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Hepatitis delta virus is the causative agent of one of the most severe forms of human virus hepatitis. It
is a small and simple pathogen whose genome consists of a single RNA molecule of 1.7 Kb that
encodes for only one antigen. The virus almost completely relies on the host cell machinery for
replication and propagation of infection. Despite its simplicity, several aspects of virus replication and
pathogenesis still remain uncovered. An overview of virus structure and replication mechanisms as
well as of its interaction with the hepatitis B virus is performed in this review.
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THE VIRION

Hepatitis delta virus (HDV) is the smallest human
pathogen so far identified. HDV is considered to be a
satellite virus of hepatitis B virus (HBV), and is the only
member of a relatively recent, new Deltavirus genus
(Taylor, 1996).

The virion is a spherical particle of 36 - 43 nm diameter
(He et al., 1989). This particle consists of a short negative
single stranded circular RNA of about 1.7 kb, the virus
genome, small and large virus encoded delta antigens
(S-HDAg and L-HDAg, respectively), and hepatitis B
surface antigens (HBsAgs). The HDV nucleocapsid
consists of a ribonucleoprotein (RNP) complex that
includes a single RNA molecule bound to about 70
molecules of both delta antigens (Ryu et al., 1993). This
nucleocapsid has a diameter of about 19 nm, and is
surrounded by an outer envelope consisting exclusively
of HBsAgs and host cell lipids (Tiollais et al., 1985). All
the three forms of HBsAgs, large, middle, and small (L, M,
S) can be found in HDV infectious particles (Tiollais et al.,
1985). The HDV particles predominantly contain the S-
HBsAg, which is sufficient for virion maturation (Sureau et
al., 1993) but the L-HBsAg was also reported to be
required for assembly of HDV virions. The role of the M
antigen is not fully understood, but it is thought that it may
play a minor role in virion assembly. In HDV the relative
ratios of L: M: S has been reported as 1:5:95 (Bonino et
al., 1996).

THE VIRUS RNA

The HDV RNA genome has unique features among ani-

mal viruses. It consists of a circular, single-stranded,
RNA molecule of negative polarity, and about 1,700
nucleotides. This RNA displays a high degree of internal
base-pairing, about 70% of the whole molecule, resulting
in a rod shaped secondary structure similar to that found
in plant viroids (Figure 1). One single open reading frame
(ORF) was identified in the complementary virus RNA,
also called the antigenome. This ORF is located between
nucleotides 1014 and 1598, and was found to be
transcribed into a 0.8 Kb mRNA which encodes for the S-
HDAg (Macnaughton et al., 2002; Moraleda and Taylor,
2001). During replication, however, this ORF can be
extended by 57 nucleotides as a result of deamination
reaction that occurs at the adenine residue on position
1015 of an amber stop codon UAG, transforming it onto a
triptophan codon UGG (Casey and Gerin, 1995). The
enzyme responsible for this editing mechanism was
identified as being the small form of cellular adenosine
deaminase (ADAR1; Casey and Gerin, 1995). Another
important feature of the virus genomic and antigenomic
RNA molecules is the 85 nucleotide ribozyme domain
(Perrotta and Been, 1991; Rosenstein and Been, 1991).
This activity is essential during replication in order to
catalyse the precise self-cleavage of multimeric RNA
molecules into unit-length linear (Sharmeen et al., 1989)
fragments that subsequently self-ligate to form circles.
The HDV ribozymes normally function as part of the
larger genomic and antigenomic RNA. The sequence of
both genomic and antigenomic ribozymes can be folded
into a similar overall secondary structure consisting of
base-paired elements, joining sequences and hairpin
loops.
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Figure 1. Representation of the rod-shaped structure of the HDV genomic (A) and
antigenomic (B) RNAs. The green box represents the ribozyme domain. The cleavage site is
indicated by an arrow. In the antigenomic RNA, the editing site in the amber stop codon UAG
is also indicated.
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Figure 2. Functional domains of the delta antigens. The dimerization domain, the nuclear
localization signal, and the RNA binding domains are represented by boxes. The cysteine
site for isoprenylation is indicated by an arrow.

