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Abstract

This article addresses some of the questions relating to how hepatitis & virus (HDV), an agent so far
unique in the animal world, might have arisen. HDV was discovered in patients infected with hepatitis
B virus (HBV). It generally makes HBV infections more damaging to the liver. Itis a subviral satellite
agent that depends upon HBV envelope proteins for its assembly and ability to infect new cells. In
other aspects of replication, HDV is both independent of and very different from HBV. In addition,
the small single-stranded circular RNA genome of HDV, and its mechanism of replication,
demonstrate an increasing number of similarities to the viroids — a large family of helper-independent
subviral agents that cause pathogenesis in plants.
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Hepatitis 6 virus (HDV) was first detected 33 years ago in patients with a more severe form of
hepatitis B virus (HBV) infection [1]. It was identified in both liver biopsies and the serum
from such patients via a novel antigen, designated the 6Ag. Later, HDV was found to be an
infectious agent separable from HBV. However, it is dependent upon HBV for the provision
of envelope proteins so as to achieve particle assembly, and for new rounds of infection. For
both viruses, the only susceptible cells are liver hepatocytes [2]. Thus, a complete and natural
cycle of HDV infection and the emergence of new virus particles demand that both HBV and
HDV infect the same hepatocyte. HDV, similarly to HBV, is a blood-borne infection, and may
be transmitted by parenteral routes. For example, both are readily transmitted by contamination
on needles shared in intravenous drug use. Unlike HBV, HDV is not typically a sexually
transmitted disease, although such transmission may sometimes occur [3].
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Hepatitis & virus infections have now been detected in many parts of the world, always in
association with HBV [4,5]. Lookback studies of patient sera reveal that even prior to 1977
there were significant life-threatening HDV infections in the Amazon basin of South America
[6]. Currently, many nucleotide sequences have been obtained for HDV isolates from around
the world, and are available in the Subviral RNA Database [101]. They differ by no more than
30 nucleotides in length but as much as 30% in sequence [5]. They have been divided into eight
clades, based partly on nucleotide sequence and partly on geographic associations, although
such geographic associations can sometimes be blurred, for example by population movements.

As mentioned previously, HDV is dependent upon HBV infection for its propagation. HBV is
a member of a family of viruses known as Hepadnaviridae, which replicate via reverse
transcription. Most retroviruses package an RNA genome and after infection use reverse
transcription to make a DNA provirus. By contrast, the hepadnaviruses package an RNA
‘pregenome’, which is partially reverse transcribed before being released as particles from the
infected cell. Thus, the genome of the hepadnavirus is a partially dsDNA species with a relaxed
circular conformation. During infection this genome is completed as a covalently closed
dsDNA that acts in the nucleus as a template for the transcription by the host RNA polymerase
I1 (RNAP 1) [7].

Hepatitis B virus infections can progress from an acute phase to a chronic phase (defined as
one lasting at least 6 months). HDV infections can arise as a ‘coinfection’ with HBV or as a
‘super-infection’ in a patient already chronically infected with HBV. Approximately 2 billion
individuals worldwide have come into contact with HBV and potentially 400 million of these
have progressed to a chronic infection. Such chronic HBV infections can cause significant liver
damage, and over a period of 10-30 years have a 25-40% risk of progressing to cirrhosis and
hepatocellular carcinoma. Co- and super-infections with HDV greatly increase the risk of
fulminant hepatitis during the acute phase. If the HBV infection becomes chronic, so does the
HDV, and this can greatly increase the liver damage relative to HBV alone, leading to a life-
threatening loss of liver function or more rapid progression to liver cancer [3].

As indicated in Figure 1, the HDV genome is a small ssRNA of approximately 1700 nucleotides
in length that is circular in conformation [8]. This RNA can fold using approximately 74%
base pairing to form an unbranched rod-like structure. The genome sequence shows no
homology to the 3300-nucleotide genome of a hepadnavirus. Furthermore, the mode of
replication of the HDV genome is fundamentally different.

