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Hepatitis delta virus (HDV) contains a circular RNA genome of 1.7 kb. HDV RNA replication is thought to
proceed via a rolling-circle mechanism that is dependent on autocatalytic cleavage and ligation reactions.
However, it has never been established that these ribozyme activities are indeed involved in HDV RNA
replication. To investigate the possible biological significance of HDV RNA self-cleavage, we constructed
several HDV dimer cDNAs containing single-base substitutions of the 3' nucleotide of the genomic and the
antigenomic self-cleavage sites. These mutations were known to affect self-cleavage in vitro to various extents.
The effects of these mutations on HDVRNA replication were examined in hepatic and nonhepatic cell lines. The
results showed that all of the mutants which had lost the in vitro self-cleavage activity could not replicate. The
only mutant which retained full cleavage activity replicated as efficiently as the wild-type RNA. Thus, this study
established that self-cleavage activity is required for HDV RNA replication in cells. Interestingly, the level of
HDV RNA detected in cells transfected with this replication-competent mutant and that detected in cells
transfected with the wild-type construct were similar in COS-7 cells but vastly different in HepG2 and Huh-7
cells, suggesting that HDV RNA self-cleavage activity may be modulated by cell-specific factors. We also
compared the effects of mutations when the primary transcripts of these constructs were of either genomic or
antigenomic sense. In constructs which synthesize primary transcripts of genomic sense, all of the antigenomic
self-cleavage mutants produced as much hepatitis delta antigen (HDAg) as did the wild-type construct, even in
the absence of detectable HDV RNA replication, whereas the genomic self-cleavage mutants produced very
little HDAg. These and other data suggest that (i) the primary HDV RNA transcripts of both genomic and
antigenomic polarities must first be processed to serve as a template for HDV RNA transcription, (ii) efficient
cleavage at the antigenomic self-cleavage site is not required for HDAg expression, and (iii) HDV RNA
replication most likely occurs by a double-rolling-circle mechanism.

Hepatitis delta virus (HDV) is a defective human pathogen
that requires functions provided by either hepatitis B virus
or the related hepadnavirus woodchuck hepatitis virus for its
transmission (21, 22). The genome of HDV consists of a

small, circular, single-stranded RNA of about 1.7 kb that is
predicted to fold into an unbranched, rod-like structure
because of a high potential for intramolecular base pairing
(17, 26). While these features are unique for animal RNA
viruses, they resemble those of plant pathogenic viroids and
virusoids. Nevertheless, HDV RNA is much larger and,
unlike viroid RNA, encodes a protein, the hepatitis delta
antigen (HDAg). This protein consists of two related poly-
peptides, one of 24 kDa (small HDAg), which is essential for
HDV RNA replication (12), and one of 27 kDa (large HDAg),
which inhibits replication (6) but is essential for virus assem-

bly (5).
Forms of HDV RNA extracted from infected livers (7) and

transfected cell lines (12, 14) are consistent with a rolling-
circle mechanism similar to that proposed for some viroids
(2). This strategy is proposed to include RNA-directed RNA
transcription from a circular genomic-sense RNA that leads
to formation of a multimeric-length RNA replication inter-
mediate, which is subsequently processed by autocatalytic
cleavage into monomers. These monomer-size RNAs, which
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are complementary to the genome, then self-ligate to form
circular RNAs, which will be referred to as the antigenome.
Another round of rolling-circle replication from the antige-
nome generates progeny circular genomic RNA. However,
many steps of this replication model have not been estab-
lished, and it is conceivable that HDV RNA could go

through only a single round of rolling-circle replication, with
the multimeric, antigenomic RNA replication intermediate
serving directly as the template for synthesis of genomic
RNA.