It was estimated that inside an infected liver cell the
number of copies of each of the HDV derived RNAs is
about 300,000 for genomic molecules, 50,000 for
antigenomic, and 600 for the corresponding mRNA (Chen
et al,, 1986). The HDV mRNA was found to be poly-
adenylated and capped (Hsieh and Taylor, 1991; Nie et
al., 2004). These post-transcriptional modifications are
common to all cellular RNA polymerase Il synthesized
MRNAs, pointing to a possible role of this enzyme in HDV
RNA replication.

THE DELTA ANTIGENS

As mentioned above, two forms of the delta antigen,
small and large, are found in HDV infectious particles and

in infected liver cells. These two forms are derived by the
same ORF as a result of an editing mechanism that oc-
curs during replication. The small form is a 195 aa pro-
tein of about 24 KD which is synthesised early in the re-
plication cycle. The large delta antigen is a 27 KD pro-
tein similar to the S-HDAg, with the exception of the addi-
tional last C terminal 19 aa. As a consequence, both S-
HDAg and L-HDAg share a number of common func-
tional domains (Figure 2): a RNA binding domain, a di-
merization domain (Lazinski and Taylor, 1993), and a
nuclear localization signal (Alves et al., 2008). However,
these antigens play different roles in virus replication; S-
HDAg stimulates RNA replication (Yamaguchi et al.,
2001; Cheng et al., 2003) and positively regulates ribozy-
me activity (Jeng et al., 1996), while L-HDAg seems to



repress it in trans and is required for virion maturation
and interaction with HBsAgs at later stages in the
replication cycle (Chang et al., 1991; Glenn et al., 1992).

The dimerization domain is coiled-coil structure located
at aminoacids 12 - 60. This dimerization, or even multi-
merization, event is important for L-HDAg to interact with
S-HDAg and act as a dominant negative inhibitor of
replication. Mutations that eliminate or alter the coiled-coll
structure either greatly reduce or totally eliminate the
ability of S-HDAg to function as a trans activator of
replication. These same mutations also prevent L-HDAg
from inhibiting RNA replication and inhibit its function in
mediating the co-packaging of S-HDAg (Chang et al.,
1993, 1994). The nuclear localization signal consists of a
single stretch of 10 aminoacids, EGAPPAKRAR, located
in positions 66 - 75 (Alves et al., 2008). It is thought that
the main function of this domain is to promote the nuclear
import of HDV RNPs during the early stages of infection
(Chou et al., 1998). The third shared domain is a bi-
partide RNA binding domain, localized between amino-
acids 97 - 143 (Lazinski and Taylor, 1993). This domain
consists of two stretches of arginine-rich sequences
similar to arginine-rich motifs (ARMs) present in several
other RNA binding proteins, such as rev and tat of human
immunodefficiency virus. Both ARMs are required for the
binding of HDAg to HDV RNA. This binding seems to be
specific for both genomic and antigenomic HDV RNA
strands.

The C-terminal 19 aminoacids domain of L-HDAg are
unique to this protein. The fourth aminoacid from the C-
terminus is a cysteine residue that constitutes an
isoprenylation motif, and is prenylated with a geranyl-
geranyl-prenoid (Glenn et al., 1992; Lee et al., 1994). The
prenylation probably allows the L-HDAg to acquire the
ability to interact with the envelope proteins of HBV,
playing an important role in virus assembly.