Hepatitis & virus is considered to replicate through a symmetrical rolling-circle mechanism
[9] that involves only RNA intermediates [8]. Replication of the HDV genome involves
accumulation of new genomes and complementary RNA species known as antigenomes. As
many as 300,000 molecules of genome accumulate per infected cell, along with approximately
100,000 copies of the antigenome [10]. It is thought that the genomic and antigenomic RNA
circles act as templates for the generation of the multimeric strands of both polarities, which
are greater than the 1700-nucleotide unit length. These are processed to a unit length since both
the genome and antigenome contain a sequence of approximately 85 nucleotides that can act
as a site-specific ribozyme [11]. After such ribozyme cleavage, the unit-length RNAs are
ligated, possibly via a host ligase [12], to form new circular RNA species. Since HDV does
not encode its own replicase and can replicate autonomously in its host, one or more host RNAP
is redirected for its replication [8].

A third RNA species that is only approximately 900 nucleotides long and of antigenomic
polarity is also produced at approximately 500 copies per cell [13]. As indicated in Figure 1,
this mRNA is processed with a 5'-cap structure and is polyadenylated at its 3'-end because,
similar to host mMRNA precursors, it contains essential features, such as a polyadenylation site
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AAUAAA and an appropriately placed CA sequence, which acts as a polyadenylation cleavage
and acceptor site [14]. The open reading frame encodes a protein that is 195 amino acids long
and is referred to as the small 6Ag. This protein is an RNA-binding protein essential for the
accumulation of HDV genomic and antigenomic RNA [15], although it is still controversial
as to whether it is required for the transcription process [8]. During replication, an adenosine
deaminase that acts on dsSRNA (ADAR) converts an adenosine located in the termination codon
of the small 3Ag on antigenomic RNA to an inosine [16]. Such action leads to the generation
of an mRNA where the termination codon now encodes tryptophan, and thus to the production
of a second viral protein species that is 19 amino acids longer at the C-terminus, referred to as
the large 3Ag [16]. The large 8Ag is unable to support HDV RNA accumulation; however, in
terms of the HDV lifecycle it plays an essential role in that it not only binds the HDV RNA,
but then makes an interaction with the envelope proteins of HBV, leading to the assembly and
release of new infectious HDV [15,17]. The unique 19 amino acid extension of large 6Ag
contains a cysteine that undergoes farnesylation, and this is a necessary step in the functioning
to achieve virion assembly [18].

Theories of origin

Similarities to plant viroids

Since they have remarkable similarities to HDV in terms of their genome structures and
mechanisms of replication, much attention has been given to viroids to explain the origin of
HDV [8,19,20]. Viroids were first detected owing to their obvious pathogenic effects in plants,
and given names based upon their observed pathogenesis [21]. For example, potato spindle
tuber viroid (PSTVd) was first discovered in 1971 as the causative agent of potato spindle tuber
disease [22]. Another agent is avocado sunblotch viroid (ASBVd) [23]. There are now more
than 30 species of viroids that can be distinguished according to their nucleotide sequences
and modes of replication. Figure 1 shows a comparison of the ASBVd RNAs with those of
HDV.

Viroid RNA was characterized long before it was realized in 1986 that the HDV RNA genome
was also circular in conformation [24]. Viroids have small single-stranded circular RNA
genomes in the range of 250 to 400 nucleotides [25-29]. This size is even smaller than HDV,
but consistent with the fact that viroid genomes have no known coding capacity. Similar to
HDV, some viroids (i.e., avsunviroids) are replicated by host RNAP(s) via a ‘symmetrical
rolling-circle mechanism’ that involves only RNA intermediates, and are post-transcriptionally
processed to unit length by viroid ribozyme domains (i.e., hammerhead) [30]. However, most
known viroids (i.e., pospiviroids) replicate by an ‘asymmetrical rolling-circle mechanism’.
This pathway involves the generation of linear multimeric head-to-tail RNAs of negative
polarity from circular RNAs of positive polarity by host RNAP(s). Instead of being processed,
the multimeric RNAs serve directly as templates for the synthesis of linear positive multimeric
RNAs, which are then cleaved and ligated into monomeric positive circular RNAs (possibly
using a host RNase and a host ligase [31]). Although it is generally considered that circular
HDV RNAs of both polarities can act as the templates for the generation of the multimeric
strands, it is also possible that linear multimeric RNA templates might be used during HDV
replication, in a similar way to that reported in pospiviroids.