In vitro studies have revealed that several regions on both
the genomic and antigenomic strands of HDV RNA are
capable of undergoing autocatalytic self-cleavage and self-
ligation reactions (13, 23, 24, 29), a property also identified in
a number of other naturally occurring RNA molecules,
including virusoids and viroids. Presumably, these catalytic
activities are involved in the cleavage of a multimeric-length
RNA replication intermediate during the rolling-circle repli-
cation of HDV RNA. However, this possibility has never
been established. The gene that encodes HDAg is located on
the antigenomic strand of HDV RNA immediately upstream
of the antigenomic cleavage site (10, 26), suggesting that
cleavage at this site also plays a role in HDAg expression
(10).
Work in our laboratory and others has defined the bound-

aries of the self-cleaving domains of HDV RNA, as well as

suggesting the potential secondary and tertiary structures
involved (3, 19, 20, 27, 28, 30). These studies have shown
that several stem-loops and a possible pseudoknot structure
are required for efficient cleavage of HDV RNA in vitro (3,
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20, 27, 30). However, these structures were determined from
small subfragments of HDV RNA and appear to be incon-
sistent with the demonstrated rod structure for the entire
HDV RNA (26). Indeed, in in vitro reactions, larger HDV
RNA fragments cleaved considerably less efficiently than the
minimum HDV RNA ribozymes (13, 19, 28, 29). Neverthe-
less, multimeric-length HDV RNA must cleave efficiently in
vivo under physiological conditions if the self-cleavage re-
action is involved in processing of an RNA replication
intermediate. Why the constraints that restrict HDV RNA
self-cleavage in vitro do not affect the process in vivo (i.e.,
during HDV RNA replication in HDV-infected cells) is
unknown. The in vivo environment may be more favorable
to formation of the RNA structure(s) conducive to self-
cleavage; alternatively, the self-cleavage reaction is not
involved in HDV RNA replication. Another possibility is
that cellular factors modulate the self-cleavage in vivo. To
examine these possibilities, we studied HDV RNA self-
cleavage reactions in cells. However, in contrast to in vitro
studies, it is difficult to separate the processes of self-
cleavage and self-ligation to determine accurately the rate
and extent of self-cleavage in vivo and it is difficult to rule
out participation of cellular proteins in the cleavage reac-
tions. Consequently, we made site-specific mutations on the
nucleotides of the self-cleavage sites and examined their
effects on HDV RNA replication in cells. This study showed
that the mutations which affected the self-cleavage activity
in vitro also inhibited the ability of the RNA to replicate.
Thus, we conclude that self-cleavage activity is required for
HDV RNA replication in vivo. This study also raises the
possibility that cellular factors can modulate self-cleavage
reactions and provides direct evidence that HDV RNA
replicates predominantly by the double-rolling-circle mech-
anism.

MATERIALS AND METHODS

Site-directed mutagenesis. Site-directed mutagenesis was
performed with a Muta-Gene kit (Bio-Rad) in accordance
with the manufacturer's protocol, except that plasmid vector
pBluescript SK± (Stratagene) containing a full-length cDNA
of wild-type HDV RNA (17) inserted into the Sall site was
used to synthesize replicative-form DNA. The sequences of
the mutagenesis primers were (i) for the genomic self-
cleavage site (no. 384), 5'-CTTACCTGAT(C/A/T)GCCG
GCATG-3', and (ii) for the antigenomic self-cleavage site
(no. 383), 5'-ATGCCGACC(T/G/A)GAAGAGGAAA-3'.
These are complementary to nucleotides 679 to 698 and 894
to 913, respectively, of the antigenomic RNA of HDV (17).
The final mutagenesis products were used to transform
Escherichia coli DH-5a, and the resultant clones were
screened by DNA sequencing.
Vectors and plasmid construction. All of the HDV cDNA

used in this study encoded the small, 24-kDa, form of HDAg.
Monomers of either wild-type HDV cDNA (17) or HDV
cDNA carrying mutations in either the genomic or the
antigenomic self-cleavage site, but not both, were inserted
into the SalI site of eukaryotic expression vector pECE1 (9)
under control of the simian virus 40 early promoter. pECE-
derived plasmids (see Fig. 1) were obtained by dimerization
of HDV cDNA inserts by using a strategy involving partial
SailI digestion and religation with additional HDV cDNA
monomers. All of these pECE-derived constructs were
designed to synthesize genomic-sense and dimeric-length
HDV RNA transcripts. In addition, the dimeric HDV cDNA
inserts of several of the pECE-derived constructs (see Fig. 1)

were removed by double digestion with restriction enzymes
HindIII and XbaI, blunt ended, and recloned in both orien-
tations into the SmaI site of transient expression vector
pSVL (Pharmacia). These pSVL constructs allowed synthe-
sis of HDV RNA transcripts of either polarity. For example,
pSV-WT1 synthesizes genomic-sense transcripts and pSV-
WT2 synthesizes antigenomic-sense transcripts. The con-
struction of HDAg expression plasmid pTM5E, which con-
tains an HDAg-coding open reading frame, has been
described elsewhere (15). Plasmids pTMbSalA and
pTMbSalB, which were used to generate HDV RNA strand-
specific riboprobes (see below), contain a full-length copy of
HDV cDNA (excised from pTMbNeo3A; 14) cloned in either
orientation into the Sall site of pGem3 (Promega).

