completely known, and a few of them are described in Figure 4C. HBV
HBx protein has been described to interact with peroxiredoxin-1 (Prdx1) protein through
its N-terminal /negative regulatory domain, residues 17 to 20 [97]. It has been shown that
the adapter 14-3-3 zeta protein interacts with residues 28 to 33 of the N-terminal domain of
HBx [98], and also with residues 72 to 77 of the transactivation domain, although this latter
complementary interaction has not been empirically proved [98]. The multifunctional DNA
damage-binding protein 1 (DDB1) interacts with the transactivation domain, in a segment
of residues 88 to 100 of HBx, which forms a promiscuous «-helix, named the H-box [99].
Interestingly, the segment of residues of the H-box of HBx is located between AUG2 and
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AUGS3 (Figure 4C). Moreover, the transactivation domain of HBx through its BH3-like
motif (residues 113 to 135), which folds into a short «-helix, is utilized to interact with the
anti-apoptotic factor Bcl-2 and activate HBV replication [100]. Finally, tumor suppressor
TP53 (p53) is well known to extensively interact with the transactivation domain of HBX,
residues 102 to 136 (Figure 4C) [101].

A

Negative Regullatory Domain Trans»activaiion Domain

[ \f \
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Figure 4. Domain organization of the canonical HBx protein and interacting partners. (A) HBx
protein is organized into two distinct functional domains. The N-terminal negative regulatory
domain (residues 1-50) is composed of a highly conserved N-terminal region and a Ser/Pro-rich
region as indicated. The C-terminal region contains the crucial transactivation domain covering the
AUG2 (Met79) and AUG3 (Met105). Both the H-box alpha-helix and the BH3-like motif are shown.
(B) Mapped location of HBx functional regions. Regions of transrepressor activity, transactivation
domain, signal transduction, nuclear transactivation, putative mitochondrial localization, and protein
stability are shown. (C) Mapped interacting partners. Regions of interactions with Prdx1, 14-3-3,
DDBI, Bcl-2, and p53 proteins are shown.

There is no agreement on a unique subcellular localization of the HBx protein since
several in vitro analyses and liver biopsy examinations have indicated the protein to be
predominantly cytoplasmic [102-104]; other studies have determined it to be a nuclear
protein [105,106]. This inconsistency is probably because the subcellular localization of the
protein is highly regulated by its degree of abundance. Thus, when transfected at high
levels, HBx is found in the cytoplasm, whereas when present at low abundance, it is mostly
confined to the nucleus [107,108]. Importantly, the HBx protein’s multiple functions may
be explained by its distinct nuclear/cytoplasmic and mitochondrial localization [109,110].
HBx can modify the metabolism of mitochondria and alter apoptosis pathways and a
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variety of signal transduction cascades in the cytoplasm [111-116]. In the nucleus, HBx
can transactivate different viral and cell promoters [117]. As it is necessary for viral
replication [118], a nuclear pool of HBx is required. Although HBx does not directly
bind to dsDNA [119], it clearly binds in vitro to ssDNA [120], and HBx's ability to activate
transcription of cellular genes is thought to occur through interactions with nuclear proteins
such as transcription factors [83,120-122]. Additionally, DNA repair pathways are impacted
by the expression of HBx [123]. Thus, by targeting various cellular pathways at various
subcellular locations, these data may indicate that HBx expression plays a role not only in
the pathogenesis of HCC but also in its development.

1.8. Regulation of the HBV HBx Gene Expression

Transcription of the canonical HBx gene is thought to be regulated by the X promoter
(nt 1240 to 1375), located upstream of the transcription start site (TSS) (Figure 5).

The minimal promoter sequence overlaps the 3’-end of enhancer I (Enhl; nt 970
to 1240) [124,125]. The Enhl/X promoter is responsive to host factors, such as C/EBP,
HNF1, HNF3, and CREB/ATF2, that control its transcriptional activity [38]. However, the
existence of smaller HBx isoform proteins in vitro has suggested that the expression of
HBx gene products might be regulated by either alternative translation or transcription
initiation (Figure 5). Importantly, the viral HBx mRNA molecule bears two well-known
internal in-frame translation initiation codons at the positions of AUG2 (Met79, 75 Aa, and
8.6 kDa) and AUG3 (Met105, 49 Aa, and 5.9 KDa), and these positions are highly conserved
across HBV genotypes, although with different Kozak consensus sequences for translation
initiation (Figure 5, Supplementary Table S1).

A mechanism by which a single gene has multiple TSSs is known as alternative
transcription initiation. Under this mechanism, the transcription of the gene can begin
from one of a few TSSs, and from various alternative core promoters [31,126]. Using
alternative promoters, eukaryotes can expand the transcriptome and proteome diversity.
In the case of human genes, more than 50% of the reading frames utilize alternative
promoters [31,126-130].

Alternative transcription initiation in the regulation of HBx gene expression has
been the subject of several studies. Smaller mRNAs bearing diverse 5'-ends upstream
of the AUG2 initiation codon have been reported, and these transcripts could express
HBx proteins after transfection into cultured cells (Figure 5) [131]. In line with this, by
single-nucleotide resolution of HBV mRNAs, in addition to the canonical HBx mRNA, a
shorter transcript with a peak position between the initiation codons AUG1 and AUG2 has
been identified [132]. On the other hand, a ChIP-Seq methodology on viral cccDNA found
a peak of histone marks associated to active promoters (H3K4me3 and H3K27ac) which
were located within the HBx gene. This might imply the occurrence of an intragenic pro-
moter between the AUG1 and AUG?2 initiation codons [133]. Therefore, there is consistent
evidence suggesting that alternative transcription initiation might also play a role in HBx
regulation (Figure 5).

1.9. HBV Canonical HBx Protein and Roles on the cccDNA Intermediate

The nuclear HBV replication intermediate cccDNA is organized as a mini chromosome
with regularly spaced nucleosomes containing histone and non-histone proteins [134,135].
Both core and HBx proteins can bind to the cccDNA and alter its structure [136,137],
although the core protein is not required for the transcriptional regulation of the cc-
cDNA [138]. Several labs, including ours, have described how histone post-translational
modifications (PTMs) are associated with the cccDNA and can regulate viral transcrip-
tion [4,137,139-143]. Methylation of histone H3 lysine 4 and hyperacetylation of histones
correlate with active transcription, while methylation of histone H4 on arginine 3, methyla-
tion of histone H3 on lysines 9 and 27, and hypoacetylation of histones are all modifications
that correlate with repressed transcription [144]. Importantly, chromatin-modifying en-
zymes that establish the modifications are engaged with the cccDNA. Histone variants are
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another player in the HBV viral transcription, as illustrated by H3.3 which is assembled
into the cccDNA and activates transcription [141].
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Figure 5. HBV HBx gene expression is controlled by both alternative translation and transcription
initiation. At the top, HBV HBx DNA where the X promoter and the embedded intragenic promoter
are shown. TSSs for HBV nucleotides 1210 and 1523 are shown [132] as well as the predicted HBx
mRNAs, corresponding to XI and XII promoter transcription, in red (Supplementary Table S1). Below,
the canonical HBx protein as well as the two smaller, divergent N-terminal isoform proteins: middle
and small (mini) HBx [142].

Importantly, the HBx protein regulates the recruitment of chromatin-modifying en-
zymes, modulating the cccDNA chromatin landscape. Indeed, in the presence of HBx
protein, the cccDNA is in an active chromatin state, promoting HBV expression and produc-
tion of viral progeny [137,139,140]. In contrast, in the absence of HBx, the cccDNA is in an
inactive chromatin state [80,137,139,145]. Finally, HBV HBx-deficient infection resembles
the occult infection observed in clinical cases; low transcriptional activity and persistence
of the viral DNA [146], suggesting that the cccDNA is in an inactive chromatin state. It is
worth noting that the occult HBV infection is predominantly caused by the HBV genotype
H [13], whose infection is characterized by mild symptoms and minimal cases of acute and
chronic liver diseases [9-11]. In several studies, HBV genotype H isolates replicated at low
levels in culture cells [147]. Importantly, by amino acid sequence alignments of HBx from
different genotypes and hosts, we previously showed that sequences corresponding to HBx
genotype H do not exhibit the phylogenetically conserved AUG3 (Met3). Instead, most
HBV genotype H isolates exhibit a codon encoding for a threonine, which means that this
genotype is probably not expressing the HBx small isoform protein [142]. Whether this
fact is related to the different clinical course of the infections caused by HBV genotype H
is still unknown. Thus, it would be interesting to investigate the chromatin landscape of
genotype H, and the relevance of the point mutation targeting the AUG3 codon in the HBx
reading frame.

1.10. An Unusual Protein Variant of HBV HBx: HBV Whole-X (HBVwx)

In 1990, Loncarevic et al. reported the finding of a unique HBx variant in five HBV
DNA replication-competent clones isolated from HCC patients [148,149]. All these variants
included an N-terminal extension of 56 amino acid residues in comparison to the canonical
protein (Figure 6).
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Figure 6. Scheme of the predicted residue sequence of the HBwx protein. Canonical HBx protein is
shown with an N-terminal extension of 56 amino acid residues corresponding to the HBwx.

The reading frame of this variant protein, which has a length of 630 base pairs and
210 amino acid residues, was designated as HBV whole-X, HBwx, or preX [149]. The
whole-X reading frame was found only in HCC patients from Asia and of Asian descent,
and it was present only in HBV genotype C (adr isolates) samples, which is the genotype
most closely associated with HCC [150]. Due to an UUG to AUG point mutation in the HBV
DNA clone (e.g., GenBank X52939.1), these isolates have an extra in-frame AUG codon
located 168 nucleotides upstream of the canonical HBx AUGI and it enables translation of
the HBwx/preX reading frame (Figure 6). The nature of the HBV mRNA that serves as a
template for the HBwx/preX isoform variant is unknown.

Research on HBwx/preX has been developed using different approaches. With a
yeast two-hybrid analysis, Yang et al. [151] demonstrated the interaction between HBwx
and hepatoproteins, including fetuin B, UDP glycosyltransferase 1 family-polypeptide A9,
mannose-P-dolichol utilization defect 1 (MPDU1), fibrinogen-B 3 polypeptide (FGB), and
transmembrane 4 superfamily member 4-CD81 (TM4SF4). These findings led the authors
to hypothesize that HBwx protein may influence the progression of hepatocarcinoma by
altering the signal transduction of protein—protein interactions in liver cells [151].

In another publication, proteomic analyses investigated protein expression in cells
expressing HBwx, compared with cells expressing canonical HBx [152]. A total of 203 pro-
teins were found to interact with HBwx, of which 149 were HBwx interactors only, whereas
the remaining proteins also interacted with HBx. Of these proteins, 73% (149/203) are
implicated in the development of cancer. Gene ontology analyses revealed that HBwx- and
HBx-interacting proteins belong to different pathways [152]. Whereas HBwx-interactors
are primarily implicated in biosynthetic activities such as glycolysis, cell-cycle functions,
and protein folding, canonical HBx interactors are involved primarily in angiogenesis,
viral transcription, and cell adhesion. Raf-1 kinase inhibitory protein (RKIP) is one of the
HBwx-regulated factors, widely documented to be directly related to HCC development.

Zhang et al. [153] analyzed the expression of HBwx in liver tissues of patients with
HBV-related HCC and its effects on cell proliferation, apoptosis, and oncological profiles
compared with those of canonical HBx. Seventy-two percent of the liver tumor tissue
samples expressed HBwx, which was primarily localized in the nucleus. Both in vitro and
in vivo cell growth, cell invasion, and migration were all positively influenced by HBwx.
On the other hand, in vitro investigations showed that cells expressing HBwx differed in
parameters such as cell proliferation, cell cycle, and cell apoptosis from those expressing
the canonical HBx protein. Furthermore, they confirmed that the RKIP-p-ERK pathway
played a role in the development of tumors associated with HBwx. These findings offered
strong support for the role of HBwx in hepatocarcinogenesis [153].