The nucleotide sequences of viroids have been compared with HDV, and while one study
suggested they were related [32], a subsequent study suggested the opposite [33]. However,
given the rates of nucleotide change for both infectious agents, and the apparent requirements
for intramolecular folding, the lack of detected sequence homology does not preclude
evolutionary relatedness. In addition, unlike viroids, HDV had to evolve a protein and RNA
features to undergo assembly by proteins from its helper virus (i.e., HBV) and to release
infectious virus particles.
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The similarities between HDV and viroids are not limited to common RNA features and their
modes of replication, but also include the proteins that their RNA genomes interact with. Both
subviral RNA species are reported to interact with proteins involved with RNA-processing
pathways and with translation machinery, and at least one of those proteins is common to both
species (i.e., eEF1al) [34,35]. More importantly, both HDV and viroids are able to divert
RNAP(s) for the replication of their own RNA genomes. It is generally accepted that HDV
RNA and most viroids (i.e., pospiviroids) are transcribed by host RNAP I1 [8,36]. In addition,
it has been reported that part of HDV replication might involve another host polymerase,
possibly RNAP I [37]. It is considered that there might even be different sites — nucleoplasmic
versus nucleolar — for transcription of different HDV RNAs [38,39], but the issue remains
controversial [8,40].

For some viroids, such as ASBVd, there is evidence that replication does not occur in the
nucleus using RNAP 11 but in the chloroplast, using either a plastid-encoded RNAP or a
nuclear-encoded RNAP [41]. In addition, studies have demonstrated that specific regions of
HDV RNA can interact not only with mammalian RNAP I1 [42], but also with RNAP | and
I11 [43]. Similarly, only one polarity of the PSTVd RNA was found to stably associate in
vitro with RNAP |1 [Pelchat M et al., Unpublished Data] and PSTVd RNA was reported to
interact with transcription factor 1A both in vitro and in vivo [Ding B, Pers. Comm.].
Furthermore, several viroid-derived RNAs were shown to be recognized and used as templates
by other polymerases, such as Escherichia coli RNA polymerase [44]. Such seeming
promiscuity suggests that given an appropriate situation, the RNA genomes of viroids and
HDV can make use of different polymerases. However, in vivo, the situation might be more
complicated as not only does it involve redirection of host polymerases to achieve transcription,
but also requires survival and accumulation of at least some of the RNA transcripts.
Nevertheless, these similarities imply the evolutionary relationship of these RNA species and
suggest that they might use common proteins during their lifecycle.

The analogy between HDV and viroids has been carried to another level by four recent findings
[Pelchat M et al., Unpublished Data]. First, when multimers of HDV RNA, as transcribed in
vitro, were inoculated into the leaves of tomato seedlings under specific conditions, HDV
genome replication was achieved as well as spreading within the plant and obvious cytopathic
effects, including inhibition of plant growth. Second, following transfection of multimers of
PSTVd RNA into animal cells, accumulation of new RNA was detected, but only when 3Ag
was also expressed. Third, the genome of HDV RNA was engineered to reduce its size to 342
nucleotides, leaving only the ribozyme domains and small regions from the opposite ends of
the rod-like structure reported to interact with the three human RNAPs [42,43]. After this,
modified RNA was transfected into animal cells, and new RNA accumulated, but again only
in the presence of expressed 8Ag. Fourth, when this same 342-nucleotide RNA was inoculated
into tomato leaves, spreading and accumulation of newly synthesized RNA species was
detected.

While these new findings cement the relationship between the structure and replication of HDV
and plant viroid RNAs, they still leave open the question of whether they have a distinct origin
with convergent evolution, or whether one somehow acted as a precursor for the other. This
will be difficult to resolve since even for the many species of viroids there is the issue of whether
they are evolutionarily related [41]. If some of the viroids arose independently and converged
to common structures and replication mechanisms, then it is equally possible that HDV did the
same.

A recent study has proposed that recombination may be the only possible route to evolutionary
innovation in viroids [45]. In this respect, it should be noted that intermolecular recombination
between different HDV genomes has been reported [46] and template switching, the presumed
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mechanism of recombination, has been demonstrated as an intramolecular event that can
initiate HDV genome replication [47,48].