Transfection. All transfections were mediated by Lipofec-
tin (BRL) by a minor modification of the protocol recom-
mended by the manufacturer. Briefly, 1 to 2 days prior to
transfection, COS-7, Huh-7, and HepG2 cells were sus-
pended in Dulbecco's minimum essential medium containing
5% fetal bovine serum and seeded into 24- or 6-well plates
(Costar). When the cultures were 50 to 70% confluent, the
medium was replaced with Dulbecco's minimum essential
medium containing 1% fetal bovine serum, and 50 or 10 ,l of
a mixture containing 100 to 200 ng of plasmid DNA per RI
and 500 ng of Lipofectin per RI was added per well to the 6-
and 24-well plates, respectively. Following incubation over-
night at 37°C in 5% CO2, the medium was replaced with
Dulbecco's minimum essential medium containing 5% fetal
bovine serum and incubation was continued for an additional
3 or 5 days. Plasmid pTM5E, which contains the HDAg open
reading frame, was usually included in the experiments to
monitor efficiency of transfection by indirect immunofluo-
rescence detection of HDAg. This was done with acetone-
fixed cells grown on 13-mm-diameter glass coverslips and
cultured in the 24-well plates at 4 days posttransfection, as
described previously (31). In some experiments, pTM5E was
included in the transfectants to provide HDAg in trans.

Northern (RNA) blot analysis. Total RNA was extracted
from cells grown on 6-well plates 6 days after transfection by
the guanidinium isothiocyanate procedure (8). The RNA was
treated with formaldehyde, electrophoresed through formal-
dehyde-containing 1.1% agarose gels, blotted onto a nitro-
cellulose membrane (Hybond C extra; Amersham), and
probed with 32P-labeled HDV strand-specific riboprobes as
described previously (14). Riboprobes for detecting genomic
and antigenomic HDV RNA were transcribed, with T7 RNA
polymerase, from pTMbSalB and pTMbSalA, respectively,
following linearization of these plasmids at the PstI site.
Positive control HDV RNA was extracted from stable cell
line N63, which was derived from COS-7 cells transfected
with pTMbNeo3A (14).

Immunoblotting. Immunoblotting to detect HDAg was
performed on cell lysates from 6-well plate cultures at 4 days
after transfection. Polyacrylamide gel electrophoresis and
protein transfer were performed as described previously (1).
After transfer, the filters were incubated successively with a
1/1,000 dilution of high-titer rabbit anti-HDAg serum (31)
followed by 125I-labeled protein A (ICN). The small and
large HDAg standards were provided by Yu-Ping Xia and
consisted of extracts from stable cell lines S9 and L9, which
express the small and large HDAgs, respectively.

RESULTS

Site-specific mutagenesis of the 3' nucleotide of the self-
cleavage sites. Previous studies with partial fragments of
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FIG. 1. HDV expression plasmids used in this study. All con-
sisted of a dimer of wild-type HDV cDNA or HDV cDNA carrying
mutations at the 3' nucleotide of either the genomic or the antige-
nomic self-cleavage site. The pECE-derived plasmids were designed
to synthesize primary transcripts of dimeric, genomic-sense HDV
RNA. The pSVL-derived plasmids were designed to synthesize
dimeric, genomic (1 suffix)- or antigenomic (2 suffix)-sense HDV
RNA. The cleavage sites are indicated by arrows below the se-
quences (29).