A number of post-translational modifications have
already been described for both forms of the delta
antigens. They are both phosphorylated in vivo, although
the large form is six times more heavily phosphorylated
than the small form (Chang et al. 1988; Hwang et al.,
1992). The occurrence of putative phosphorylation sites
in HDAg for casein kinase Il and protein kinase C
suggests that HDAgs are substrates for these protein
kinases (Yeh et al.,, 1996). In fact, both kinases were
shown to positively modulate the HDV RNA replication
(Yeh et al., 1996). Furthermore, PKC was found to be the
kinase that associated with and subsequently phosphory-
lated S-HDAg. Phosphoaminoacid analysis indicated that
L-HDAg was phosphorylated at serine residues and S-
HDAg was phosphorylated at both serine and threonine
rsidues (Chang et al., 1988; Mu et al., 1999). In addition,
other post-translational modifications were described for
HDAgs, namely methylation and acetylation. Phosphory-
lation of serine residue 123 (Tan et al., 2004),
methylation of arginine residue 13 (Mu et al., 2004), and
acetylation of lysine residue 72 (Li et al., 2004) were

Cunha 4913

observed to affect the subcellular localization of HDAgs
and to be important for antigenomic RNA replication.

THE REPLICATION CYCLE

HDV replicates exclusively in liver cells. The HDV enve-
lope contains HBV surface antigens and it is possible
both viruses depend on the same host receptor for entry
into the cell. It has been established that sequences
within the preS1 region of the L form of the HBsAg are
essential for attachment to a specific cell surface receptor.
However, this receptor has not yet been identified.
Moreover, the subsequent steps of virus entry and
uncoating still remain to be uncovered.

HDV replication is totally independent of any HBV
sequence or function. Upon entry into the cell, HDV
RNPs are transported into the nucleus where replication
of the HDV genome takes place. This transport seems to
be mediated by the NLS present on the HDAgs but the
cellular transport receptors involved in this pathway are
unknown. In support of this interpretation, the delta pro-
teins and the genomic and antigenomic RNAs do seem to
be predominantly localised in the nucleus (Cunha et al.,
1998; Bell et al., 2000). L-HDAg and antigenomic RNA
are co-localised in discrete nuclear substructures, while
genomic RNA strands and a substantial amount of S-
HDAg are distributed more broadly (Bell et al., 2000). The
accumulation of specific HDV components in discrete foci
in the nucleus is not probably relevant for virus replication.
In fact, these substructures are not sites of active RNA
synthesis, and do not colocalize with several components
of the cellular transcription and processing machinery
(Cunha et al., 1998).

Once entering the nucleus of liver cells, the HDV RNP
is thought to initiate replication by a rolling circle
mechanism, similar to that found in plant viroids, leading
to the synthesis of multimeric antigenomic RNA
molecules (Figure 3) (Gerin et al., 2001). The laters are
then self cleaved at precise monomeric intervals and
religated into antigenomic circles which serve as
templates for synthesis of genomic RNA molecules by a
similar mechanism. During the HDV replication cycle,
several genomic length RNA species are produced: the
genomic RNA encoding S-HDAg, the genomic RNA
encoding L-HDAg, the antigenomic RNA enconding S-
HDAg, and the antigenomic RNA encoding L-HDAg. The
ratio of these species inside infected cells is estimated to
be 59: 41: 9.7: 0.3 (Sheu, 2002). L-HDAg encoding RNA
species are produced as a result of an editing
mechanism, catalysed by host ADAR1, that occurs in the
antigenome. There are evidences that intitiation of HDV
replication may require de novo synthesised, intact S-
HDAg (Dingle et al., 1998).

In the nucleus, HDV RNA is replicated by a mechanism
of RNA-directed RNA synthesis. Since both forms of the
delta antigens are to small to have polymerase activity, a
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Figure 3. The HDV replication cycle. Inside the nucleus, the virus negative RNA genome is replicated
by a rolling circle mechanism resulting in the production of multimeric antigenomes which are self-
cleaved and religated. The positive RNA antigenomes serve then as template for synthesis of genomic
RNA molecules by a similar mechanism as well as templates for transcription of mRNA. As HDAgs are
synthesised in the cytoplasm they are recruited to the nucleus to form RNPs that subsequently are
exported to the cytoplasm. Here, the RNPs interact with HBsAgs, mature HDV virions are assembled,
and released from the cell by exocytosis (see text for details).

host RNA polymerase must therefore be involved in this
process.