Evolution from a virusoid or a retroviroid

Although there are strong structural and functional similarities between viroids and HDV, other
species of plant agents are structurally and functionally similar to HDV. Some plant RNA
viruses are known to accumulate, other than their genomes, relatively smaller RNA sequences
that can modulate the disease symptoms associated with the infection [49]. At one time, such
agents were referred to as ‘virusoids’, a name given to indicate a possible relationship to viroids
[50]. These smaller RNAs may contain little or no detectable homology to the genome of their
helper virus. In some cases, these smaller sequences can achieve a circular conformation, and
this no doubt contributes to their ability to accumulate. They can even contain ribozyme
domains, consistent with a post-transcriptional processing to circles. However, these agents
use the RNA polymerase of the helper virus, instead of host RNAP. Nevertheless, while one
can suggest that plant viroids and HDV might have evolved from virusoid RNAs that became
able to utilize a host polymerase, there is no supporting evidence.

There are two examples of retroviroids in plants, where small circular RNAs are associated
with either DNA templates or reverse transcription. Daros and coworkers in a study of a viroid-
like RNA detected association of that RNA with its cDNAs [51]. No further examples of this
have since been reported. The second example comes from the Varkud small plasmid that is
not known to encode any protein and replicates in the mitochondria of Neurospora, in the
presence of a larger plasmid that encodes at least a reverse transcriptase [52,53]. This agent is
derived from DNA-directed RNA transcripts. It has no RNA-directed component. However,
the DNA-directed RNA transcripts do undergo post-transcriptional processing that is ribozyme
mediated and leads to the accumulation of small sSRNA circles.

There is no question at this time that most viroids and HDV replicate their RNAs without
reverse transcription and/or a DNA intermediate. However, one should not discard the
possibility that the origin of these RNAs might have involved reverse transcription, because
HDV likely arose in an HBV-infected cell; that is, during HBV replication dependent upon
reverse transcription.

Evolution from a host mRNA precursor & associated ribozymes

Another possibility that cannot be excluded is that host RNA might have been used as atemplate
for replication to generate an HDV-like species. Studies of the processing of nascent human
B-globin MRNAs have shown that downstream of the poly(A) signal and CA acceptor site there
is a ribozyme domain [54]. The authors cite the conservation of this domain in other primate
globin genes and other examples occur in myxomycetes, indicating an evolutionary
conservation of such associations, which importantly are also present on HDV antigenomic
RNA (Figure 1). The HDV ribozymes are faster than other ribozymes, such as the hammerhead
ribozyme, and recent studies show that the insertion of the & ribozyme into nascent RNAP I
transcripts can dramatically inhibit other cotranscriptional RNA processing events, including
splicing and ADAR editing [55]. Furthermore, HDV studies have focused on how the
polyadenylation and ribozyme affect the processing of nascent antigenomic RNA transcripts
[56,57]. That is, there is important alternative processing directed by these signals present on
the HDV RNA.

In 2006, a ribozyme RNA was found in animal cells, which had similarities in structural folding
and biochemical properties to the & ribozymes [58]. This ribozyme has limited nucleotide
sequence similarity to the HDV ribozymes and is encoded in an intron of a known gene,
CPEB3, one which has no relationship to 8Ag. However, in a recent follow-up study using a
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structure-based search, many HDV-like ribozymes were found [59]. These occurred in diverse
eukaryotic species, such as eels, sharks, sea urchins, worms and mosquitoes, and even in an
insect virus. Some of these ribozymes have been confirmed as active in vitro and some have
proved to be transcribed in vivo. Furthermore, from the locations of these ribozymes within
the host genomes there are provocative indications of relevance to retrotransposition and the
selection of biologically relevant regulation of host genes.

Some time ago it was also speculated that HDV RNA might have arisen as a consequence of
an aberrant splicing event [20]. In fact, the RNA was examined for similarities to self-splicing
introns [60]. Alternatively, a process known as mis-splicing, which produces RNA circles, was
proposed; this occurs when a splice donor acts on a splice acceptor located 5’ rather than 3’
[61]. However, to also explain the base pairing of the HDV RNA, one might have to presume
a prior event of RNA-primed hairpin formation.