HDV RNA have revealed that most mutations of the nucle-
otide at the 5' side of the cleavage sites on both genomic and
antigenomic HDV RNAs did not affect self-cleavage activity
(19, 27), whereas most mutations of the 3' G base almost
completely eliminated the autocatalytic activity (27). To
determine whether the self-cleavage activity of HDV RNA is
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involved in HDV RNA replication, we performed site-
specific mutagenesis of the self-cleavage site to correlate
self-cleavage activity with the ability of HDV RNA to
replicate. We targeted the 3' G base of both the genomic and
the antigenomic self-cleavage sites for mutagenesis. In all,
seven mutants were obtained, three at the genomic self-
cleavage site, in which the 3' G was converted to A, C, or U
(giving rise to plasmids pECE-GA, pECE-GC, and pECE-
GU, respectively; Fig. 1), and four at the antigenomic
self-cleavage site, in which the 3' G was converted to A, C,
or U or deleted completely (giving rise to plasmids pECE-
AGA, pECE-AGC, pECE-AGU, and pECE-AG-G, respec-
tively; Fig. 1). These site-specific mutations were con-
structed into dimeric copies of HDV cDNA and placed
under an simian virus 40 T-antigen promoter such that
genomic-sense HDV RNA of dimeric length would be tran-
scribed from the plasmids.

Northern blot analysis of self-cleavage mutants. Dimers of
HDV cDNA with mutations in either the genomic or the
antigenomic self-cleavage sites were transfected into COS-7
cells. To guard against the possibility that mutations of the
self-cleavage sites would interfere with HDAg mRNA pro-
cessing and thus inhibit expression of HDAg, some initial
experiments were performed in which these plasmids were
cotransfected with HDAg-p24 expression plasmid pTMSE.
However, since all of the mutants permitted HDAg expres-
sion (see below), pTM5E was omitted from later experi-
ments, except where required to measure transfection effi-
ciency. Total cellular RNA from the transfected cells was
examined for HDV RNA by Northern blot hybridization.
Detection of genomic-sense HDV RNA from COS-7 cells
transfected with the different plasmids is shown in Fig. 2.
Comparable results were obtained for antigenomic HDV
RNA (data not shown). Monomeric HDV RNAwas detected
in cells transfected with the wild-type construct (pECE-
WT). A small amount of dimeric HDV RNA was also seen.
Among all of the cleavage site mutants, however, only the
genomic self-cleavage site mutant, which had a 3' G-to-A
mutation (pECE-GA), synthesized detectable amounts of
HDV RNA. The levels of RNA replication were similar in
the wild type and this mutant. In contrast, none of the other
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FIG. 2. Northern blot analysis of HDV RNA in COS-7 cells transfected with pECE-derived expression plasmids. Cells were transfected
with wild-type HDV cDNA or various mutant HDV cDNAs with (+) or without (-) cotransfected HDAg expression plasmid pTM5E. RNA
was detected by an antigenomic HDV RNA probe. Lane C contained mock-transfected COS-7 cells, and lane M contained total RNA
extracted from stable, HDV RNA-positive cell line N63. The arrow at the left indicates monomeric-length HDV RNA. All of the lanes, except
M (2 ,ug), contained 15 ,ug of total cellular RNA. Autoradiographic exposure time was 16 h.
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FIG. 3. Northern blot analysis of Huh-7 cells transfected with
pECE-derived expression plasmids. Cells were transfected with
wild-type or mutant HDV cDNA without cotransfected pTM5E.
Either genomic (G) or antigenomic (AG) HDV RNA was detected.
The control lane contained mock-transfected Huh-7 cells, and lane
M contained a total RNA extract from N63 cells. All of the lanes
contained 15 p1g of total cellular RNA, and the autoradiographic
exposure time was 16 h. The arrows at the left indicate monomeric-
length HDV RNA (both panels) and HDAg mRNA (AG panel only).

cleavage site mutants synthesized detectable levels of RNA,
indicating that these RNAs could not replicate. Identical
results were obtained with or without cotransfection of
plasmid pTM5E (Fig. 2); thus, the failure of their replication
was not due to the possible effects of mutations on the
synthesis or properties of HDAg. Significantly, among all of
the genomic and antigenomic cleavage site mutants, only the
genomic 3' G-to-A mutant retained a significant level of
self-cleavage activity in vitro (26a, 27). These results sug-
gested strongly that the self-cleavage activity ofHDV RNAs
of both genomic and antigenomic senses is required for HDV
RNA replication.