Several approaches have been used in attempts to
identify the host RNA polymerase or polymerases in-
volved in HDV RNA-directed transcription. One approach
is the application of RNA polymerase inhibitors, namely
a-amanitin, to cells in which HDV genome replication has
been initiated. Low doses of a-amanitin have been
observed to inhibit accumulation of both HDV mRNA and
unit-length genomic species. In contrast, accumulation of
antigenomic species was found to be resistant to high
doses of a-amanitin, leading to the conclusion that
transcription of the antigenome involves a polymerase
other than RNA polymerase Il (Modahl et al., 2000;
Macnaughton et al., 2002). Additionally, making use of
nuclear run-on assays in the presence of low doses of a-
amanitin, Macnaughton et al. (2002) concluded that
synthesis of genomic HDV RNA involves RNA
polymerase Il. Another approach consisted of the use of
purified RNA polymerase Il or nuclear extracts capable of
DNA-directed transcription, and to add to these HDV
RNA species as templates. The authors have used linear
HDV RNA species and have detected what can be
interpreted as short 3’-end addition of nucleotides to

these templates (Gudima et al., 2000; Filipovska et al.,
2000)). Using this same assay, it was also reported that
the presence of the S-HDAg could act to increase the
length of end additions (Yamaguchi et al., 2001, 2002). In
conclusion, RNA polymerase Il is very probably involved
in HDV RNA synthesis but the involvement of other RNA
polymerases can not be ruled out. Furthermore, no clear
evidence has emerged regarding what might be a
promoter element for HDV transcription.

Several studies tried to demonstrate the dependence
between HDV replication and the presence of S-HDAg. In
vivo, S-HDAg is known to stabilize HDV RNA circles and
facilitate ribozyme cleavage (Lazinski and Taylor, 1993;
Jeng et al., 1996). It is possible to speculate that this viral
protein interacts with more cellular factors to promote
HDV replication. One of these proteins is DIPA — delta
interacting protein A. DIPA is a 202 aminoacid protein
found to be 24% identical in sequence to HDAg (Brazas
and Ganem, 1996). When overexpressed, this protein
markedly inhibits HDV replication. More recently, the
polypirimidine tract-binding protein-associated splicing
factor (PSF; Greco-Stewart et al, 2006) was also
reported to bind to HDV RNA.

Another protein that interacts with HDAg is the nuclear



phosphoprotein B23. It is present in abundance in both
tumor cells and proliferating cells (Peter et al., 1990;
Feuerstein et al., 1988). B23 has the ability to shuttle
between the nucleus and the cytoplasm (Borer et al,,
1989), binds the nuclear localization signal containing
peptides (Szebeni et al., 1995) and thus serve as a
shuttle protein in the nuclear import. B23 can interact with
the NLS of both S-HDAg and L-HDAg suggesting that it
may promote the nuclear import of HDAgs. It was earlier
reported that HDV RNPs shuttle between the nucleus
and the cytoplasm (Tavanez et al., 2002). While the
nuclear import of HDV RNPs is mediated by the NLS
present in HDAgs, the export to the cytoplasm seems to
rather involve the interaction of specific sequences in the
virus RNA with cellular export factors (Tavanez et al.,
2002). Export of HDV RNPs to the cytoplasm is an
important step in HDV replication. In the cytoplasm newly
synthesized virus RNPs interact with the endoplasmic
reticulum associated HBsAgs to form mature HDV virions
which subsequently release from the cell by exocytosis.
However, both the nuclear import and export pathways of
HDV RNPs still need to be identified.

In our laboratory, we used a yeast two-hybrid assay to
search for S-HDAg interacting eukaryotic proteins. Ten
proteins were identified and confirmed to specifically bind
in vitro to the S-HDAg. Work is now in progress in order
to investigate the in vivo interaction of these proteins and
their possible role in HDV replication.
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