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Hepatitis delta virus (HDV) replicates by RNA-dependent RNA synthesis according to a double rolling circle
model. Also synthesized during replication is a 0.8-kb, polyadenylated mRNA encoding the hepatitis delta
antigen (HDAg). It has been proposed that this mRNA species represents the initial product of HDV RNA
replication; subsequent production of genomic-length HDV RNA relies on suppression of the HDV RNA
polyadenylation signal by HDAg. However, this model was based on studies which required the use of an HDV
cDNA copy to initiate HDV RNA replication in cell culture, thus introducing an artificial requirement for
DNA-dependent RNA synthesis. We have now used an HDV cDNA-free RNA transfection system and a method
that we developed to detect specifically the mRNA species transcribed from the HDV RNA template. We
established that this polyadenylated mRNA is 0.8 kb in length and its 5* end begins at nucleotide 1631.
Surprisingly, kinetic studies showed that this mRNA continued to be synthesized even late in the viral
replication cycle and that the mRNA and the genomic-length RNA increased in parallel, even in the presence
of HDAg. Thus, a switch from production of the HDAg mRNA to the full-length HDV RNA does not occur in
this system, and suppression of the polyadenylation site by HDAg may not significantly regulate the synthesis
of the HDAg mRNA, as previously proposed. These findings reveal novel insights into the mechanism of HDV
RNA replication. A new model of HDV RNA replication and transcription is proposed.

Hepatitis delta virus (HDV) is an unusual subviral pathogen
associated with fulminant and chronic hepatitis. HDV depends
on hepatitis B virus coinfection to form infectious virions, since
it uses hepatitis B surface antigen to form its viral envelope
(25). It contains a single-stranded circular RNA genome of 1.7
kb (14, 22, 31), which can replicate in the absence of hepatitis
B virus (4, 7). Three genotypes of HDV strains which differ by
as much as 35% in nucleotide sequence (1) and may also differ
in pathogenicity have been described. HDV replicates through
a double rolling circle mechanism, generating multiple-length
genomic and antigenomic-sense HDV RNAs, which are pro-
cessed into monomeric circular HDV genomic and antigeno-
mic RNAs (4, 15, 29). This replication process is presumably
carried out by cellular RNA polymerase II (pol II), since it is
inhibited by a-amanitin (21).

Also detected in HDV-infected liver tissue and some cul-
tured cells replicating HDV RNA is a polyadenylated, 800-
nucleotide (nt) antigenomic-sense HDV RNA (4, 8) that con-
tains the open reading frame (ORF) for a protein termed
hepatitis delta antigen (HDAg). This is the only protein pro-
duced by HDV but is usually composed of two forms: the small
form (24 kDa) is required for viral RNA replication (13), while
the large form (27 kDa) is a dominant negative inhibitor of
HDV replication (3) and is required for virion assembly (2,
27). The production of large HDAg is the result of an RNA
editing event during HDV replication (18), which extends the
HDAg ORF for an additional 19 amino acids. This editing
event is reported to occur at a late stage in the viral replication

cycle, such that when the large form of HDAg is synthesized,
HDV RNA replication will stop and virus assembly will begin.

The nature of the 0.8-kb mRNA has been controversial,
since it is very difficult to detect in most cells replicating HDV
RNA. It was proposed that this mRNA represents the initial
product of HDV RNA replication; upon reaching the HDV
RNA polyadenylation signal, the nascent transcript is polyad-
enylated and released as the HDAg-encoding mRNA (8, 10).
The HDAg synthesized from this mRNA, in turn, inhibits the
polyadenylation signal, thus allowing subsequent rounds of
RNA replication to proceed beyond the polyadenylation sig-
nal, producing genomic-size (1.7-kb) HDV RNA (10). This
model thus explains the paucity of the 0.8-kb mRNA species
(15). Indeed, experimental evidence has shown that HDAg
(both the small and large forms) can negatively regulate the
HDV polyadenylation signal within an HDV cDNA construct
(9, 10).

There is, however, a major conceptual flaw in this model.
The mRNA for the large HDAg will not be synthesized under
this scenario since RNA editing does not occur until later in
infection, when a large amount of small HDAg has already
been produced. This question has been difficult to address
because the amount of the 0.8-kb RNA is very low or even
undetectable in HDV-infected human or chimpanzee liver tis-
sues or in cell cultures and transgenic mice (24) which actively
replicate HDV RNA. A further complication is that HDV
RNA replication has always been studied by using an HDV
cDNA transfection approach (for a review, see reference 15).
We have previously shown that the HDV cDNA contains sev-
eral bidirectional promoters (19). Thus, the study of RNA
transcription or replication from HDV RNA in these systems
is compromised by the potential initiation of transcription
from the cryptic promoters within the HDV cDNA. So far, the
only successful HDV RNA transfection system reported is the
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transfection of HDV RNA into cells stably expressing an
HDAg-encoding mRNA (7). Again, this artificial cDNA-based
mRNA has complicated the study of authentic HDAg-encod-
ing mRNA synthesis.