6 antigens, both large & small

Unbranched

As previously mentioned, we know that both forms of the 6Ag are essential for the lifecycle
of HDV. However, at this point we do not know where 8Ag came from. One study identified
an animal cell protein that interacted with Ag, designated &-interacting protein A (DIPA)
[62]. This protein, based on its size and possible sequence homology, was considered as a
candidate. This led to speculation that some form of viroid-like RNA might have transduced
DIPA-RNA coding sequences to create the HDV genome. However, the homology (DIPA) to
dAg was limited and the interpretation controversial [63,64]. While others have gone on to
study DIPA, there have been no further assertions of its relation to 6Ag [65].

It has been proposed that the role of 8Ag in HDV replication is to displace the cellular negative
elongation factor, thereby stimulating HDV transcription by RNAP 1l [66]. Since putative
negative elongation factor orthologs have not been found in several species, including plants,
it is possible that a plant viroid-like RNA might have captured the coding region for a cellular
protein (maybe related to DIPA), and that 5Ag is an evolutionary adaptation of HDV that was
necessary for it to replicate in the new mammalian host. However, the homology of DIPA to
dAg was limited.

rod-like folding

In addition to its circularity, which offers protection against host nucleases that are
predominantly exo- rather than endonucleases [67], the HDV RNA genome folds on itself to
form what is referred to as an unbranched rod-like folding (Figure 1). This folding is predicted
to include 74% of all nucleotides [68] and from electron microscope observations, the short
rod-like appearance has been demonstrated [69].

During viral RNA replication, there is evidence that 3Ag binds to the rod-like folding of HDV
RNAs and can facilitate the accumulation of processed HDV RNAs, even when these are
transcribed by RNAP 11 from DNA templates [70]. Some studies have shown that insertion of
short sequences to disrupt the rod-like folding can block replication competence [71]. Other
studies have shown that insertion of sequences as long as 1 kb onto the HDV RNA can
nevertheless lead to the selection of genomes that have removed the sequence and are
replication competent [47]. For such removal, template switching during RNA-directed
transcription by host RNAP(S) was suggested, as this process was shown to occur with HDV
RNA [48].

In addition to 8Ag binding, the level of base pairing in the HDV RNAs is sufficient to attract

an adenosine deaminase that acts on dsRNA, an ADAR that converts adenosine to inosine, to
produce the essential large 6Ag [16]. ADAR editing at other sites is also a major source of
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nucleotide sequence changes that can accumulate on HDV RNAs [72]. Other changes might
arise via nucleotide misincorporation during RNA-directed transcription.

How did the rod-like folding arise? A likely explanation would be to invoke what could be
termed back-priming (or fold-back priming). If the 3’-end of an RNA template is used as a
primer for transcription that folds back on the RNA as a template, this will ultimately generate
a 100% double-stranded hairpin molecule that will be a chimera of the template and its
complementary sequence.

Numerous examples of back-priming have been reported for in vitro transcription, such as with
poliovirus RNA and its polymerase or various RNAs with either HCV polymerase or with the
polymerase of phage phi6 [73]. As represented in Figure 2, studies with phi6 polymerase have
shown the ability to use back-priming on HDV RNA templates to produce such hairpin
chimeric RNAs that are double the size of the template [Taylor J et al., Unpublished Data].
This is not to say that HDV RNA replication necessarily continues to use back-priming. In
fact, other in vitro studies with less than full-length HDV RNAs and RNAP 1l have reported
leader-priming [74,75], as represented in Figure 2.

Independent of how HDV RNA is currently replicated, it may have arisen along with its rodlike
folding, by back-primed transcription on the 3'-end of a host RNA. Furthermore, if the RNA
were an mRNA precursor (especially one encoding the putative ancestor of the 3Ag) that
contained a ribozyme domain downstream of the poly(A) signal and CA acceptor site, this
might somehow lead to a processed RNA that acted as a template for further RNA-directed
transcription. Mutations would then have had to occur rapidly to decrease the amount of base
pairing. This is because RNAs with high levels of pairing would activate host innate responses,
such as those involving the dsSRNA-dependent protein kinase PKR and RNA silencing, and
lead to repression of HDV replication [76,77]. Accordingly, the observed 74% amount of base
pairing no doubt reflects a selective pressure to allow interaction with proteins necessary for
the HDV lifecycle and yet avoid recognition by host innate responses.