1.11. Prior Findings Revealing the True Paradigm of the Canonical HBx and Isoform Proteins

It has been long recognized that the canonical HBx reading frame bears two internal
in-frame translational start codons at AUG2 and AUG3, which may drive alternative
translation initiation to produce two smaller distinct N-terminal isoform proteins (Figure 5).
However, as briefly mentioned above, there are different findings which point out that
alternative transcription initiation might also be involved in the control of the expression of
HBx isoform proteins. Below, we review and describe most of the available evidence. Data
on the occurrence of the HBx isoform proteins have been collected since 1991.
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In a 1991 publication by Balsano [154], both full-length and truncated versions of HBx
were described to be capable of transactivating the c-Myc proto-oncogene. The ability of the
HBV HBx protein to transactivate genes, such as the HBV HBx itself and core promoters,
HIV-1 and HIV-2 LTRs, and the interferon regulatory sequences, was known by that time.
In this report, they stated that HBx can also affect the expression of the endogenous c-Myc
gene as well as extrachromosomal transfected c-Myc regulatory sequences. Moreover,
they also established that the full-length HBx protein did not impact the stability of the
c-Myc mRNA and that the protein had a role in enhancing the transcription of the c-
Myc gene. Interestingly, they also found that the production of a functionally active HBx
protein required the first AUG codon of the HBx reading frame. At the C-terminus, the
domain between residues 103 and 117 was crucial for the full-length HBx functionality
(Figure 5). They stated that given that the integration of HBV DNA frequently results in
truncation of the HBx reading frame in its 3’-end (as was shown by the sequencing of
numerous cloned HBV integrants), the ability of several smaller HBx proteins to retain
their transactivational capabilities was remarkable. The authors of this study proposed
several possible mechanisms for producing different smaller HBx proteins. They noted that
translation initiation might start at either the AUG] or at one of two downstream in-frame
AUG codons in the HBx coding sequence by alternative translation initiation (Figure 5).
Significantly, this is the very first time that the idea of different HBx isoform proteins from
a single HBx reading frame is ever mentioned in a scientific report of the field. It happened
over 30 years ago [154].

In 1992, Kwee et al. [155] found that the canonical HBx protein (p17, 17 kDa) and
the two distinct N-terminal isoform proteins (p8, 8 kDa, and p6.6, 6.6 kDa) (Figure 5) are
indeed functionally different. They tested class II (RNA polymerase II)- and class III (RNA
polymerase III)-transcribed promoters, finding that class Ill-transcribed promoters could be
transactivated by each distinct HBx isoform protein; however, in class II promoters HBx iso-
forms acted differentially, depending on the promoter: the simian virus 40 enhancer/early
promoter required the presence of the two HBx isoforms, p6.6 and p17. In contrast, only the
individual full-length p17 protein was required for an NF-kB-dependent promoter. These
findings seem to suggest that the various HBx isoforms can cooperate to cross-regulate
their functions.

Additional analyses revealed that, at the C-terminus, a region of the HBx protein
downstream of residue 118 was necessary for the activation of both class II and class III
promoters, which is present in all HBx isoforms. It was shown that when the p6.6 HBx
isoform cannot be expressed due to an AUG3 (Met) to GUG (Val) mutation in the full-
length HBx reading frame, the activation of the SV40 enhancer/early promoter is abolished.
The transcomplementation of p6.6 HBx isoform could revert to the activation of the SV40
enhancer/early promoter. These analyses brought profound attention to the crucial function
of the HBx protein’s C-terminal region, particularly the p6.6 isoform. In summary, for the
first time, this study characterized the in vitro activities of the canonical and two divergent
N-terminal HBx isoform proteins (Figure 5) [155].

In 1993, Nakatake et al. [156] performed mutational analyses of HBx in-frame AUGs
showing that transactivator protein products are generated by internal translation initiation.
Importantly, they showed that an HBx mutant construct bearing stop codons at codons
118 or 130 did not transactivate the HBV promoter, whereas a mutant plasmid bearing a
stop codon at the eighth codon retained a good amount of transactivation activity. On
the other hand, an individual HBx construct with a UAG (stop codon) in place of the
first AUG codon (with the other two AUGs intact) could retain one-third of the wild-
type transcriptional activity. Significantly, these findings suggested that the C-terminal
half of the HBx gene bears a critical portion of the potential to transactivate, thus one or
both proteins translated from the AUG codons at positions 79 (AUG2) and 103 (AUG3)
may reflect this activity (Figure 5). Their findings are consistent with the idea that the
carboxy-terminal half of the HBx protein contains the domains that are most crucial for the
transstimulatory function of HBx.
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Finally, and based on their own data [156], the authors raised apprehensions regarding
the use of HBV HBx-deficient constructs bearing mutations contained in the first half of the
protein (at the N-terminal region). They proposed that the most suitable HBV HBx-deficient
mutant is that which has none of the three AUG codons and has, therefore, been made
incompetent for any HBx isoform proteins to be produced.

In 1994, the existence of short HBV HBx gene transcripts produced from an intragenic
X promoter was demonstrated by Zheng et al. [131], by specific primer extension analysis
of RNA isolated from HBV-transfected hepatoma cells. They found several HBx gene
transcripts with diverse 5'-ends and shorter lengths than those reported in the literature.
These shorter transcripts would include the AUG2 of the HBx reading frame and were not
degradation products of the full-length HBx gene transcript.

They also demonstrated that the sequence that contains the segment upstream of the
AUG?2 of the HBx reading frame has an “embedded” promoter. In addition, this promoter
would be functional even if there were no additional viral enhancers or promoters nearby. In
their article, they suggested renaming the new X promoter as the small X (SX) promoter and
renaming the upstream (canonical) HBx promoter as the large X (LX) promoter (Figure 5).

They then created an expression plasmid with the HBV DNA fragment spanning the
AUG2 codon and the 3'-end of the HBx reading frame, under the transcriptional control of
the SV40 enhancer region (and, so, it cannot express the full-length HBx protein). After that,
they ran two different analyses. First, they transiently transfected this plasmid into Huh-7
cells, observing cytoplasmic staining of the cells. This finding supported the translation of
smaller HBx isoforms from these transfected constructs. Second, co-transfection of cells
with the same plasmid was used to assess the transactivation of the adenovirus reporter
VA1 gene construct. The translated smaller HBx isoforms significantly activated the viral
VA1 promoter. Accordingly, functional gene products with the distinctive transactivation
properties of AUG2 (middle) and/or AUGS3 (smaller) HBx proteins were generated from
the short X transcripts [131]. However, it was not determined whether the middle and/or
the small HBx isoforms were produced in these experiments (Figure 5).

In 2003, Leach et al. [157] investigated the effects of full-length HBx and the smaller
alternative translation initiation X proteins on the expression levels of p21 (p21Cip1, alter-
native p21WAF1) and p27 (p27Kip1) cyclin kinase inhibitors (CKIs). Since HBx has both
pro- and anti-proliferative effects, they also analyzed their impact on cell proliferation.

While low dosages of the canonical HBx or AUG2 protein led to increased p21/p27
expression, higher levels decreased p21/p27 expression. DNA synthesis decreased in the
presence of elevated p21 and p27 protein levels and low expression of either canonical HBx,
AUG2, or AUGS3 proteins (Figure 5). In contrast, higher levels of AUG3 isoform expression
led to increased p21/p27 expression and reduction of cell DNA synthesis. The canonical
HBx protein inhibited this effect, suggesting that the full-length X protein has a dominant
effect over the transcriptional control mediated by the smaller HBx proteins. Therefore,
CKI expression and cell proliferation are controlled by the relative levels of canonical HBx,
AUG2, and AUG3 expression. As a result, these findings might also help to explain the
previously disparate impacts of HBx expression on cell proliferation [157].

In 2015, the first genome-wide map of histone PTMs associated with the viral cccDNA
obtained from de novo infected HepG2 cells, primary human hepatocytes, and HBV-
infected liver tissue was published by Tropberger et al. [158]. In these analyses, the histone
PTMs associated with either active or repressive transcriptional states in the cccDNA
were investigated.

Low levels of repressive histone PTMs were found, even at silent HBV promoters,
whereas active histone PTMs were enriched at specific locations within the HBV genome.
Data indicated that the regulatory EnhlI/BCP region lacked nucleosomes. This region was
then followed by a peak of active histone PTMs, resembling the pattern observed at the TSSs
of many cellular transcribed genes. They did not discover similar peaks at the TSS of preS1,
preS2, or HBx viral reading frames. Thus, the HBV regulatory Enhll/BCP region is probably
the more active promoter in de novo infected HepG2-NTCP1 cells. On the other hand,
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they established that there are two discrete peaks of active promoter marks (H3K4me3,
H3K27ac, and H3K122ac) within the HBx gene body, which are particularly pronounced in
HBV-infected primary human hepatocytes and HBV-positive liver tissues [158] (Figure 5).
These results consistently suggested the presence of an embedded intragenic promoter in
the HBx gene and the possible transcriptional generation of smaller HBx isoform proteins.

A report detailing the mapping of HBV promoters was published in 2016 by Al-
tinel et al. [132]. They developed the HBV TSS map utilizing human liver, HCC, and
whole blood from HBV-positive patients, as well as experimental HBV replication sys-
tems. This crucial study was developed by cap analysis of gene expression (CAGE) at a
single-nucleotide resolution.

They identified a faint peak corresponding to a segment of the canonical X promoter,
upstream of the AUG1 of the HBx reading frame (peak 10, nt, 1210-1211). Importantly, they
found a more pronounced peak (peak 11, nt, 1523-1524) between the AUG1 and AUG2
codons (Figure 5). They stated that this might result in the translation of a shorter HBx
protein, when the highly conserved AUG2 is translated [132].

On the other hand, in addition to peaks 10 and 11, a large peak was found at approx-
imately bp 1250, upstream of the first AUG, which may help with the expression of the
canonical HBx protein (mainly detected in samples from HepG2.2.15 cells). Together, these
results suggest that HBV may use several distinct promoters and different transcripts for the
HBx isoform proteins depending on the cell environment and replication conditions [132].

Stadelmayer et al. introduced a fully new technique in 2020 [133], making it simpler
to detect the entire spectrum of viral RNAs. They developed an HBV full-length 5 rapid
amplification of cDNA ends (5-RACE) approach with which they were able to quantify
and describe the entire viral RNA spectrum in both cell culture and chronically infected
patient samples. It is interesting to note that they also investigated the kinetics of how
various viral RNA types are expressed throughout infection. For example, they found that
the HBx mRNA is the earliest transcript detectable, as early as 8 h post-infection in both
HepG2-NTCP cells and PHHs. Importantly, both cells produced short types of the HBx
mRNA transcripts. Consistently, sequencing the 5'-RACE amplicons showed significant
diversity of TSSs on HBx transcripts expressed in either HepG2-NTCP cells or PHHs. These
transcripts can be classified into two types: (i) “canonical” transcripts that start upstream
(TSSs nt 1243 to nt 1338) of the first AUG of HBx and probably code for the full-length HBx
protein and (ii) “shorter” transcripts that start downstream of the first AUG of HBx and
probably code for a shorter version of HBx (Figure 5). They also identified capped and
uncapped HBx viral RNAs present in viral particles [133].

A work using multiomics analyses to study HBV-host interactions throughout the life
cycle of HBV was published in 2021 by Yuan et al. [159].

In cultivated hepatoma cells, they used the recently established Cre/loxP-mediated
recombination method to continually generate recombinant HBV covalently closed circular
DNA (rcccDNA) [160]. Secreted HBcAg was detected by an immunofluorescence assay
72 h after co-transfection of progenitor plasmids of recombinant cccDNA (prcccDNA) and
pCMV-Cre. The “HBV-loaded cells” were subsequently utilized to assess cellular models of
HBYV replication and gene expression, RNA-sequencing ribosomal profiling (Ribo-seq), and
quantitative mass spectrometry analyses.

In the Ribo-seq analysis, one peak showed a previously unidentified translational
event. It was found that the HBx reading frame encodes more than a single protein, since
ribosome footprints were concentrated on mRNA bearing a conserved AUG (AUG2) codon,
indicating a possible internal in-frame translation initiation site (Figure 5). Thus, a shorter
version of the HBx protein (named “HBxZ"” [159]) corresponding to HBx AUG2 or HBx
Middle is produced by the alternative translation start event.

An HBx AUG2 to CUG2 mutation in the HBV genome was performed and compared
with that of the parental WT HBV genome after viral replication. The results indicated that
HBxZ (HBx Middle) expression effectively reduced the expression of the HBV genes, and
the authors proposed that HBxZ limits HBV protein expression in host cells [159].
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In 2021, Hernandez and the members of our lab published a study characterizing
the roles of the HBx isoform proteins during viral replication [142]. In this study, we
initially demonstrated that the three distinct HBx isoform proteins are indeed produced
from the ectopically expressed HBV HBx gene. The names XF (full-length), XM (middle-
length), and XS (short-length/mini HBx) isoform proteins were given to these polypeptides
(Figure 5). We demonstrated through mutagenesis that each of the three isoform proteins
was synthesized independently from the HBx reading frame and that, upon overexpression,
comparable quantities of them were produced.