Cell type-specific differences in the replication of cleavage-
site mutants. To determine whether the cleavage efficiency of
HDV RNA varies with cell type, we transfected two hepa-
toma-derived cell lines, Huh-7 and HepG2, with the wild
type or the various cleavage site mutant plasmids. Patterns
of HDV RNA replication similar to that in COS-7 cells were
observed in Huh-7 and HepG2 cells; i.e., only the wild type
and the pECE-GA mutant replicated. However, while
COS-7 cells transfected with pECE-GA showed a level of
HDV RNA similar to that detected in cells transfected with
pECE-WT, the level ofHDV RNA replication in Huh-7 cells
by pECE-GA was consistently much lower (less than 1/10)
than that of pECE-WT in the same cells (Fig. 3). This
difference was observed in both genomic and antigenomic
sense RNAs. Similar results were also obtained with HepG2
cells (data not shown). This result suggests that cell-specific
factors modulate HDV RNA self-cleavage in cells. Prelimi-
nary quantitative analysis suggested that these cell-specific

differences were due to enhancement of wild-type HDV
RNA replication in the hepatoma-derived cell lines (Huh-7
and HepG2 cells) over that in COS-7 cells, rather than
inhibition of replication of pECE-GA mutant RNA in the
hepatoma cell lines. Specifically, roughly equivalent levels
of wild-type HDV RNA replication were detected in Huh-7
(and HepG2) cells and in COS-7 cells (compare pECE-WT-
transfected lanes in Fig. 2 and 3), although (i) the expression
plasmid (pECE) contains a simian virus 40 origin of replica-
tion, leading to amplification of plasmids in COS-7 cells, and
(ii) higher transfection efficiencies were obtained in COS-7
cells (approximately 30 to 50%) than in the hepatoma cell
lines (approximately 10 to 15%).

Faint bands of genomic-sense monomer HDV RNA were
detected in Huh-7 cells transfected with some of the antige-
nomic self-cleavage mutants (Fig. 3, top panel). These bands
probably represent the processed RNA of the primary
genomic-sense transcripts from the transfected plasmids,
since the genomic-sense transcripts likely retained the cleav-
age activity. In contrast, monomer RNA was not detected
with the two genomic cleavage-defective mutants
(pECE-GC and pECE-GU; Fig. 3, top panel), consistent
with the defectiveness of their cleavage activity. Interest-
ingly, with these two genomic cleavage site mutants, no
antigenomic-sense monomer HDV RNA was detected either
(Fig. 3, bottom panel), indicating that the unprocessed
dimeric genomic-sense transcripts from these plasmids were
not used as templates for transcription of antigenomic-sense
HDV RNA, which would have been cleaved at a normal
rate.
RNA replication of cleavage site mutants in different polar-

ities. The results shown above indicated that self-cleavage is
involved in HDV RNA replication, which likely occurs by a
rolling-circle mechanism. To distinguish further between a
double-rolling-circle mechanism, in which both genomic and
antigenomic RNAs are transcribed from the circular RNA
template, and a single-rolling-circle mechanism of replica-
tion, in which one of the multimeric RNA replication inter-
mediates directly serves as a template for RNA replication,
we constructed several pairs of cleavage site mutants, each
of which expresses the same RNA in the opposite senses.
Recombinant plasmids pSV-WT1, pSV-GU1, and pSV-
AGUl were designed to synthesize primary transcripts of
genomic polarity, while pSV-WT2, pSV-GU2, and pSV-
AGU2 generate the corresponding RNAs of antigenomic
polarity (Fig. 1). If HDV RNA replicates by a single-rolling-
circle mechanism, e.g., the genomic RNA is directly tran-
scribed from the multimeric antigenomic RNA template,
pSV-GU2 should be able to replicate, since the primary
transcript (antigenomic sense), which cannot be processed,
should be transcribed into genomic RNA and processed
normally; but pSV-GU1 is not expected to replicate. On the
contrary, if the antigenomic RNA is transcribed from the
multimeric genonmic RNA, pSV-AGUl should replicate, but
pSV-AGU2 will not. These constructs were transfected into
COS-7 cells, and total RNA was examined by Northern blot
hybridization (Fig. 4).
The results showed that the genomic and antigenomic