In this study, we developed an RNA transfection approach
which was totally devoid of HDV cDNA and could detect
specifically HDAg-encoding mRNA transcribed from HDV
RNA. Using this approach, we found that HDV mRNA was
abundantly synthesized throughout the HDV life cycle. Thus,
contrary to the current model of HDV RNA transcription and
replication (8, 10, 15, 16), there was no detectable inhibition of
HDV mRNA synthesis by HDAg. Furthermore, the initiation
point of the 0.8-kb mRNA may differ from the initiation point
of HDV genomic RNA, again contradicting the current model.
These findings provide novel insights into the mechanism of
HDV RNA replication. A new model of HDV RNA replica-
tion and transcription is proposed.

MATERIALS AND METHODS

Cell culture and transfection. Tsd3 cells, which were derived from a temper-
ature-sensitive hamster cell line (30) and stably express the small HDAg from an
integrated cDNA copy of the HDAg-encoding mRNA under the cytomegalovi-
rus promoter (11), were cultured at 33°C in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 100 IU of penicillin per
ml, and 100 mg of streptomycin per ml. H1d9 cells, which contain an integrated
cDNA for trimer HDV RNA (20), were cultured at 37°C in the same medium.
Huh7 cells (23) were cultured at 37°C in DMEM supplemented with 10% fetal
bovine serum, 100 IU of penicillin per ml, 100 mg of streptomycin per ml, 2 mM
L-glutamate, and 1% nonessential amino acids (complete DMEM). All transfec-
tions were performed by using the DOTAP (Boehringer Mannheim) method
according to the protocol provided by the manufacturer. Briefly, 1 day prior to
transfection, Tsd3 or Huh7 cells were seeded onto 60-mm-diameter dishes. On
the following day, the cells were refreshed with 5 ml of the appropriate culture
medium before transfection. Cells were transfected with 5 mg of plasmid cDNA
(for Huh7 cells) or RNA (for Tsd3 cells) in 0.15 ml of transfection mixture or 10
mg of RNA (for Huh7 cells) in 0.3 ml of transfection mixture. Following incu-
bation overnight at 33°C (Tsd3) or 37°C (Huh7), the culture medium was re-
placed with fresh medium and the cells were further incubated for an additional
1 to 5 days. For experiments involving the use of cycloheximide, 10 mg of
cycloheximide per ml was added to the culture medium 1 or 2 days posttrans-
fection and cells were incubated for a further 2 days.

Vectors and plasmid construction. Plasmid PX9-I/II, which expresses an
mRNA encoding the genotype I/II chimeric HDAg under the T7 promoter, was
developed from plasmid PX9, which expresses an mRNA encoding the HDAg of
the American isolate of genotype I. PX9 contains the pT7-3 plasmid backbone
and HDV nt 21 through 658 (reading through nt 0) inserted in the BamHI-PstI
site. To construct plasmid PX9-I/II, the EcoRI (in the multiple cloning site)-StuI
(at HDV nt 1334) fragment from the plasmid PX9 was replaced with the corre-
sponding fragment from plasmid 63 of an HDV genotype II cDNA clone (17).
Thus, genotype I nt 21 to 1334 (reading through nt 0) were replaced with the
corresponding genotype II nt 1663 to 1334. pKS/HDVD2, which contains a dimer
HDV cDNA in a plasmid derived from plasmid pRC/CMV (12), was used for
HDV cDNA transfections.

In vitro transcription. Genomic HDV RNA (1.9 kb), which contains the entire
HDV genome plus approximately 200 additional nt of HDV sequence, was
transcribed from pKS/HDV1.9 (12) with T7 MEGAscript (Ambion) after lin-
earization by EcoRV digestion. Antigenomic HDV RNA (1.9 kb) was tran-
scribed from pKS/HDV1.9 with SP6 MEGAscript (Ambion) after linearization
by SnaBI digestion. Capped, polyadenylated mRNA for small HDAg was tran-
scribed from PX9 or PX9-I/II (see above) with T7 mMESSAGE mMACHINE
(Ambion) after linearization by HindIII digestion.