Following this, the subcellular localization of each HBx isoform protein was inves-
tigated. The canonical HBx protein has distinct subcellular localizations depending on
its expression level. The protein was mainly nuclear at low expression levels but mostly
cytoplasmic at high expression. The HBx XF isoform was mostly restricted to the nuclear
and nucleocytoplasmic compartments. It is interesting to note that the XM isoform pro-
tein and the canonical HBx protein behaved in opposite ways; at low expression levels,
the XM isoform protein was mostly nuclear, but at high expression levels, it was mostly
cytoplasmic. Enigmatically, the HBx XS (mini HBx) isoform protein remained cytoplasmic
at different levels of protein expression. Therefore, we found out that the different HBx
isoform proteins exhibit a variety of intersecting subcellular localizations which might
indicate the various functions that are ongoing during HBV genome replication [142].

Analysis of the two smaller HBx isoform primary sequences uncovered that the HBx
XM isoform bears an intact transactivation region (residues 50 to 154) but lacks the negative
regulatory domain, which consists of residues 1 to 50 (Figure 5). The N-terminus of HBx pro-
tein contains a phylogenetically conserved but disordered and unstructured region, which
includes a Ser/Pro-rich region [94]. The terminal regions of isoform proteins frequently
perform regulatory and signaling functions. By selectively altering the profile of disordered
regions they express, isoform proteins modify their interaction networks [161-163]. As a
result, for example, the content of disordered regions in the various p53 isoform proteins
differs, which is linked to either the establishment or abolishment of interactions with
various factor partners [164] (Figure 4).

For these reasons, we utilized a well-known web server, Predictor of Natural Disor-
dered Regions (PONDR VL-XT) [165,166], to conduct analyses of predicted disordered
regions of the full-length amino acid sequence of the canonical HBx protein. For each of
the ten HBV genotypes (genotypes A to J) that have been described, we used one reference
genome sequence [167]. Results using default parameter-based analysis are depicted in
Figure 7.

Importantly, all the HBx protein sequences from the various HBV genotypes have
features in their profiles that are equivalent to one another. Amino acid sequences of HBx
from the different genotypes show similar tendencies outlining equivalent characteristics.
We found two primary disordered sections in two restricted regions of the protein across
genotypes (Figure 7): (i) residues between 25 and 55, which include the Ser/Pro-rich region,
represent the highest peak of sequence disorder and (ii) residues between 79 and 104, which
contain the H-box, a promiscuous alpha-helix. This second disordered region is enclosed
within the AUG2 to AUG3 segment. As a result, the N-terminus of each HBx isoform
is surrounded by disordered regions; the HBx XM isoform lacks the Ser/Pro-rich region
but retains the second disordered section. However, despite only having less than half
of the HBx transactivation domain, the HBx XS isoform protein contains the alpha-helix
BH3-like (BH: Bcl-2 homology) motif necessary for interaction with the anti-apoptotic
protein Bcl-2 [100,168] (Figure 7). Consequently, given that the HBx isoforms have a variety
of disordered sections, functional domains, and subcellular locations, one might anticipate
significant changes that can affect their activities during protein expression and viral
replication.

By introducing several point mutations directly into the HBV HBx DNA, we were able
to target the expression of all HBx isoform proteins, either individually or in any possible
combination, and we were able to investigate the HBx isoform during viral replication [142].
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Figure 8 outlines the different HBV constructs, as well as the anticipated isoform proteins
expressed by each viral construct.
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Figure 7. HBV HBx multigenotype amino acid sequence analyses of disordered regions. Amino acid
sequences of HBx proteins from reference genotypes were run in the web server Predictor of Natural
Disordered Regions (PONDR VL-XT) [165,166] for each of the ten HBV genotypes (genotypes A to
J) [167]. Results using default parameter-based analysis are depicted.
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Figure 8. Outline of the site-directed mutagenesis carried out on HBV DNA backbone for the
individual or combined expression of the HBx isoform proteins during viral replication. Internal
in-frame translation initiation codons at AUG2 and AUG3 in the HBx reading frame were replaced
by a GUG codon (valine) to prevent translation initiation at the site. To prevent the translation of the
full-length HBx protein, a stop codon was introduced in the eighth codon of the HBx reading frame
and it is indicated by an asterisk (*). Names of each HBV DNA construct are given in right panel as
well as the expressed HBx isoform protein in each case [142].

When the HBV genome was targeted to simultaneously eliminate the expression of all
three HBx isoforms (construct HBV 3X-, Figure 8), levels of cytoplasmic DNA viral core
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particles (cytDNA) were lower than those of the XMS HBV genome. Our HBV XMS viral
construct is comparable to the viral construct that has been utilized as a typical strategy “to
abolish HBx expression” and as an “HBV HBx-deficient” construct [79,81]. By abolishing
the expression of all three HBx isoforms, the transfection with the HBV 3X- construct
reduced the presence of the cytDNA marker to background levels. Neither XF nor XM
alone were sulfficient to restore WT levels of HBV replication, however, cytDNA levels were
similar to those of the WT HBV genome when we transfected the HBV DNA that only
expressed the HBx XS isoform protein (Figure 8).

We also looked for HBsAg and HBeAg, which are secreted markers of acute and active
HBYV replication. The expression of the XS isoform resulted in the highest amount of HBsAg
secretion, 80% of that of WT HBV. On the other hand, the HBeAg value of the HBV XS
genome was identical to that of the WT HBV. As a result, the released viral antigens from
the WT HBV genome and the HBV XS genome were nearly equivalent. Together, these
findings suggest that the HBV viral cycle strongly depends on the HBx XS isoform.

We investigated whether the HBx XS (mini HBx) isoform contributes to the formation
of an active HBV chromatin state. First, we investigated if certain HBx isoform proteins
can bind to the viral cccDNA nuclear intermediate. For this, we co-transfected constructs
that each expressed HBx XE, XM, or XS isoform proteins tagged at their C-terminal with
GFP protein with the WT HBV DNA genome in HepG2 cells. We performed chromatin
immunoprecipitation (ChIP) analyses against GFP protein. Interestingly, of the different
individual HBx isoform proteins that were assessed, only the HBx XS isoform was found at
the viral core promoter. Next, we looked at the histone PTMs linked to the cccDNA viral
nuclear intermediate. HepG2 cells were transfected with either the WT HBV DNA, the
HBYV 3X- construct, or the HBV XS construct and we conducted ChIP experiments against
either the active H3K4me3 mark or the repressive H3K9me2 with a focus on the viral core
promoter. Both the WT and HBV XS cccDNA contained more of the transcriptionally active
H3K4me3 mark, whereas the mutant HBV3X- genome contained more of the transcrip-
tionally inactive histone repressive H3K9me2 mark. The transcriptional activity of the
HBx proteins is in line with these findings. Thus, because the HBx XS (mini HBx) isoform
protein is capable of binding to the viral core promoter DNA and this isoform is enough to
generate an active HBV chromatin state, HBx XS (mini HBx) isoform protein is then crucial
to fully recapitulate HBV replication.

2. Conclusions and Future Directions

The number of known divergent N-terminal isoform proteins is growing, and there
are examples from varied eukaryotes such as mammals, plants, and yeast [26,27]. In pho-
tosynthetic eukaryotes, the ATP sulfurylase (ATPS) enzyme isoforms show a differential
subcellular localization in both plastids and cytosol [169]. In the yeast Saccharomyces cere-
visige, the two isoform proteins of glutathione reductase (GR) generate either mitochondrial
or cytoplasm pools of the enzyme [170]. Moreover, in animal cells, the generation of
isoform proteins takes place on gene products such as the polypyrimidine tract-binding
protein (PTBP1), mitochondrial antiviral-signaling protein (MAVS) [171,172], Runt-related
transcription factor 1 RUNX1 [173], p53 [174], caspase-2 [175], stress-activated protein
kinase MK2 (stress/p38MAPK-activated protein kinase MK2) [176], glucocorticoid receptor
(GR) [177], tumor suppressor phosphatase and tensin homolog (PTEN) [178], and human
c-Myec proto-oncogene [179]. For HBV HBx, the occurrence of N-terminal divergent isoform
proteins will modify the canonical, multifunctional, and unique HBx protein paradigm
by changing the concept into different isoforms, each performing distinct overlapping
roles at different intracellular sites during HBV genome replication. We strongly advise
researchers to pay extreme attention when performing site-directed mutagenesis in either
the individual HBx reading frame or the HBV HBx backbone and consider the targeting of
unexpected changes carried out not only in the canonical HBx reading frame but also in
the smaller HBx isoforms.
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Unfortunately, after far more than three decades of research on HBV HBx, not only the
exact mechanism of action but also the precise regulation of its many different functions
remain elusive. However, HBx is considered to be essential for HBV genome replication, as
discussed above. Table 52 (Supplementary Materials) summarizes the main characteristics
of the canonical and HBx isoform proteins to date.

Even though this subject has been comfortably ignored for decades, this re-discovery
of the roles of HBx isoform proteins not only in HBV replication but also possibly in
cell pathogenesis will make it even more complex to individualize their biological roles
in infected cells [142]. HBx has no homologous protein or known functional relatives.
However, different regulation pathways remain unexplored. For example, for the hep-
atitis D virus antigen (HDVAg), two main isoform proteins are functionally regulated
by post-translational modifications [180]. On the other hand, the roles of the chromatin
and non-chromatin histone isoform proteins are tightly regulated by post-translational
modifications [181]. Thus, we finally ask, are the roles and subcellular localizations for
the canonical and HBx isoform proteins controlled, for example, by post-translational
modification, adding different functional groups to the different protein backbones [182]?
Regarding this, we have recently shown that the subcellular localization of the canonical
HBx might be regulated by phosphorylation on phylogenetically conserved amino acid
residues [110] and, therefore, this is a subject that we certainly should assess next.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/biomedicines11061674/s1, Table S1: Predicted proteins from HBV-encoded reading frames
based on reliability of AUG initiation codons; Table S2: Main characteristics of the canonical and HBx
isoform proteins.

Author Contributions: R.A.V. and A.L. conceived and designed the manuscript. R.A.V. and A.L.
analyzed the information and wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the grants Centro Ciencia & Vida FB210008, Financiamiento
Basal para Centros Cientificos y Tecnolégicos de Excelencia, and FONDECYT 1200577 from the
National Agency of Research and Development (ANID).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No new data were created.

Acknowledgments: We are unreservedly grateful to all members of the Laboratory of Hepatitis
Viruses for their dedication, collaboration, and disposition throughout this research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Seeger, C.; Mason, W. Molecular biology of hepatitis B virus infection. Virology 2015, 479, 672-686. [CrossRef] [PubMed]

2. Tong, S.; Revill, P. Overview of hepatitis B viral replication and genetic variability. |. Hepatol. 2016, 64, S4-516. [CrossRef]
[PubMed]

3. Hernandez, S.; Venegas, M.; Brahm, J.; Villanueva, R. Full-genome sequence of a hepatitis B virus genotype F1b clone from a
chronically infected Chilean patient. Genome Announc. 2014, 2, €01075-01014. [CrossRef]

4.  Hernandez, S.; Jiménez, G.; Alarcén, V,; Prieto, C.; Mufioz, E; Riquelme, C.; Venegas, M.; Brahm, J.; Loyola, A.; Villanueva, R.
Replication of a chronic hepatitis B virus genotype F1b construct. Arch. Virol. 2016, 161, 583-594. [CrossRef] [PubMed]

5. Pujol, E; Jaspe, R.; Loureiro, C.; Chemin, I. Hepatitis B virus American genotypes: Pathogenic variants? Clin. Res. Hepatol.
Gastroenterol. 2020, 44, 825-835. [CrossRef]

6.  Livingston, S.; Simonetti, ].; McMahon, B.; Bulkow, L.; Hurlburt, K.; Homan, C.; Snowball, M.; Cagle, H.; Williams, J.; Chulanov, V.
Hepatitis B virus genotypes in Alaska Native people with hepatocellular carcinoma: Preponderance of genotype F. J. Infect. Dis.
2007, 195, 5-11. [CrossRef]

7. Ching, L.; Gounder, P.; Bulkow, L.; Spradling, P.; Bruce, M.; Negus, S.; Snowball, M.; McMahon, B. Incidence of hepatocellular
carcinoma according to hepatitis B virus genotype in Alaska Native people. Liver Int. 2016, 36, 1507-1515. [CrossRef]


https://www.mdpi.com/article/10.3390/biomedicines11061674/s1
https://www.mdpi.com/article/10.3390/biomedicines11061674/s1
https://doi.org/10.1016/j.virol.2015.02.031
https://www.ncbi.nlm.nih.gov/pubmed/25759099
https://doi.org/10.1016/j.jhep.2016.01.027
https://www.ncbi.nlm.nih.gov/pubmed/27084035
https://doi.org/10.1128/genomeA.01075-14
https://doi.org/10.1007/s00705-015-2702-x
https://www.ncbi.nlm.nih.gov/pubmed/26620585
https://doi.org/10.1016/j.clinre.2020.04.018
https://doi.org/10.1086/509894
https://doi.org/10.1111/liv.13129

Biomedicines 2023, 11, 1674 19 of 25

10.