transcripts of the wild-type constructs (pSV-WT1 and pSV-
WT2) led to similar levels ofHDV RNA replication, indicat-
ing that primary transcripts of both polarities could initiate
HDV RNA replication with equal efficiencies (Fig. 4). In
contrast, neither of the genomic or antigenomic transcripts
of the cleavage site mutants led to an appreciable level of
RNA replication. These results indicated that self-cleavage
of both genomic and antigenomic strands is required for
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FIG. 4. Northern blot analysis of HDV RNA in COS-7 cells
transfected with pSVL-derived expression plasmids. Cells were

transfected with the wild-type or various mutant pSVL plasmids
(Fig. 1). The polarity of the primary transcripts from these plasmids
was genomic (WT1, GUl, and AGU1) or antigenomic (WT2, GU2,
and AGU2). Either genomic (G)- or antigenomic (AG)-sense HDV
RNA was detected. The arrowheads show the positions of mono-
meric-length HDV RNA. All of the lanes contained 15 pg of total
cellular RNA. Autoradiographic exposure time was 16 h.

HDV RNA replication. Therefore, HDV RNA replication
most likely occurs by a double-rolling-circle mechanism.
Nevertheless, a small amount of genomic-sense monomer
RNA from pSV-AGU1 was detected and a small amount of
antigenomic-sense monomer RNA from pSV-GU2 was de-
tected. These RNAs likely represent the cleavage products
of the respective primary transcripts, since these RNAs
should have normal cleavage activity. In contrast, no corre-
sponding RNA from pSV-AGU2 or pSV-GUl was detected.
These data further support the notion that the unprocessed
dimeric HDV RNAs of either sense from the primary tran-
scripts were unable to serve as templates for HDV RNA
replication. These results are consistent with the double-
rolling-circle model of HDV RNA replication.

Expression of HDAg in transfected cells. To confirm the
double-rolling-circle model ofHDV RNA replication, COS-7
cells transfected with either pECE-WT or the various self-
cleavage site mutants were examined by immunoblotting to
detect HDAg synthesis (Fig. 5). Surprisingly, similar, al-
though not identical, levels of HDAg were synthesized not

FIG. 5. Immunoblot analysis of COS-7 cells transfected with
pECE-derived constructs. Proteins were detected with an HDAg-
specific rabbit antibody. The small (p24) and large (p27) HDAg
standards were derived from stable cell lines S9 and L9, respec-
tively. Lane C contained mock-transfected COS-7 cells. Lane dna
contained cells transfected with a circularized HDV cDNA fragment
(nucleotides 781 to 1678) containing the HDAg-encoding gene and
no vector sequences (16).

only by replication-competent pECE-WT and pECE-GA but
also by the four replication-defective, antigenomic self-
cleavage site mutants, which make genomic-sense primary
transcripts. Since HDAg is translated from antigenomic-
sense RNA, this result further suggested that the primary
genomic-sense HDV RNA transcripts from these mutants
were processed correctly and were transcribed into antige-
nomic-sense HDV RNA. In contrast, the two replication-
defective genomic self-cleavage site mutants (pECE-GC and
pECE-GU) synthesized only a small amount of HDAg (less
than 5%). Since these two mutants made genomic-sense
primary transcripts which could not be cleaved, these results
further suggested that the unprocessed RNA could not serve

as a template for synthesis of antigenomic-sense HDV RNA
or HDAg mRNA. The small amount ofHDAg detected most
likely was made by HDV RNA transcribed from an endog-
enous promoter of HDV cDNA (16), since an HDV cDNA
fragment containing the complete HDAg open reading frame
also expressed a similar amount of HDAg (Fig. 5, labeled
dnn). These results further suggest that only the processed
monomer (probably circularized) HDV RNA can be repli-
cated, thus supporting the double-rolling-circle mechanism.