Northern blot analysis. Total RNA was extracted from transfected Tsd3 and
Huh7 cells or from H1d9 cells by the guanidinium thiocyanate method (5).
Polyadenylated RNA was isolated with an oligo(dT)-cellulose column (Sigma)
according to the standard method (28). The RNA was digested with RQ1 DNase
(Promega), treated with formaldehyde, electrophoresed through formaldehyde-
containing 1.2% agarose gels, blotted onto a nitrocellulose membrane (Hybond
C extra; Amersham), and probed with 32P-UTP-labeled HDV strand-specific
riboprobes. Riboprobes for detecting HDV RNA were transcribed with T7 RNA
polymerase (Promega) from plasmid S18 (to detect genomic HDV RNA) or S29
(to detect antigenomic HDV RNA), following linearization with EcoRV diges-
tion (22). For the analysis of the H1d9 HDV mRNA, various genomic-sense
oligonucleotides (Table 1) were end labeled with 32P-ATP and T4 polynucleotide
kinase (New England Biolabs). To detect newly synthesized HDAg mRNA in
Huh7 cells transfected with genotype I HDV RNA (1.9 kb) and the chimeric
genotype I/II mRNA, blots were probed with 32P-end-labeled oligonucleotide
1565, specific for the American isolate of genotype I HDV (22). The protocol for

Northern blotting using oligonucleotide probes was adapted from that of Ge-
liebter et al. (6). The membranes were prehybridized for 2 h at 55°C in 7%
sodium dodecyl sulfate (SDS)–20 mM sodium phosphate (pH 7.0)–53 Den-
hardt’s solution–53 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–
100 mg of salmon sperm DNA per ml and hybridized overnight at 55°C in the
same solution containing 10% dextran sulfate and 2 3 106 to 3 3 106 cpm of
radiolabeled probe per ml. Blots were washed with 33 SSC–10 mM sodium
phosphate (pH 7.0)–0.53 Denhardt’s solution–5% SDS for 1 min at room tem-
perature followed by 1 h at 55°C. Northern blots probed with full-length HDV
riboprobes were hybridized and washed as described previously (12). RNA ex-
tracted from H1d9 cells, which express and replicate HDV RNA from an inte-
grated cDNA trimer, was used as a positive control in all Northern blots. After
autoradiography, computer images were generated by using Adobe Photoshop,
version 3.0, and Canvas, version 5.0.

Western blot analysis. Protein was extracted from transfected Huh7 cells
according to the standard method (28). After denaturation by boiling in 23
sample buffer (100 mM Tris-HCl [pH 6.8], 200 mM dithiothreitol, 4% SDS, 0.2%
bromophenol blue, 20% glycerol), 40 mg of protein from each sample was loaded
onto a SDS–12.5% polyacrylamide minigel. The gel was electrophoresed for 60
to 90 min at 150 V. Proteins were then transferred to a nitrocellulose membrane
(Hybond C extra; Amersham). Small and large HDAg were detected by the ECL
(enhanced chemiluminescence) Western blot detection system (Amersham), us-
ing a rabbit polyclonal antibody against both forms of HDAg, and visualized by
autoradiography.

Primer extension analysis. RNA extracted from Tsd3 and Huh7 cells (as
described above) and the appropriate 32P-end-labeled oligonucleotides were
coprecipitated in 0.3 M sodium acetate and 2.5 volumes of ethanol. The pellet
was vacuum dried and resuspended in 8 ml of Tris-EDTA (pH 7.6) followed by
the addition of 2 ml of 53 hybridization buffer (1.25 M KCl, 50 mM Tris-HCl [pH
7.4], 5 mM EDTA). The samples were incubated at 50°C for 1 h, followed by the
addition of 40 ml of reverse transcription mix (25 mM KCl, 50 mM Tris-HCl [pH
7.5], 10 mM dithiothreitol, 3.5 mM MgCl2, 0.5 mM deoxynucleoside triphos-
phates, 100 mg of bovine serum albumin per ml, 20 U of avian myeloblastosis
virus reverse transcriptase [Boehringer Mannheim]) and further incubation for
1 h at 37°C. Reaction mixtures were ethanol precipitated and dried as above, and
the pellet was resuspended in 4 ml of double-distilled H2O. After the addition of
2 ml of sequencing gel loading buffer (98% formamide, 10 mM EDTA [pH 8.0],
0.025% xylene cyanol FF, 0.025% bromophenol blue), the samples were heat
denatured, stored on ice, and loaded onto a 6% polyacrylamide gel containing 8
M urea. A dideoxy sequence (Amersham) generated from plasmid pKS/HDV1.9
primed by the same oligonucleotide used in the primer extension was used as a
nucleotide sequence marker.