11.

12.

13.

14.
15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

Kowalec, K.; Minuk, G.; Berresen, M.; Koch, A.; McMahon, B.; Simons, B.; Osiowy, C. Genetic diversity of hepatitis B virus
genotypes B6, D and F among circumpolar indigenous individuals. J. Viral. Hepat. 2013, 20, 122-130. [CrossRef]

Panduro, A.; Maldonado-Gonzalez, M.; Fierro, N.; Roman, S. Distribution of HBV genotypes F and H in Mexico and Central
America. Antivir. Ther. 2013, 18, 475-484. [CrossRef]

Roman, S.; Panduro, A. HBV endemicity in Mexico is associated with HBV genotypes H and G. World J. Gastroenterol. 2013, 19,
5446-5453. [CrossRef]

Roman, S.; Tanaka, Y.; Khan, A.; Kurbanov, F,; Kato, H.; Mizokami, M.; Panduro, A. Occult hepatitis B in the genotype H-infected
Nahuas and Huichol native Mexican population. J. Med. Virol. 2010, 82, 1527-1536. [CrossRef] [PubMed]

Ruiz-Tachiquin, M.; Valdez-Salazar, H.; Judrez-Barreto, V.; Dehesa-Violante, M.; Torres, J.; Mufioz-Hernandez, O.; Alvarez-Muioz,
M. Molecular analysis of hepatitis B virus “a” determinant in asymptomatic and symptomatic Mexican carriers. Virol. ]. 2007, 4, 6.
[CrossRef] [PubMed]

Escobedo-Melendez, G.; Panduro, A.; Fierro, N.; Roman, S. High prevalence of occult hepatitis B virus genotype H infection
among children with clinical hepatitis in west Mexico. Mem. Inst. Oswaldo Cruz 2014, 109, 728-737. [CrossRef] [PubMed]
Kwon, S.; Lee, C. Epidemiology and prevention of hepatitis B virus infection. Korean J. Hepatol. 2011, 17, 87-95. [CrossRef]

Liu, Y.; Maya, S.; Ploss, A. Animal Models of Hepatitis B Virus Infection—Success, Challenges, and Future Directions. Viruses
2021, 13, 777. [CrossRef]

Rabe, B.; Delaleau, M.; Bischof, A.; Foss, M.; Sominskaya, I.; Pumpens, P.; Cazenave, C.; Castroviejo, M.; Kann, M. Nuclear entry
of hepatitis B virus capsids involves disintegration to protein dimers followed by nuclear reassociation to capsids. PLoS Pathog.
2009, 5, e1000563. [CrossRef]

Hong, X.; Kim, E.; Guo, H. Epigenetic regulation of hepatitis B virus covalently closed circular DNA: Implications for epigenetic
therapy against chronic hepatitis B. Hepatology 2017, 66, 2066—2077. [CrossRef]

Tsukuda, S.; Watashi, K. Hepatitis B virus biology and life cycle. Antivir. Res. 2020, 182, 104925. [CrossRef]

Stahl, M.; Beck, J.; Nassal, M. Chaperones activate hepadnavirus reverse transcriptase by transiently exposing a C-proximal
region in the terminal protein domain that contributes to epsilon RNA binding. . Virol. 2007, 81, 13354-13364. [CrossRef]
Prange, R. Host factors involved in hepatitis B virus maturation, assembly, and egress. Med. Microbiol. Immunol. 2012, 201,
449-461. [CrossRef]

Hu, J.; Liu, K. Complete and Incomplete Hepatitis B Virus Particles: Formation, Function, and Application. Viruses 2017, 9, 56.
[CrossRef] [PubMed]

Bousali, M.; Papatheodoridis, G.; Paraskevis, D.; Karamitros, T. Hepatitis B Virus DNA Integration, Chronic Infections and
Hepatocellular Carcinoma. Microorganisms 2021, 9, 1787. [CrossRef]

Bill, C.; Summers, J. Genomic DNA double-strand breaks are targets for hepadnaviral DNA integration. Proc. Natl. Acad. Sci.
USA 2004, 101, 11135-11140. [CrossRef]

Levrero, M.; Zucman-Rossi, ]. Mechanisms of HBV-induced hepatocellular carcinoma. J. Hepatol. 2016, 64, S84-5101. [CrossRef]
[PubMed]

Wooddell, C.; Yuen, M.; Chan, H.; Gish, R.; Locarnini, S.; Chavez, D.; Ferrari, C.; Given, B.; Hamilton, J.; Kanner, S.; et al.
RNAi-based treatment of chronically infected patients and chimpanzees reveals that integrated hepatitis B virus DNA is a source
of HBsAg. Sci. Transl. Med. 2017, 9, eaan0241. [CrossRef] [PubMed]

Bogaert, A.; Fernandez, E.; Gevaert, K. N-Terminal Proteoforms in Human Disease. Trends Biochem. Sci. 2020, 45, 308-320.
[CrossRef]

James, C.; Smyth, J. Alternative mechanisms of translation initiation: An emerging dynamic regulator of the proteome in health
and disease. Life Sci. 2018, 212, 138-144. [CrossRef]

Kozak, M. Point mutations define a sequence flanking the AUG initiator codon that modulates translation by eukaryotic
ribosomes. Cell 1986, 44, 283-292. [CrossRef] [PubMed]

Kozak, M. At least six nucleotides preceding the AUG initiator codon enhance translation in mammalian cells. Cell 1987, 196,
947-950. [CrossRef]

Kozak, M. Regulation of translation via mRNA structure in prokaryotes and eukaryotes. Genes 2005, 361, 13-37. [CrossRef]
Klerk, E.; Hoen, P. Alternative mRNA transcription, processing, and translation: Insights from RNA sequencing. Trends Genet.
2015, 31, 128-139. [CrossRef] [PubMed]

Sriram, A.; Bohlen, J.; Teleman, A. Translation acrobatics: How cancer cells exploit alternate modes of translational initiation.
EMBO Rep. 2018, 19, e45947. [CrossRef] [PubMed]

Nishikawa, T.; Ota, T.; Isogai, T. Prediction whether a human cDNA sequence contains initiation codon by combining statistical
information and similarity with protein sequences. Bioinformatics 2000, 16, 960-967. [CrossRef]

Lo, S.; Sheu, S.; Lin, C.-G. Translational regulation of hepatitis B viral gene expression. J. Gastroenterol. Hepatol. 1993, 8, S45-553.
[CrossRef]

Russnak, R.; Ganem, D. Sequences 5 to the polyadenylation signal mediate differential poly(A) site use in hepatitis B viruses.
Genes Dev. 1990, 4, 764-776. [CrossRef]

Slagle, B.; Bouchard, M. Hepatitis B Virus X and Regulation of Viral Gene Expression. Cold Spring Harb. Perspect. Med. 2016,
6,a021402. [CrossRef]


https://doi.org/10.1111/j.1365-2893.2012.01632.x
https://doi.org/10.3851/IMP2605
https://doi.org/10.3748/wjg.v19.i33.5446
https://doi.org/10.1002/jmv.21846
https://www.ncbi.nlm.nih.gov/pubmed/20648606
https://doi.org/10.1186/1743-422X-4-6
https://www.ncbi.nlm.nih.gov/pubmed/17217533
https://doi.org/10.1590/0074-0276140058
https://www.ncbi.nlm.nih.gov/pubmed/25099333
https://doi.org/10.3350/kjhep.2011.17.2.87
https://doi.org/10.3390/v13050777
https://doi.org/10.1371/journal.ppat.1000563
https://doi.org/10.1002/hep.29479
https://doi.org/10.1016/j.antiviral.2020.104925
https://doi.org/10.1128/JVI.01196-07
https://doi.org/10.1007/s00430-012-0267-9
https://doi.org/10.3390/v9030056
https://www.ncbi.nlm.nih.gov/pubmed/28335554
https://doi.org/10.3390/microorganisms9081787
https://doi.org/10.1073/pnas.0403925101
https://doi.org/10.1016/j.jhep.2016.02.021
https://www.ncbi.nlm.nih.gov/pubmed/27084040
https://doi.org/10.1126/scitranslmed.aan0241
https://www.ncbi.nlm.nih.gov/pubmed/28954926
https://doi.org/10.1016/j.tibs.2019.12.009
https://doi.org/10.1016/j.lfs.2018.09.054
https://doi.org/10.1016/0092-8674(86)90762-2
https://www.ncbi.nlm.nih.gov/pubmed/3943125
https://doi.org/10.1016/0022-2836(87)90418-9
https://doi.org/10.1016/j.gene.2005.06.037
https://doi.org/10.1016/j.tig.2015.01.001
https://www.ncbi.nlm.nih.gov/pubmed/25648499
https://doi.org/10.15252/embr.201845947
https://www.ncbi.nlm.nih.gov/pubmed/30224410
https://doi.org/10.1093/bioinformatics/16.11.960
https://doi.org/10.1111/j.1440-1746.1993.tb01681.x
https://doi.org/10.1101/gad.4.5.764
https://doi.org/10.1101/cshperspect.a021402

Biomedicines 2023, 11, 1674 20 of 25

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.
62.

63.
64.

65.

66.
67.

Yuh, C.; Ting, L. The genome of hepatitis B virus contains a second enhancer: Cooperation of two elements within this enhancer
is required for its function. J. Virol. 1990, 64, 4281-4287. [CrossRef]

Turton, K.; Meier-Stephenson, V.; Badmalia, M.; Coffin, C.; Patel, T. Host Transcription Factors in Hepatitis B Virus RNA Synthesis.
Viruses 2020, 12, 160. [CrossRef]

Lin, C; Lo, S. Evidence for involvement of a ribosomal leaky scanning mechanism in the translation of the hepatitis B virus pol
gene from the viral pregenome RNA. Virology 1992, 188, 342-352. [CrossRef]

Fouillot, N.; Tlouzeau, S.; Rossignol, J.; Jean-Jean, O. Translation of the hepatitis B virus P gene by ribosomal scanning as an
alternative to internal initiation. J. Virol. 1993, 67, 4886-4895. [CrossRef]

Seitz, S.; Habjanic, J.; Schiitz, A.; Bartenschlager, R. The Hepatitis B Virus Envelope Proteins: Molecular Gymnastics Throughout
the Viral Life Cycle. Annu. Rev. Virol. 2020, 7, 263-288. [CrossRef]

Diab, A.; Foca, A.; Zoulim, E; Durantel, D.; Andrisani, O. The diverse functions of the hepatitis B core/capsid protein (HBc) in
the viral life cycle: Implications for the development of HBc-targeting antivirals. Antivir. Res. 2018, 149, 211-220. [CrossRef]
Jones, S.; Hu, ]. Hepatitis B virus reverse transcriptase: Diverse functions as classical and emerging targets for antiviral
intervention. Emerg. Microbes Infect. 2013, 2, e56. [CrossRef]

Grice, S.L. Human immunodeficiency virus reverse transcriptase: 25 years of research, drug discovery, and promise. ]. Biol. Chem.
2012, 287, 40850-40857. [CrossRef]

Ou, J.; Laub, O.; Rutter, W. Hepatitis B virus gene function: The precore region targets the core antigen to cellular membranes and
causes the secretion of the e antigen. Proc. Natl. Acad. Sci. USA 1986, 83, 1578-1582. [CrossRef]