DISCUSSION

This study was the first to examine, although indirectly,
HDV RNA self-cleavage in vivo. This was done by deter-
mining the effects of mutations of the 3' nucleotide of the
genomic and antigenomic self-cleavage sites on HDV RNA
replication and HDAg expression. It was found that loss of
in vitro self-cleavage activity correlated with inhibition of
HDV RNA replication in vivo. Thus, self-cleavage of HDV
RNA is required for replication of HDV RNA. This is the
first evidence that RNA self-cleavage is involved in RNA
replication. Although we did not directly demonstrate the
self-cleavage in vivo, the correlation of in vitro self-cleavage
activity with RNA replication in seven different mutants
makes it highly unlikely that these mutations affect other,
unknown RNA functions.
Our studies also demonstrated that HDV RNA replicates

via a double-rolling-circle mechanism. Previously, detection
of multimeric forms of HDV RNA of both polarities in
HDV-infected livers (7) and in transfected cell cultures (12,
14), along with the demonstration in vitro of autocatalytic
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self-cleavage and self-ligation activities of HDV RNAs of
both polarities (13, 23, 24, 29), suggested a rolling-circle
mechanism. It was unclear, however, whether HDV RNA
replication could proceed via a multimeric linear replicative
intermediate RNA, i.e., a single-rolling-circle mechanism,
such as is thought to occur for viroids and virusoids that
have only one self-cleavage site (25). Our study shows that
replication of both genomic and antigenomic HDV RNAs
requires a processed monomer RNA template and thus
provides direct evidence that HDV replicates predominantly
by a double-rolling-circle mechanism. However, we cannot
rigorously exclude the possibility that the cleavage site
mutants underwent a low level of HDV RNA replication, as
suggested by the low level of HDAg expression by the
replication-defective genomic self-cleavage site mutants (al-
though the HDAg mRNA of these mutants may have been
transcribed directly from the endogenous promoter of HDV
cDNA; 16). Interestingly, the antigenomic self-cleavage mu-
tants and the wild-type construct produced comparable
levels of HDAg, even in the absence of HDV RNA replica-
tion. This finding confirms and extends a previous suggestion
indicating that self-cleavage at the antigenomic site is not
required for HDAg expression (11). It should be pointed out
that the primary dimeric transcripts from various mutants
were, in general, not detected in the cells when no RNA
cleavage or replication occurred. It is likely that the unproc-
essed transcripts were unstable. Thus, most of the HDV
RNA species detected in transfected cells most likely repre-
sents the replicated RNA.

Mutational analysis and RNase digestion studies of HDV
ribozymes have revealed that the structure, rather than the
sequence, of these domains is important for self-cleavage;
furthermore, they suggest that the active conformers are not
the most stable form predicted by computer analysis (20, 28,
30). The latter finding is consistent with the enhancement of
cleavage by repeated cycles of denaturation and renatur-
ation, and by incubation at high temperatures or in the
presence of denaturants, since these conditions may alter the
structure of HDV RNA (28) or increase the rate of intercon-
version of the various RNA conformers (19). In HDV-
infected cells, the most stable RNA conformers must be
converted to the catalytically active form by changing the
physiological environment or by cellular factors. These
cellular factors may fulfill the role(s) played by the denatur-
ants in in vitro self-cleavage reactions. Our current study
indeed provides evidence suggesting that HDV RNA self-
cleavage in vivo can be modulated by cell-specific factors.
Consistent with this notion, a protein-mediated increase in
the efficiency of in vivo self-splicing of some group 1 introns
has been noted (4) and a recent preliminary study has shown
that nuclear extracts accelerated the rate of HDV RNA
trans-cleavage in vitro (3). Furthermore, since the RNA
structures required for self-cleavage of HDV ribozymes in
vitro are different from the demonstrated rod structure for
the entire HDV RNA, it is imperative that some mechanisms
exist to facilitate the transition from the rod to the active
ribozyme structure. Since a number of different cell types of
diverse animal origins have been shown to support HDV
RNA replication following HDV cDNA transfection, the
cellular factors that affect self-cleavage may be ubiquitous in
nature. However, since the highest level of HDV RNA
replication was detected in human hepatocyte-derived cell
lines, these factors may be optimal in hepatocytes. This
possibility may explain why HDV infection was detected
only in woodchuck hepatitis virus-infected woodchuck livers
and not in extrahepatic sites infected with woodchuck hep-

atitis virus (18). Future studies should attempt to identify the
cell factors modulating self-cleavage, as this may ultimately
lead to the design of novel antiviral agents to combat this
highly pathogenic agent.
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