RESULTS

Heterogeneity of HDAg-encoding mRNA in cDNA-based
HDV replication systems. To characterize the mechanism of
synthesis of the HDAg-encoding mRNA, we first attempted to
study this mRNA in the various reported cDNA-based HDV
replication systems in cell culture. Three systems were studied:
Huh7 cells transiently transfected with a plasmid expressing a
genomic dimer RNA of HDV, Tsd3 cells, which stably express
HDAg from an integrated cDNA copy of HDAg-encoding
mRNA under the cytomegalovirus promoter (11), and H1d9
cells, which stably express an antigenomic HDV trimer RNA
from an integrated cDNA copy (20). Previously it has been
very difficult to detect the 0.8-kb mRNA species in any of these
systems. Based on the report that cycloheximide (CHX) treat-
ment can inhibit mRNA translation and thereby stabilize some
mRNA species (26), we treated these cell lines with 10 mg of
CHX per ml. Figure 1 shows that a polyadenylated subgenomic

TABLE 1. Sequences of primers used for Northern blotting and
primer extension

Oligonucleotide Sequence

63...............CGGTAAAGAGCATTGGAACGTCGGAGA
303.............AATCACCTCCAGAGGACCCCTTCAGCGAAC
468.............GAGTGAGGCTTATCCCGGGG
676.............TTTCTTACCTGATGGCCGGC
902.............CCCGAAGAGGAAAGAAGGACGCGAGACGCA
1484...........TCTTCTTTGTCTTCCGGAGGTCTCTCTCG
1565...........CCCCGCGGTCTTTCCTTCTTTCGGACC
1634...........TACTCTTTTCTGTAAAGAGGAGACTGCTGG
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HDV RNA of antigenomic sense was detected in various
amounts in all three systems. However, these putative mRNAs
surprisingly ran at different positions in denaturing agarose
gels. The subgenomic mRNA in Huh7 cells transiently trans-
fected with an HDV cDNA was barely detectable but appeared
to have an electrophoretic mobility (Fig. 1, lane 1) similar to
that of the previously characterized mRNA identified in
cDNA-transfected COS7 cells (8). The mRNA was polyade-
nylated, and its 59 end was mapped to nt 1631 (data not
shown). The amount of this mRNA was not increased by treat-
ment with CHX (lane 2). In H1d9 cells, a significantly larger
subgenomic RNA was detected. This RNA was polyadenylated
and, unlike the mRNA from cDNA-transfected Huh7 cells,
was stabilized by the addition of CHX (Fig. 1; compare lane 5
and lane 7). The mRNA expressed in Tsd3 cells had an elec-
trophoretic mobility between those of the mRNA species de-
tected in cDNA-transfected Huh7 cells and H1d9 cells. This
mRNA was also polyadenylated and was most remarkably sta-
bilized by CHX (Fig. 1; compare lane 9 and lane 11). These
results indicated that the HDV subgenomic mRNA species
synthesized in the three systems differed not only in amount
but also in size and structure, since they differed in the ability
to be stabilized by CHX.

To understand the basis for the mRNA heterogeneity in
these systems, we performed primer extension studies using
primer 1484 (Fig. 2A) to determine the initiation points of
these mRNAs. The subgenomic mRNA produced in Tsd3 cells
from the cDNA construct used to establish HDAg expression
in these cells (11) is predicted to begin 53 nt before the start
codon for HDAg. Primer extension analysis confirmed this
prediction (data not shown). We also performed primer exten-
sion on RNA extracted from Tsd3 cells transfected with a
1.9-kb genomic sense HDV RNA to determine whether a
second subgenomic mRNA species expressed from the HDV
cDNA or replicating HDV RNA could be detected. No such
primer-extended product was detected (data not shown). This
result suggested that in Tsd3 cells, which synthesize an mRNA
from an integrated cDNA copy (11), HDV mRNA production
from replicating HDV RNA is severely restricted.