Yaginuma, K.; Shirakata, Y.; Kobayashi, M.; Koike, K. Hepatitis B virus (HBV) particles are produced in a cell culture system by
transient expression of transfected HBV DNA. Proc. Natl. Acad. Sci. USA 1987, 84, 2678-2682. [CrossRef]

Standring, D.; Ou, J.; Masiarz, E; Rutter, W. A signal peptide encoded within the precore region of hepatitis B virus directs
the secretion of a heterogeneous population of e antigens in Xenopus oocytes. Proc. Natl. Acad. Sci. USA 1988, 85, 8405-8409.
[CrossRef]

Ito, K.; Kim, K,; Lok, A.; Tong, S. Characterization of genotype-specific carboxyl-terminal cleavage sites of hepatitis B virus e
antigen precursor and identification of furin as the candidate enzyme. J. Virol. 2009, 83, 3507-3517. [CrossRef]

Zhao, E; Xie, X.; Tan, X.; Yu, H.; Tian, M.; Lv, H.; Qin, C.; Qj, J.; Zhu, Q. The Functions of Hepatitis B Virus Encoding Proteins:
Viral Persistence and Liver Pathogenesis. Front. Immunol. 2021, 12, 691766. [CrossRef]

Milich, D.; Liang, T. Exploring the biological basis of hepatitis B e antigen in hepatitis B virus infection. Hepatology 2003, 38,
1075-1086. [CrossRef]

Raney, A.; Milich, D.; Easton, A.; McLachlan, A. Differentiation-specific transcriptional regulation of the hepatitis B virus large
surface antigen gene in human hepatoma cell lines. J. Virol. 1990, 64, 2360-2368. [CrossRef]

Standring, D.; Ou, J.; Rutter, W. Assembly of viral particles in Xenopus oocytes: Pre-surface-antigens regulate secretion of the
hepatitis B viral surface envelope particle. Proc. Natl. Acad. Sci. USA 1986, 83, 9338-9342. [CrossRef]

Heermann, K.; Goldmann, U.; Schwartz, W.; Seyffarth, T.; Baumgarten, H.; Gerlich, W. Large surface proteins of hepatitis B virus
containing the pre-s sequence. J. Virol. 1984, 52, 396—402. [CrossRef]

Cattaneo, R.; Will, H.; Hernandez, N.; Schaller, H. Signals regulating hepatitis B surface antigen transcription. Nature 1983, 305,
336-338. [CrossRef]

Standring, D.; Rutter, W.; Varmus, H.; Ganem, D. Transcription of the hepatitis B surface antigen gene in cultured murine cells
initiates within the presurface region. J. Virol. 1984, 50, 563-571. [CrossRef]

Ou, J.; Rutter, W. Regulation of secretion of the hepatitis B virus major surface antigen by the preS-1 protein. J. Virol. 1987, 61,
782-786. [CrossRef]

Lee, Y.; Rio, D. Mechanisms and Regulation of Alternative Pre-mRNA Splicing. Annu. Rev. Biochem. 2015, 84, 291-323. [CrossRef]
Shi, Y. Mechanistic insights into precursor messenger RNA splicing by the spliceosome. Nat. Rev. Mol. Cell Biol. 2017, 18, 655-670.
[CrossRef]

Wang, Y.; Liu, J.; Huang, B.; Xu, Y; Li, J.; Huang, L.; Lin, J.; Zhang, J.; Min, Q.; Yang, W.; et al. Mechanism of alternative splicing
and its regulation. Biomed. Rep. 2015, 3, 152-158. [CrossRef]

Neves, G.; Zucker, J.; Daly, M.; Chess, A. Stochastic yet biased expression of multiple Dscam splice variants by individual cells.
Nat Genet 2004, 36, 240-246. [CrossRef]

Ajiro, M.; Zheng, Z. Oncogenes and RNA splicing of human tumor viruses. Emerg. Microbes Infect. 2014, 3, €63. [CrossRef]
Cross, S.; Michalski, D.; Miller, M.; Wilusz, . RNA regulatory processes in RNA virus biology. Wiley Interdiscip. Rev. 2019, 10,
e1536. [CrossRef]

Emery, A.; Swanstrom, R. HIV-1: To Splice or Not to Splice, That Is the Question. Viruses 2021, 13, 181. [CrossRef]

Zheng, Z. Viral oncogenes, noncoding RNAs, and RNA splicing in human tumor viruses. Int. |. Biol. Sci. 2010, 6, 730-755.
[CrossRef]

Wu, C.; Kajitani, N.; Schwartz, S. Splicing and Polyadenylation of Human Papillomavirus Type 16 mRNAs. Int. . Mol. Sci. 2017,
18, 366. [CrossRef]

Sommer, G.; Heise, T. Posttranscriptional control of HBV gene expression. Front. Biosci. 2008, 13, 5533-5547. [CrossRef]

Hantz, O.; Baginski, I.; Fourel, I.; Chemin, I.; Trepo, C. Viral spliced RNA are produced, encapsidated and reverse transcribed
during in vivo woodchuck hepatitis virus infection. Virology 1992, 190, 193-200. [CrossRef]


https://doi.org/10.1128/jvi.64.9.4281-4287.1990
https://doi.org/10.3390/v12020160
https://doi.org/10.1016/0042-6822(92)90763-F
https://doi.org/10.1128/jvi.67.8.4886-4895.1993
https://doi.org/10.1146/annurev-virology-092818-015508
https://doi.org/10.1016/j.antiviral.2017.11.015
https://doi.org/10.1038/emi.2013.56
https://doi.org/10.1074/jbc.R112.389056
https://doi.org/10.1073/pnas.83.6.1578
https://doi.org/10.1073/pnas.84.9.2678
https://doi.org/10.1073/pnas.85.22.8405
https://doi.org/10.1128/JVI.02348-08
https://doi.org/10.3389/fimmu.2021.691766
https://doi.org/10.1053/jhep.2003.50453
https://doi.org/10.1128/jvi.64.5.2360-2368.1990
https://doi.org/10.1073/pnas.83.24.9338
https://doi.org/10.1128/jvi.52.2.396-402.1984
https://doi.org/10.1038/305336a0
https://doi.org/10.1128/jvi.50.2.563-571.1984
https://doi.org/10.1128/jvi.61.3.782-786.1987
https://doi.org/10.1146/annurev-biochem-060614-034316
https://doi.org/10.1038/nrm.2017.86
https://doi.org/10.3892/br.2014.407
https://doi.org/10.1038/ng1299
https://doi.org/10.1038/emi.2014.62
https://doi.org/10.1002/wrna.1536
https://doi.org/10.3390/v13020181
https://doi.org/10.7150/ijbs.6.730
https://doi.org/10.3390/ijms18020366
https://doi.org/10.2741/3097
https://doi.org/10.1016/0042-6822(92)91205-9

Biomedicines 2023, 11, 1674 21 of 25

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Obert, S.; Zachmann-Brand, B.; Deindl, E.; Tucker, W.; Bartenschlager, R.; Schaller, H. A splice hepadnavirus RNA that is essential
for virus replication. EMBO ]. 1996, 15, 2565-2574. [CrossRef]

Lim, C; Sozzi, V,; Littlejohn, M.; Yuen, L.; Warner, N.; Betz-Stablein, B.; Luciani, F; Revill, P; Brown, C. Quantitative analysis of
the splice variants expressed by the major hepatitis B virus genotypes. Microb. Genom. 2021, 7, mgen000492. [CrossRef]
Rosmorduc, O.; Petit, M.; Pol, S.; Capel, E; Bortolotti, F.; Berthelot, P.; Brechot, C.; Kremsdorf, D. In vivo and in vitro expression
of defective hepatitis B virus particles generated by spliced hepatitis B virus RNA. Hepatology 1995, 22, 10-19.

Giinther, S.; Sommer, G.; Iwanska, A.; Will, H. Heterogeneity and common features of defective hepatitis B virus genomes derived
from spliced pregenomic RNA. Virology 1997, 238, 363-371. [CrossRef]

Soussan, P.; Garreau, F.; Zylberberg, H.; Ferray, C.; Brechot, C.; Kremsdorf, D. In vivo expression of a new hepatitis B virus protein
encoded by a spliced RNA. J. Clin. Investig. 2000, 105, 55-60. [CrossRef]

Soussan, P; Tuveri, R.; Nalpas, B.; Garreau, F.; Zavala, F; Masson, A.; Pol, S.; Brechot, C.; Kremsdorf, D. The expression of
hepatitis B spliced protein (HBSP) encoded by a spliced hepatitis B virus RNA is associated with viral replication and liver
fibrosis. J. Hepatol. 2003, 38, 343-348. [CrossRef]

Wu, S.; Chen, W,; Jing, Z.; Liu, W.; Lin, X.; Lin, X. Hepatitis B Spliced Protein (HBSP) Suppresses Fas-Mediated Hepatocyte
Apoptosis via Activation of PI3K/ Akt Signaling. J. Virol. 2018, 92, €01273-18. [CrossRef]

Park, G.; Kim, H.; Shin, H.; Park, S.; Shin, H.; Kim, K. Modulation of hepatitis B virus replication by expression of polymerase-
surface fusion protein through splicing: Implications for viral persistence. Virus Res. 2008, 136, 166—174. [CrossRef]

Huang, H.; Jeng, K.; Hu, C,; Tsai, C.; Lo, S.; Chang, C. Identification and characterization of a structural protein of hepatitis B
virus: A polymerase and surface fusion protein encoded by a spliced RNA. Virology 2000, 275, 398—410. [CrossRef]

Ma, Z; Lin, X,; Wang, Y.; Tian, X.; Xie, Y.; Wen, Y. A double-spliced defective hepatitis B virus genome derived from hepatocellular
carcinoma tissue enhanced replication of full-length virus. J. Med. Virol. 2009, 81, 230-237. [CrossRef]

Chen, W,; Chen, J.; Lin, W,; Lin, J.; Lin, X. Hepatitis B doubly spliced protein, generated by a 2.2 kb doubly spliced hepatitis
B virus RNA; is a pleiotropic activator protein mediating its effects via activator protein-1- and CCAAT/enhancer-binding
protein-binding sites. J. Gen. Virol. 2010, 91, 2592-2600. [CrossRef]

Blum, H.E.; Zhang, Z.; Galun, E.; Weizsacker, F.; Garner, B.; Liang, T.; Wands, J. Hepatitis B virus X protein is not central to the
viral life cycle in vitro. J. Virol. 1992, 66, 1223-1227. [CrossRef]

Lucifora, J.; Arzberger, S.; Durantel, D.; Belloni, L.; Strubin, M.; Levrero, M.; Zoulim, F; Hantz, O.; Protzer, U. Hepatitis B virus X
protein is essential to initiate and maintain virus replication after infection. J. Hepatol. 2011, 55, 996-1003. [CrossRef]

Melegari, M.; Scaglioni, P.; Wands, ]. Cloning and characterization of a novel hepatitis B virus x binding protein that inhibits
viral replication. . Virol. 1998, 72, 1737-1743. [CrossRef]

Murakami, S.; Cheong, J.; Kaneko, S. Human hepatitis B virus X gene encodes a regulatory domain which represses transactivation
of X protein. J. Biol. Chem. 1994, 269, 15118-15123. [CrossRef] [PubMed]

Tang, H.; Oishi, N.; Kaneko, S.; Murakami, S. Molecular functions and biological roles of hepatitis B virus x protein. Cancer Sci.
2006, 97, 977-983. [CrossRef]

Kumar, V.; Sarkar, D. Hepatitis B Virus X Protein: Structure—Function Relationships and Role in Viral Pathogenesis. HEP 2004,
166, 377-407.

Misra, K.; Mukherji, A.; Kumar, V. The conserved amino-terminal region (amino acids 1-20) of the hepatitis B virus X protein
shows a transrepression function. Virus Res. 2004, 105, 157-165. [CrossRef]

Gottlob, K.; Pagano, S.; Levrero, M.; Graessmann, A. Hepatitis B virus X protein transcription activation domains are neither
required nor sufficient for cell transformation. Cancer Res. 1998, 58, 3566-3570. [PubMed]

Kumar, V,; Jayasuryan, N.; Kumar, R. A truncated mutant (residues 58-140) of the hepatitis B virus X protein retains transactivation
function. Proc. Natl. Acad. Sci. USA 1996, 93, 5647-5652. [CrossRef] [PubMed]

Arii, M.; Takada, S.; Koike, K. Identification of three essential regions of hepatitis B virus X protein for trans-activation function.
Oncogene 1992, 7, 397-403.