A recent study has shown that back-priming can indeed occur in vivo and with significant
biological consequences. Maida et al. discovered that a small 267-nucleotide noncoding
nucleolar RNA, RMRP, redirects telomerase to perform RNA-directed RNA synthesis and
back-priming to create a dsRNA [78]. Some of this species is converted by the nuclease DICER
to produce siRNAs that negatively regulate RMRP. Of relevance here is not only the back-
priming but the ability of a structured RNA to redirect a host polymerase.

HBYV as the helper virus

Finally, an important question one should ask when considering the origin of HDV is how this
agent developed in relation to its helper virus, HBV. We do know that in the serum of HBV-
infected patients, one can detect the 42-nm diameter infectious HBV that contains a 27-nm
diameter nucleocapsid, along with an excess of subviral particles (SVPs) that are empty, and
exist as 25-nm diameter spheres and 22-nm diameter filaments of variable length. The SVP
can be present in 100- to 100,000-fold excess relative to the infectious HBV particles [7]. Thus,
redirection of SVP formation could easily be part of HDV assembly.

How did the current dependence of HDV on HBV arise? A recent study reported that humans
(and most likely other animals) are able to act as vehicles for the dissemination of certain plant
viruses through their digestive tracts [79]. One possibility is that a viroid-like genome (possibly
from plants) infected the liver of an HBV-infected primate, not necessarily human, leading to
assembly by HBV envelope proteins. Another possibility is that in cells undergoing HBV

replication, a chance event(s) other than infection led to the origin and accumulation of HDV-
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like RNAS, and that the replication and accumulation of such RNAs allowed the selection of
species capable of assembly by the HBV envelope proteins.

Based upon nucleotide sequence analyses it has been possible to separate HBV isolates into
eight genotypes and HDV into eight clades [5]. Only to a limited extent is there evidence of a
correlation between a HBV genotype and a HDV clade; in such situations, parallel evolution
of the two viruses might have occurred.

Why has HDV remained?

There isno evidence that HDV RNA and the replication strategy it has adopted reflect anything
more than a successful selfish RNA, whose replication interferes with that of its helper virus
[80] and enhances the liver damage relative to HBV alone [81]. HDV might even be more
selfish than this. For example, while we do not know to what extent HDV infection of
hepatocytes precedes or follows HBV infections of individual hepatocytes, we realize that prior
arrival of HDV will lead to genome replication, but no assembly or release, unless subsequent
HBYV infection occurs. Thus, an untested speculation is that HDV infection might somehow
enhance the susceptibility of the cell to achieve the necessary second infection by HBV.

Conclusion & future perspective

This article offers a first look at some surprising findings linking HDV and viroids, and yet we
cannot assert that somehow one is a precursor to the other. It is equally possible that the two
arose by convergent evolution, by a process involving aberrant RNA-directed RNA
transcription coupled with an RNA processing event. Also relevant and provocative are the
new data that host telomerase can act as an RNA-directed RNA polymerase on a structured
RNA template, and that this is achieved by back-priming. Furthermore, discovery of the
widespread occurrence of HDV-like ribozymes and their possible relationship to
retrotransposition further demonstrates that some of what appeared to be unique properties of
HDV and viroids are barely the tip of a major biological iceberg. This article also raises
speculation regarding the origin of the dependence of HDV upon HBV as a helper virus.
Certainly, we will have to consider the possibility of new infectious agents of humans that
might act alone or in conjunction with helper viruses as replicating RNAs, almost totally
dependent upon redirection of host functions. Such agents might be new or currently
unrecognized sources of pathogenesis. However, we might also envision harnessing such
replication-competent RNAs for positive means, for example to deliver therapeutic signals.

Executive summary
Hepatitis & virus is unique relative to other human pathogens

= Hepatitis 6 virus (HDV) is subviral in that it depends upon hepatitis B virus (HBV)
for envelope proteins.

= HDV has an RNA genome smaller than that of any animal virus.

= The RNA genome and its complement, the antigenome, have a circular
conformation, and are able to form by base pairing, into an unbranched rod-like
structure.

= These RNAs are transcribed by redirection of host RNA polymerase activity.