Nijhara, R; Jana, S.; Goswami, S.; Kumar, V.; Sarkar, D. An internal segment (residues 58-119) of the hepatitis B virus X protein is
sufficient to activate MAP kinase pathways in mouse liver. FEBS Lett. 2001, 504, 59-64. [CrossRef]

Reddi, H.; Kumar, R;; Jain, S.; Kumar, V. A carboxy-terminal region of the hepatitis B virus X protein promotes DNA interaction
of CREB and mimics the native protein for transactivation function. Virus Genes 2003, 26, 227-238. [CrossRef]

Lizzano, R.; Yang, B.; Clippinger, A.; Bouchard, M. The C-terminal region of the hepatitis B virus X protein is essential for its
stability and function. Virus Res. 2011, 155, 231-239. [CrossRef]

Huh, K.; Siddiqui, A. Characterization of the mitochondrial association of hepatitis B virus X protein, HBx. Mitochondrion 2002, 1,
349-359. [CrossRef]

McClain, S.; Clippinger, A.; Lizzano, R.; Bouchard, M. Hepatitis B virus replication is associated with an HBx-dependent
mitrochondrion-regulated increase in cytosolic calcium levels. J. Virol. 2007, 81, 12061-12065. [CrossRef]

Lee, S.; Cha, E.; Lim, J.; Kwon, S.; Kim, D.; Cho, H.; Han, K. Structural characterization of an intrinsically unfolded mini-HBX
protein from hepatitis B virus. Mol. Cells 2012, 34, 165-169. [CrossRef] [PubMed]

Moura, P; Rui, E.; Gongalves, K.D.A.; Kobarg, J. The cysteine residues of the hepatitis B virus onco-protein HBx are not required
for its interaction with RNA or with human p53. Virus Res. 2005, 108, 121-131. [CrossRef] [PubMed]


https://doi.org/10.1002/j.1460-2075.1996.tb00614.x
https://doi.org/10.1099/mgen.0.000492
https://doi.org/10.1006/viro.1997.8863
https://doi.org/10.1172/JCI8098
https://doi.org/10.1016/S0168-8278(02)00422-1
https://doi.org/10.1128/JVI.01273-18
https://doi.org/10.1016/j.virusres.2008.05.005
https://doi.org/10.1006/viro.2000.0478
https://doi.org/10.1002/jmv.21393
https://doi.org/10.1099/vir.0.022517-0
https://doi.org/10.1128/jvi.66.2.1223-1227.1992
https://doi.org/10.1016/j.jhep.2011.02.015
https://doi.org/10.1128/JVI.72.3.1737-1743.1998
https://doi.org/10.1016/S0021-9258(17)36581-X
https://www.ncbi.nlm.nih.gov/pubmed/8195148
https://doi.org/10.1111/j.1349-7006.2006.00299.x
https://doi.org/10.1016/j.virusres.2004.05.006
https://www.ncbi.nlm.nih.gov/pubmed/9721862
https://doi.org/10.1073/pnas.93.11.5647
https://www.ncbi.nlm.nih.gov/pubmed/8643631
https://doi.org/10.1016/S0014-5793(01)02773-9
https://doi.org/10.1023/A:1024491028647
https://doi.org/10.1016/j.virusres.2010.10.013
https://doi.org/10.1016/S1567-7249(01)00040-X
https://doi.org/10.1128/JVI.00740-07
https://doi.org/10.1007/s10059-012-0060-z
https://www.ncbi.nlm.nih.gov/pubmed/22820921
https://doi.org/10.1016/j.virusres.2004.08.018
https://www.ncbi.nlm.nih.gov/pubmed/15681062

Biomedicines 2023, 11, 1674 22 of 25

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

120.

121.

Damme, E.V;; Vanhove, ].; Severyn, B.; Verschueren, L.; Pauwels, F. The Hepatitis B Virus Interactome: A Comprehensive
Overview. Front. Microbiol. 2021, 12, 724877. [CrossRef] [PubMed]

Deng, L.; Gan, X.; Ito, M.; Chen, M.; Aly, H.; Matsui, C.; Abe, T.; Watashi, K.; Wakita, T.; Suzuki, T.; et al. Peroxiredoxin 1, a Novel
HBx-Interacting Protein, Interacts with Exosome Component 5 and Negatively Regulates Hepatitis B Virus (HBV) Propagation
through Degradation of HBV RNA. J. Virol. 2019, 93, e02203-e02218. [CrossRef]

Tang, Y.; Zhang, Y.; Wang, C.; Sun, Z.; Li, L.; Dong, J.; Zhou, W. 14-3-3( binds to hepatitis B virus protein X and maintains its
protein stability in hepatocellular carcinoma cells. Cancer Med. 2018, 7, 5543-5553. [CrossRef]

Li, T.; Robert, E.; Breugel, P.; Strubin, M.; Zheng, N. A promiscuous alpha-helical motif anchors viral hijackers and substrate
receptors to the CUL4-DDB1 ubiquitin ligase machinery. Nat. Struct. Mol. Biol. 2010, 17, 105-111. [CrossRef] [PubMed]

Zhang, T.; Chen, H.; Cao, J.; Xiong, H.; Mo, X,; Li, T.; Kang, X.; Zhao, J.; Yin, B.; Zhao, X.; et al. Structural and functional analyses
of hepatitis B virus X protein BH3-like domain and Bcl-xL interaction. Nat. Commun. 2019, 10, 3192. [CrossRef]

Lin, Y.; Nomura, T.; Yamashita, T.; Dorjsuren, D.; Tang, H.; Murakami, S. The transactivation and p53-interacting functions of
hepatitis B virus X protein are mutually interfering but distinct. Cancer Res. 1997, 57, 5137-5142. [PubMed]

Dandri, M.; Schirmache, P.; Rogler, C. Woodchuck hepatitis virus X protein is present in chronically infected woodchuck liver
and woodchuck hepatocellular carcinomas which are permissive for viral replication. J. Virol. 1996, 70, 5246-5254. [CrossRef]
[PubMed]

Sirma, H.; Giannini, C.; Poussin, K.; Paterlini, P.; Kremsdorf, D.; Bréchot, C. Hepatitis B virus X mutants, present in hepatocellular
carcinoma tissue abrogate both the antiproliferative and transactivation effects of HBx. Oncogene 1999, 18, 4848-4859. [CrossRef]
[PubMed]

Hoare, J.; Henkler, E; Dowling, J.; Errington, W.; Goldin, R.; Fish, D.; McGarvey, M. Subcellular localisation of the X protein in
HBYV infected hepatocytes. J. Med. Virol. 2001, 64, 419-426. [CrossRef] [PubMed]

Weil, R.; Sirma, H.; Giannini, C.; Kremsdorf, D.; Bessia, C.; Dargemont, C.; Bréchot, C.; Israél, A. Direct association and nuclear
import of the hepatitis B virus X protein with the NF-kappaB inhibitor IkappaBalpha. Mol. Cell. Biol. 1999, 19, 6345-6354.
[CrossRef]

Kornyeyev, D.; Ramakrishnan, D.; Voitenleitner, C.; Livingston, C.; Xing, W.; Hung, M.; Kwon, H.; Fletcher, S.; Beran, R.
Spatiotemporal Analysis of Hepatitis B Virus X Protein in Primary Human Hepatocytes. J. Virol. 2019, 93, e00248-19. [CrossRef]
[PubMed]

Henkler, F.; Hoare, J.; Waseem, N.; Goldin, R.; McGarvey, M.; Koshy, R.; King, I. Intracellular localization of the hepatitis B virus
HBx protein. J. Gen. Virol. 2001, 82, 871-882. [CrossRef]

Cha, M.; Ryu, D.; Jung, H.; Chang, H.; Ryu, W. Stimulation of hepatitis B virus genome replication by HBx is linked to both
nuclear and cytoplasmic HBx expression. J. Gen. Virol. 2009, 90, 978-986. [CrossRef]

Ma, ]; Sun, T,; Park, S.; Shen, G.; Liu, J. The role of hepatitis B virus X protein is related to its differential intracellular localization.
Acta Biochim. Biophys. Sin. 2011, 43, 583-588. [CrossRef]

Prieto, C.; Montecinos, J.; Jiménez, G.; Riquelme, C.; Garrido, D.; Hernandez, S.; Loyola, A.; Villanueva, R. Phosphorylation of Phy-
logenetically Conserved Amino Acid Residues Confines HBx within Different Cell Compartments of Human Hepatocarcinoma
Cells. Molecules 2021, 26, 1254. [CrossRef]

Bouchard, M.; Wang, L.; Schneider, R. Calcium signaling by HBx protein in hepatitis B virus DNA replication. Science 2001, 294,
2376-2378. [CrossRef] [PubMed]

Benn, J.; Su, E; Doria, M.; Schneider, R. Hepatitis B virus HBx protein induces transcription factor AP-1 by activation of
extracellular signal-regulated and c-Jun N-terminal mitogen-activated protein kinases. J. Virol. 1996, 70, 4978-4985. [CrossRef]
[PubMed]

Lee, Y.; Yun, Y. HBx protein of hepatitis B virus activates Jak1-STAT signaling. J. Biol. Chem. 1998, 273, 25510-25515. [CrossRef]
Bouchard, M.; Wang, L.; Schneider, R. Activation of focal adhesion kinase by hepatitis B virus HBx protein: Multiple functions in
viral replication. J. Virol. 2006, 80, 4406—4414. [CrossRef]

Diao, J.; Khine, A.; Sarangi, F.; Hsu, E.; Iorio, C.; Tibbles, L.; Woodgett, J.; Penninger, J.; Richardson, C. X protein of hepatitis B
virus inhibits Fas-mediated apoptosis and is associated with up-regulation of the SAPK/JNK pathway. . Biol. Chem. 2001, 276,
8328-8340. [CrossRef] [PubMed]

Cha, M,; Kim, C,; Park, Y.; Ryu, W. Hepatitis B virus X protein is essential for the activation of Wnt/beta-catenin signaling in
hepatoma cells. Hepatology 2004, 39, 1683-1693. [CrossRef]

Bouchard, M.; Schneider, R. The enigmatic X gene of hepatitis B virus. J. Virol. 2004, 78, 12725-12734. [CrossRef]

Keasler, V.; Hodgson, A.; Madden, C.; Slagle, B. Hepatitis B virus HBx protein localized to the nucleus restores HBx-deficient
virus replication in HepG2 cells and in vivo in hydrodynamically-injected mice. Virology 2009, 390, 122-129. [CrossRef]
Rossner, M. Review: Hepatitis B virus X-gene product: A promiscuous transcriptional activator. J. Med. Virol. 1992, 36, 101-117.
[CrossRef]

Qadri, I; Ferrari, M.; Siddiqui, A. The hepatitis B virus transactivator protein, HBX, interacts with single-stranded DNA (ssDNA).
Biochemical characterizations of the HBx-ssDNA interactions. J. Biol. Chem. 1996, 271, 15443-15450. [CrossRef]

Qadri, I.; Maguire, H.; Siddiqui, A. Hepatitis B virus transactivator protein X interacts with the TATA-binding protein. Proc. Natl.
Acad. Sci. USA 1995, 92, 1003-1007. [CrossRef] [PubMed]


https://doi.org/10.3389/fmicb.2021.724877
https://www.ncbi.nlm.nih.gov/pubmed/34603251
https://doi.org/10.1128/JVI.02203-18
https://doi.org/10.1002/cam4.1512
https://doi.org/10.1038/nsmb.1719
https://www.ncbi.nlm.nih.gov/pubmed/19966799
https://doi.org/10.1038/s41467-019-11173-1
https://www.ncbi.nlm.nih.gov/pubmed/9371515
https://doi.org/10.1128/jvi.70.8.5246-5254.1996
https://www.ncbi.nlm.nih.gov/pubmed/8764034
https://doi.org/10.1038/sj.onc.1202867
https://www.ncbi.nlm.nih.gov/pubmed/10490818
https://doi.org/10.1002/jmv.1067
https://www.ncbi.nlm.nih.gov/pubmed/11468725
https://doi.org/10.1128/MCB.19.9.6345
https://doi.org/10.1128/JVI.00248-19
https://www.ncbi.nlm.nih.gov/pubmed/31167911
https://doi.org/10.1099/0022-1317-82-4-871
https://doi.org/10.1099/vir.0.009928-0
https://doi.org/10.1093/abbs/gmr048
https://doi.org/10.3390/molecules26051254
https://doi.org/10.1126/science.294.5550.2376
https://www.ncbi.nlm.nih.gov/pubmed/11743208
https://doi.org/10.1128/jvi.70.8.4978-4985.1996
https://www.ncbi.nlm.nih.gov/pubmed/8764004
https://doi.org/10.1074/jbc.273.39.25510
https://doi.org/10.1128/JVI.80.9.4406-4414.2006
https://doi.org/10.1074/jbc.M006026200
https://www.ncbi.nlm.nih.gov/pubmed/11099494
https://doi.org/10.1002/hep.20245
https://doi.org/10.1128/JVI.78.23.12725-12734.2004
https://doi.org/10.1016/j.virol.2009.05.001
https://doi.org/10.1002/jmv.1890360207
https://doi.org/10.1074/jbc.271.26.15443
https://doi.org/10.1073/pnas.92.4.1003
https://www.ncbi.nlm.nih.gov/pubmed/7862623

Biomedicines 2023, 11, 1674 23 of 25

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Cougot, D.; Wu, Y,; Cairo, S.; Caramel, J.; Renard, C.; Lévy, L.; Buendia, M.; Neuveut, C. The hepatitis B virus X protein
functionally interacts with CREB-binding protein/p300 in the regulation of CREB-mediated transcription. J. Biol. Chem. 2007, 282,
4277-4287. [CrossRef]

Slagle, B.; Bouchard, M. Role of HBx in hepatitis B virus persistence and its therapeutic implications. Curr. Opin. Virol. 2018, 30,
32-38. [CrossRef] [PubMed]

Zhang, P; Raney, A.; McLachlan, A. Characterization of the hepatitis B virus X- and nucleocapsid gene transcriptional regulatory
elements. Virology 1992, 191, 31-41. [CrossRef] [PubMed]

Treinin, M.; Laub, O. Identification of a promoter element located upstream from the hepatitis B virus X gene. Mol. Cell Biol. 1987,
7,545-548. [PubMed]

Landry, J.; Mager, D.; Wilhelm, B. Complex controls: The role of alternative promoters in mammalian genomes. Trends Genet.
2003, 19, 640-648. [CrossRef]

Forrest, A.; Kawaji, H.; Rehli, M.; Baillie, J.; Hoon, M.; Haberle, V.; Lassmann, T.; Kulakovskiy, I.; Lizio, M.; Itoh, M.; et al. A
promoter-level mammalian expression atlas. Nature 2014, 507, 462-470.

Davuluri, R.; Suzuki, Y.; Sugano, S.; Plass, C.; Huang, T. The functional consequences of alternative promoter use in mammalian
genomes. Trends Genet. 2008, 24, 167-177. [CrossRef]

Lenhard, B.; Sandelin, A.; Carninci, P. Metazoan promoters: Emerging characteristics and insights into transcriptional regulation.
Nat. Rev. Genet. 2012, 13, 233-245. [CrossRef]

Kimura, K.; Wakamatsu, A.; Suzuki, Y.; Ota, T.; Nishikawa, T.; Yamashita, R.; Yamamoto, J.; Sekine, M.; Tsuritani, K.; Wakaguri,
H.; et al. Diversification of transcriptional modulation: Large-scale identification and characterization of putative alternative
promoters of human genes. Genome Res. 2006, 16, 55-65. [CrossRef]

Zheng, Y.; Riegler, J.; Wu, J.; Yen, T. Novel short transcripts of hepatitis B virus X gene derived from intragenic promoter. J. Biol.
Chem. 1994, 269, 22593-22598. [CrossRef]

Altinel, K.; Hashimoto, K.; Wei, Y.; Neuveut, C.; Gupta, I.; Suzuki, A.; Santos, A.D.; Moreau, P; Xia, T.; Kojima, S.; et al.
Single-Nucleotide Resolution Mapping of Hepatitis B Virus Promoters in Infected Human Livers and Hepatocellular Carcinoma.
J. Virol. 2016, 90, 10811-10822. [CrossRef] [PubMed]

Stadelmayer, B.; Diederichs, A.; Chapus, F; Rivoire, M.; Neveu, G.; Alam, A.; Fraisse, L.; Carter, K.; Testoni, B.; Zoulim, F.
Full-length 5RACE identifies all major HBV transcripts in HBV-infected hepatocytes and patient serum. J. Hepatol. 2020, 73,
40-51. [CrossRef] [PubMed]

Bock, C.; Schranz, I.; Schroder, C.; Zentgraf, H. Hepatitis B Virus Genome Is Organized into Nucleosomes in the Nucleus of the
Infected Cell. Virus Genes 1994, 8, 215-229. [CrossRef] [PubMed]

Newbold, J.; Xin, H.; Tencza, M.; Sherman, G.; Dean, J. The Covalently Closed Duplex Form of the Hepadnavirus Genome Exists
in situ as a Heterogeneous Population of Viral Minichromosomes. J. Virol. 1995, 69, 3350-3357. [CrossRef] [PubMed]

Bock, C.; Schwinn, S.; Locarnini, S.; Fyfe, ].; Manns, M.; Trautwein, C.; Zentgraf, H. Structural organization of the hepatitis B virus
minichromosome. J. Mol. Biol. 2001, 307, 183-196. [CrossRef]

Belloni, L.; Pollicino, T.; Nicola, ED.; Guerrieri, F,; Raffa, G.; Fanciulli, M.; Raimondo, G.; Levrero, M. Nuclear HBx binds the HBV
minichromosome and modifies the epigenetic regulation of cccDNA function. Proc. Natl. Acad. Sci. USA 2009, 106, 19975-19979.
[CrossRef]

Zhong, Y.; Wu, C.; Xu, Z,; Teng, Y.; Zhao, L.; Zhao, K.; Wang, J.; Wang, W.; Zhan, Q.; Zhu, C.; et al. Hepatitis B Virus Core Protein
Is Not Required for Covalently Closed Circular DNA Transcriptional Regulation. J. Virol. 2022, 96, e0136222. [CrossRef]
Pollicino, T.; Belloni, L.; Raffa, G.; Pediconi, N.; Squadrito, G.; Raimondo, G.; Levrero, M. Hepatitis B virus replication is regulated
by the acetylation status of hepatitis B virus cccDNA-bound H3 and H4 histones. Gastroenterology 2006, 130, 823-837. [CrossRef]
Alarcon, V.; Hernandez, S.; Rubio, L.; Alvarez, F; Flores, Y.; Varas-Godoy, M.; Ferrari, G.D.; Kann, M.; Villanueva, R.; Loyola, A.
The enzymes LSD1 and SetlA cooperate with the viral protein HBx to establish an active hepatitis B viral chromatin state. Sci.
Rep. 2016, 6, 25901. [CrossRef]

Alvarez-Astudillo, F.; Garrido, D.; Varas-Godoy, M.; Gutiérrez, J.; Villanueva, R.; Loyola, A. The histone variant H3.3 regulates
the transcription of the hepatitis B virus. Ann. Hepatol. 2021, 21, 100261. [CrossRef] [PubMed]

Hernéandez, S.; Alvarez-Astudillo, F.; Garrido, D.; Prieto, C.; Loyola, A.; Villanueva, R. Canonical and Divergent N-Terminal HBx
Isoform Proteins Unveiled: Characteristics and Roles during HBV Replication. Biomedicines 2021, 9, 1701. [CrossRef] [PubMed]
Riviere, L.; Gerossier, L.; Ducroux, A.; Dion, S.; Deng, Q.; Michel, M.; Buendia, M.-A.; Hantz, O.; Neuveut, C. HBx relieves
chromatin-mediated transcriptional repression of hepatitis B viral cccDNA involving SETDB1 histone methyltransferase. J.
Hepatol. 2015, 63, 1093-1102. [CrossRef] [PubMed]

Escobar, T.; Loyola, A.; Reinberg, D. Parental nucleosome segregation and the inheritance of cellular identity. Nat. Rev. Genet.
2021, 22, 379-392. [CrossRef]

Benhenda, S.; Ducroux, A.; Riviére, L.; Sobhian, B.; Ward, M.; Dion, S.; Hantz, O.; Protzer, U.; Michel, M.; Benkirane, M.; et al.
Methyltransferase PRMT1 is a binding partner of HBx and a negative regulator of hepatitis B virus transcription. J. Virol. 2013, 87,
4360-4371. [CrossRef] [PubMed]

Tang, D.; Zhao, H.; Wu, Y,; Peng, B.; Gao, Z.; Sun, Y,; Duan, J.; Qi, Y;; Li, Y,; Zhou, Z,; et al. Transcriptionally inactive hepatitis B
virus episome DNA preferentially resides in the vicinity of chromosome 19 in 3D host genome upon infection. Cell. Rep. 2021,
35, 109288. [CrossRef]


https://doi.org/10.1074/jbc.M606774200
https://doi.org/10.1016/j.coviro.2018.01.007
https://www.ncbi.nlm.nih.gov/pubmed/29454995
https://doi.org/10.1016/0042-6822(92)90163-J
https://www.ncbi.nlm.nih.gov/pubmed/1413508
https://www.ncbi.nlm.nih.gov/pubmed/3494193
https://doi.org/10.1016/j.tig.2003.09.014
https://doi.org/10.1016/j.tig.2008.01.008
https://doi.org/10.1038/nrg3163
https://doi.org/10.1101/gr.4039406
https://doi.org/10.1016/S0021-9258(17)31687-3
https://doi.org/10.1128/JVI.01625-16
https://www.ncbi.nlm.nih.gov/pubmed/27681123
https://doi.org/10.1016/j.jhep.2020.01.028
https://www.ncbi.nlm.nih.gov/pubmed/32087349
https://doi.org/10.1007/BF01703079
https://www.ncbi.nlm.nih.gov/pubmed/7975268
https://doi.org/10.1128/jvi.69.6.3350-3357.1995
https://www.ncbi.nlm.nih.gov/pubmed/7745682
https://doi.org/10.1006/jmbi.2000.4481
https://doi.org/10.1073/pnas.0908365106
https://doi.org/10.1128/jvi.01362-22
https://doi.org/10.1053/j.gastro.2006.01.001
https://doi.org/10.1038/srep25901
https://doi.org/10.1016/j.aohep.2020.09.005
https://www.ncbi.nlm.nih.gov/pubmed/33007428
https://doi.org/10.3390/biomedicines9111701
https://www.ncbi.nlm.nih.gov/pubmed/34829930
https://doi.org/10.1016/j.jhep.2015.06.023
https://www.ncbi.nlm.nih.gov/pubmed/26143443
https://doi.org/10.1038/s41576-020-00312-w
https://doi.org/10.1128/JVI.02574-12
https://www.ncbi.nlm.nih.gov/pubmed/23388725
https://doi.org/10.1016/j.celrep.2021.109288

Biomedicines 2023, 11, 1674 24 of 25

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Sozzi, V.,; Shen, F; Chen, J.; Colledge, D.; Jackson, K.; Locarnini, S.; Yuan, Z.; Revill, P. In vitro studies identify a low replication
phenotype for hepatitis B virus genotype H generally associated with occult HBV and less severe liver disease. Virology 2018, 519,
190-196. [CrossRef]

Loncarevi¢, I.; Schranz, P.; Zentgraf, H.; Liang, X.; Herrmann, G.; Tang, Z.; Schroder, C. Replication of hepatitis B virus in a
hepatocellular carcinoma. Virology 1990, 174, 158-168. [CrossRef]

Loncarevic, I.; Zentgraf, H.; Schroder, C. Sequence of a replication competent hepatitis B virus genome with a preX open reading
frame. Nucleic Acids Res. 1990, 18, 4940. [CrossRef]

Faure, E. Alternative peptide-fusion proteins generated by out-of-frame mutations, just upstream ORFs or elongations in mutants
of human hepatitis B viruses. Virus Res. 2006, 117, 185-201. [CrossRef]

Yang, Q.; Cheng, J.; Dong, J.; Zhang, J.; Zhang, S. Molecular epidemiological study on pre-X region of hepatitis B virus and
identification of hepatocyte proteins interacting with whole-X protein by yeast two-hybrid. World ]J. Gastroenterol. 2005, 11,
3473-3478. [CrossRef]