= HDV has just one open reading frame encoding two proteins, the small and large
d antigen, which are essential for RNA accumulation and propagation.
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* RNA editing by an adenosine deaminase that acts on dSRNA during replication
leads to translation of a longer protein, large & antigen, which together with HBV
envelope proteins is essential for virion assembly.

HDV shows distinct similarities to certain pathogens of plants
=  The viroids are noncoding RNAS, roughly five-times smaller than HDV.

= Like HDV RNA, the viroid RNAs are often circular in conformation and some
possess ribozyme activity.

» Like HDV RNA, they replicate by redirection of host RNA polymerases.

=  New experimental studies demonstrate that HDV RNAs can accumulate in plant
tissues and that viroid RNAs can accumulate in human cells.

Theories of HDV origin must explain multiple aspects

=  The essential HBV helper function implies HDV arose in the liver of an HBV-
infected patient

=  The source of the genetic information for & antigen remains unsolved.

=  The unbranched rod-like folding might best be explained by a fold-back
transcription event.

= New data strengthen the analogy between HDV and the plant viroids but do not
resolve whether one isa precursor to the other or whether they represent convergent
evolution.

=  While virusoid-like agents might be a progenitor of viroids, we cannot envision
such a role for HDV.

=  While only one example of a retroviroid is known, we cannot ignore that HDV, at
one point in its evolution, was present in a cell expressing the reverse transcriptase
of HBV.

= A most promising contributing component to HDV evolution might be recent
studies that show host MRNAs where the polyadenylation signals are followed by
ribozyme domains, an arrangement also present on HDV antigenomic RNA.

= Overall, one must ask whether HDV is no more than a selfish RNA or whether it
provides some function, negative or positive, in relation to its essential helper virus,
HBV.

Future studies

= Not just future HDV studies, but also cell biology, will be greatly affected by the
linkage of HDV to viroids, the new example of in vivo redirection of a host
polymerase to become an RNA-directed RNA polymerase, the evidence of in
vivo back-priming, and the revelation of multiple and widespread examples of
HDV-like ribozymes.

=  Other HDV- or viroid-like RNAs might be discovered in animal cells, with or
without associated helper viruses.

= Clarifying HDV-associated pathogenesis and gaining an understanding of the
requirements for self-replicating HDV- and viroid-like RNAs will be key steps in
advancing RNA biology and may open the way for valuable experimental and
therapeutic applications.
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Figure 1. Comparison of hepatitis & virus RNAs with those of a viroid

There are three stable HDV RNAs that accumulate during replication. The genome, which is
the RNA assembled into new virus particles, and its exact complement, the antigenome, are
approximately 1700 nucleotides in length, with a circular conformation and the ability, based
on approximately 74% intramolecular base pairing, to fold into an unbranched rod-like
structure. Both genome and antigenome contain their own ribozyme domain, of approximately
85 nucleotides (yellow box). The antigenome contains the open reading frame for the 6 antigen
(blue box), but this protein is actually translated from a third RNA, the mMRNA, which is linear,
less than full length, 5’-capped and 3'-polyadenylated. Also indicated are the RNAs of a plant
viroid, ASBVd. This approximately 250-nucleotide long RNA and its exact complement are
indicated as plus and minus, even though there is no coding capacity. As with HDV, RNAs
can be circular and have the ability to fold intramolecularly. While the RNAs of ASBVd may
be almost rod-like, the RNAs of other viroids can have more complicated folding. For viroids
such as potato spindle tuber viroid, the circular conformation is only found for the plus RNA.
ASBVd: Avocado sunblotch viroid; HDV: Hepatitis 8 virus.
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Figure 2. Possible primed transcription of hepatitis & virus RNA

The example shown is for an antigenomic RNA template. (A) Indicates cleavage, which may
be via a cellular exonuclease or even polymerase Il in association with transcription factor 11S
[75]. (B) The 3'-OH produced by the cleavage allows back-priming (or fold-back priming).
This occurs in vitro with phage phi6 polymerase [Taylor J et al., Unpublished Data]. (C)
Indicates leader-priming (or in situ priming), which has been reported in vitro with polymerase
I1 [74,75]. Note that (B & C) produce different chimeras of genomic RNA transcript linked to
antigenomic RNA template.
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