Zhang, Y,; Liu, J.; Liu, H.; He, Y,; Yi, R;; Niu, Y,; Chen, T.; Yang, Q.; Zhao, Y. Comparative study of the different activities of
hepatitis B virus whole-X protein and HBx in hepatocarcinogenesis by proteomics and bioinformatics analysis. Arch. Virol. 2015,
160, 1645-1656. [CrossRef]

Zhang, Y.; Liu, H.; Yi, R.; Yan, T.; He, Y; Zhao, Y.; Liu, J. Hepatitis B virus whole-X and X protein play distinct roles in HBV-related
hepatocellular carcinoma progression. J. Exp. Clin. Cancer Res. 2016, 35, 87. [CrossRef] [PubMed]

Balsano, C.; Avantaggiati, M.; Natoli, G.; Marzio, E.D.; Will, H.; Perricaudet, M.; Levrero, M. Full-length and truncated versions of
the hepatitis B virus (HBV) X protein (pX) transactivate the cmyc protooncogene at the transcriptional level. Biochem. Biophys. Res.
Commun. 1991, 176, 985-992. [CrossRef] [PubMed]

Kwee, L.; Lucito, R.; Aufiero, B.; Schneider, R. Alternate translation initiation on hepatitis B virus X mRNA produces multiple
polypeptides that differentially transactivate class II and III promoters. J. Virol. 1992, 66, 4382-4389. [CrossRef]

Nakatake, H.; Chisaka, O.; Yamamoto, S.; Matsubara, K.; Koshy, R. Effect of X protein on transactivation of hepatitis B virus
promoters and on viral replication. Virology 1993, 195, 305-314. [CrossRef]

Leach, J.; Qiao, L.; Fang, Y.; Han, S.; Gilfor, D.; Fisher, P; Grant, S.; Hylemon, P.; Peterson, D.; Dent, P. Regulation of p21 and p27
expression by the hepatitis B virus X protein and the alternate initiation site X proteins, AUG2 and AUGS3. |. Gastroenterol. Hepatol.
2003, 18, 376-385. [CrossRef] [PubMed]

Tropberger, P.; Mercier, A.; Robinson, M.; Zhong, W.; Ganem, D.; Holdorf, M. Mapping of histone modifications in episomal HBV
cccDNA uncovers an unusual chromatin organization amenable to epigenetic manipulation. Proc. Natl. Acad. Sci. USA 2015, 112,
E5715-E5724. [CrossRef]

Yuan, S.; Liao, G.; Zhang, M.; Zhu, Y.; Wang, K.; Xiao, W,; Jia, C.; Dong, M.; Sun, N.; Walch, A; et al. Translatomic profiling reveals
novel self-restricting virus-host interactions during HBV infection. J. Hepatol. 2021, 21, 00109-4. [CrossRef] [PubMed]

Qi, Z.; Li, G.; Hu, H.; Yang, C.; Zhang, X,; Leng, Q.; Xie, Y.; Yu, D.; Zhang, X.; Gao, Y.; et al. Recombinant covalently closed circular
hepatitis B virus DNA induces prolonged viral persistence in immunocompetent mice. . Virol. 2014, 88, 8045-8056. [CrossRef]
Babu, M. The contribution of intrinsically disordered regions to protein function, cellular complexity, and human disease. Biochem.
Soc. Trans. 2016, 44, 1185-1200. [CrossRef]

Buljan, M.; Chalancon, G.; Dunker, A.; Bateman, A.; Balaji, S.; Fuxreiter, M.; Babu, M. Alternative splicing of intrinsically
disordered regions and rewiring of protein interactions. Curr. Opin. Struct. Biol. 2013, 23, 443-450. [CrossRef]

Zhou, J.; Zhao, S.; Dunker, A. Intrinsically Disordered Proteins Link Alternative Splicing and Post-translational Modifications to
Complex Cell Signaling and Regulation. J. Mol. Biol. 2018, 430, 2342-2359. [CrossRef]

Uversky, V. p53 Proteoforms and Intrinsic Disorder: An Illustration of the Protein Structure-Function Continuum Concept. Int. J.
Mol. Sci. 2016, 17, 1874. [CrossRef] [PubMed]

Li, X.; Romero, P; Rani, M.; Dunker, A.; Obradovic, Z. Predicting protein disorder for N-, C-, and internal regions. Genome Inform.
1999, 10, 30—-40.

Romero, P.; Obradovic, Z.; Dunker, A. Sequence data analysis for long disordered regions prediction in the calcineurin family.
Genome Inform. 1997, 8, 110-124.

McNaughton, A.; Revill, P; Littlejohn, M.; Matthews, P.; Ansari, M. Analysis of genomic-length HBV sequences to determine
genotype and subgenotype reference sequences. J. Gen. Virol. 2020, 101, 271-283. [CrossRef]

Jiang, T.; Liu, M.; Wu, J.; Shi, Y. Structural and biochemical analysis of Bcl-2 interaction with the hepatitis B virus protein HBx.
Proc. Natl. Acad. Sci. USA 2016, 113, 2074-2079. [CrossRef]

Bohrer, A.; Yoshimoto, N.; Sekiguchi, A.; Rykulski, N.; Saito, K.; Takahashi, H. Alternative translational initiation of ATP
sulfurylase underlying dual localization of sulfate assimilation pathways in plastids and cytosol in Arabidopsis thaliana. Front.
Plant Sci. 2015, 5, 750. [CrossRef]

Outten, C.; Culotta, V. Alternative start sites in the Saccharomyces cerevisiae GLR1 gene are responsible for mitochondrial and
cytosolic isoforms of glutathione reductase. J. Biol. Chem. 2004, 279, 7785-7791. [CrossRef] [PubMed]

Brubaker, S.; Gauthier, A.; Mills, E.; Ingolia, N.; Kagan, J. A bicistronic MAVS transcript highlights a class of truncated variants in
antiviral immunity. Cell 2014, 156, 800-811. [CrossRef] [PubMed]

Ivanov, P.; Anderson, P. Alternative translation initiation in immunity: MAVS learns new tricks. Trends Immunol. 2014, 35, 188-189.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.virol.2018.04.015
https://doi.org/10.1016/0042-6822(90)90064-X
https://doi.org/10.1093/nar/18.16.4940
https://doi.org/10.1016/j.virusres.2005.10.023
https://doi.org/10.3748/wjg.v11.i22.3473
https://doi.org/10.1007/s00705-015-2421-3
https://doi.org/10.1186/s13046-016-0366-3
https://www.ncbi.nlm.nih.gov/pubmed/27255760
https://doi.org/10.1016/0006-291X(91)90379-L
https://www.ncbi.nlm.nih.gov/pubmed/1645550
https://doi.org/10.1128/jvi.66.7.4382-4389.1992
https://doi.org/10.1006/viro.1993.1381
https://doi.org/10.1046/j.1440-1746.2003.02990.x
https://www.ncbi.nlm.nih.gov/pubmed/12653885
https://doi.org/10.1073/pnas.1518090112
https://doi.org/10.1016/j.jhep.2021.02.009
https://www.ncbi.nlm.nih.gov/pubmed/33621634
https://doi.org/10.1128/JVI.01024-14
https://doi.org/10.1042/BST20160172
https://doi.org/10.1016/j.sbi.2013.03.006
https://doi.org/10.1016/j.jmb.2018.03.028
https://doi.org/10.3390/ijms17111874
https://www.ncbi.nlm.nih.gov/pubmed/27834926
https://doi.org/10.1099/jgv.0.001387
https://doi.org/10.1073/pnas.1525616113
https://doi.org/10.3389/fpls.2014.00750
https://doi.org/10.1074/jbc.M312421200
https://www.ncbi.nlm.nih.gov/pubmed/14672937
https://doi.org/10.1016/j.cell.2014.01.021
https://www.ncbi.nlm.nih.gov/pubmed/24529381
https://doi.org/10.1016/j.it.2014.03.005
https://www.ncbi.nlm.nih.gov/pubmed/24685172

Biomedicines 2023, 11, 1674 25 of 25

173.

174.
175.

176.

177.

178.

179.

180.
181.

182.

Goyama, S.; Schibler, J.; Mulloy, J. Alternative translation initiation generates the N-terminal truncated form of RUNXI that
retains hematopoietic activity. Exp. Hematol. 2019, 72, 27-35. [CrossRef] [PubMed]

Khoury, M.; Bourdon, J. The isoforms of the p53 protein. Cold Spring Harb. Perspect. Biol. 2010, 2, a000927. [CrossRef] [PubMed]
Logette, E.; Wotawa, A.; Solier, S.; Desoche, L.; Solary, E.; Corcos, L. The human caspase-2 gene: Alternative promoters, pre-mRNA
splicing and AUG usage direct isoform-specific expression. Oncogene 2003, 22, 935-946. [CrossRef]

Trulley, P; Snieckute, G.; Bekker-Jensen, D.; Menon, M.; Freund, R.; Kotlyarov, A.; Olsen, J.; Diaz-Mufioz, M.; Turner, M.;
Bekker-Jensen, S.; et al. Alternative Translation Initiation Generates a Functionally Distinct Isoform of the Stress-Activated Protein
Kinase MK2. Cell. Rep. 2019, 27, 2859-2870. [CrossRef]

Kadmiel, M.; Cidlowski, J. Glucocorticoid receptor signaling in health and disease. Trends Pharmacol. Sci. 2013, 34, 518-530.
[CrossRef]

Liang, H.; Chen, X,; Yin, Q.; Ruan, D.; Zhao, X.; Zhang, C.; McNutt, M.; Yin, Y. PTEN is an alternatively translated isoform of
PTEN that regulates rDNA transcription. Nat. Commun. 2017, 8, 14771. [CrossRef]

Benassayag, C.; Montero, L.; Colombié, N.; Gallant, P; Cribbs, D.; Morello, D. Human c-Myc isoforms differentially regulate cell
growth and apoptosis in Drosophila melanogaster. Mol. Cell. Biol. 2005, 25, 9897-9909. [CrossRef]

Abbas, Z.; Afzal, R. Life cycle and pathogenesis of hepatitis D virus: A review. World ]. Hepatol. 2013, 5, 666—675. [CrossRef]
Tessarz, P.; Kouzarides, T. Histone core modifications regulating nucleosome structure and dynamics. Nat. Rev. Mol. Cell Biol.
2014, 15, 703-708. [CrossRef] [PubMed]

Miiller, M. Post-Translational Modifications of Protein Backbones: Unique Functions, Mechanisms, and Challenges. Biochemistry
2008, 57, 177-185. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.exphem.2019.01.008
https://www.ncbi.nlm.nih.gov/pubmed/30690039
https://doi.org/10.1101/cshperspect.a000927
https://www.ncbi.nlm.nih.gov/pubmed/20300206
https://doi.org/10.1038/sj.onc.1206172
https://doi.org/10.1016/j.celrep.2019.05.024
https://doi.org/10.1016/j.tips.2013.07.003
https://doi.org/10.1038/ncomms14771
https://doi.org/10.1128/MCB.25.22.9897-9909.2005
https://doi.org/10.4254/wjh.v5.i12.666
https://doi.org/10.1038/nrm3890
https://www.ncbi.nlm.nih.gov/pubmed/25315270
https://doi.org/10.1021/acs.biochem.7b00861
https://www.ncbi.nlm.nih.gov/pubmed/29064683

	Introduction 
	Hepatitis B Virus and Its Replicative Cycle 
	HBV Genes and Translation of Viral RNA Transcripts into Viral Isoform Proteins 
	HBV Viral Isoform Proteins Generated by RNA Splicing 
	Hepatitis B-Spliced Protein (HBSP; 12.3 kDa) 
	HBV Polymerase-Surface Fusion Protein, HBV P-S Fusion ORF 
	Hepatitis B Double Splicing Protein, HBDSP 
	The Canonical HBx Is a Unique Multifunctional Regulatory HBV Protein 
	Regulation of the HBV HBx Gene Expression 
	HBV Canonical HBx Protein and Roles on the cccDNA Intermediate 
	An Unusual Protein Variant of HBV HBx: HBV Whole-X (HBVwx) 
	Prior Findings Revealing the True Paradigm of the Canonical HBx and Isoform Proteins 

	Conclusions and Future Directions 
	References