The subgenomic mRNA species in H1d9 cells was much
larger than the 0.8-kb mRNA species and was stabilized by
CHX treatment (Fig. 1, lane 7). This mRNA was detectable
with a full-length genomic RNA probe (S29) (Fig. 2B). To
characterize this mRNA species, we first used oligonucleotide
probes complementary to various regions of the HDV anti-
genome (Fig. 2A) to determine the origin of the additional
HDV sequences seen in this mRNA. Oligonucleotide 1484,
which is complementary to antigenomic HDV RNA in the
HDAg ORF, bound to both monomer-length HDV RNA and
the mRNA (Fig. 2B). Oligonucleotide 902, which hybridizes to
antigenomic HDV RNA in the region between the poly(A)
addition site and the ribozyme cleavage site, bound to mono-
mer-length antigenomic HDV RNA but not to the subgenomic
mRNA, indicating that the 39 end of this mRNA was not
extended beyond the polyadenylation signal reported for the
0.8-kb mRNA (8). However, oligonucleotides 1634 and 63,
which are complementary to antigenomic HDV RNA se-
quence upstream of the previously characterized HDAg
mRNA, bound to the H1d9 mRNA, indicating that the 59
untranslated region of this mRNA was longer than the previ-
ously described HDAg-encoding mRNA (8). Oligonucleotides
303, 468, and 676 did not bind to the mRNA; therefore, its 59
end lay somewhere between nt 63 and 303. Primer extension
analysis of H1d9 RNA using oligonucleotide 63 revealed a
band corresponding to a 59 end located at nt 158; this band was
detectable only in the polyadenylated RNA from CHX-treated
H1d9 cells (Fig. 2C, lane 8). This result indicated that this
mRNA was initiated from an aberrant site not previously re-
ported. No primer-extended product corresponding to an
RNA species with a 59 end at nt 1631 was detected even in
CHX-treated samples (data not shown).

These results indicated that the HDV subgenomic mRNA
species detected in various cDNA transfection systems have
different origins of transcription. Therefore, these transcripts
may represent aberrant transcription from cryptic promoters
within the HDV cDNA. In all cases, the reported 0.8-kb RNA
species was not, or was only barely, detected. Thus, the pres-
ence of HDV cDNA appears to interfere with the synthesis of
the authentic subgenomic mRNA species, probably because of
the presence of potent promoters in the HDV cDNA (19). This
phenomenon may have led to the previous interpretations that
the presence of HDAg inhibited the synthesis of the 0.8-kb
RNA during HDV RNA replication (9, 10).

Abundance of an HDV RNA-templated mRNA in a cDNA-
free transfection system. The results presented above sug-
gested that cDNA-initiated transcription may interfere with
the synthesis of the HDAg-encoding mRNA. To study the
authentic mRNA synthesis of HDV RNA, we therefore
adapted an RNA-only transfection system to detect the HDAg
mRNA produced from the replicating HDV genome. Briefly,
in vitro-transcribed genomic HDV RNA (1.9 kb, slightly longer
than the monomer-size RNA) was cotransfected with an in
vitro-transcribed, capped, and polyadenylated HDAg-encod-
ing mRNA into Huh7 cells. This approach led to robust HDV
RNA replication in the transfected cells, as evidenced by the
detection of antigenomic-sense HDV monomer RNA (Fig. 3B,
lane 5). A subgenomic RNA species was also detected; how-
ever, it could not be distinguished from the mRNA used for
transfection (Fig. 3B, lane 5). To distinguish between the
mRNA produced from the genomic HDV template in the
transfected cells and the exogenous mRNA used for transfec-
tion, we used for transfection a chimeric HDAg mRNA that
contains sequences from both genotype I and genotype II,
whereas the genomic RNA (1.9 kb) used for transfection was
genotype I (Fig. 3A). This chimeric mRNA supported HDV

FIG. 1. Identification of subgenomic HDAg mRNAs in three cell culture
systems. RNA was isolated from H1d9, Tsd3, and Huh7 cells transiently trans-
fected with plasmid pKS/HDVD2, which expresses an HDV RNA dimer of
genomic sense, at day 4 posttransfection. Some cells were treated with CHX (10
mg/ml) for 48 h before harvest. H1d9 and Tsd3 cells were separated into
poly(A)1 and poly(A)2 fractions. Northern blot of HDV antigenomic sense
RNA was performed with a 32P-labeled 1.7-kb HDV genomic-sense RNA as a
probe. The following antigenomic HDV RNAs are indicated: the 1.7-kb antige-
nomic HDV RNA (monomer), the H1d9 HDAg endogenous mRNA (A), the
Tsd3 endogenous HDAg mRNA (B), and the HDAg mRNA in transiently
transfected Huh7 cells (C). T, total unfractionated RNA.
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RNA replication (Fig. 3B, lane 6). Since the oligonucleotide
probe used for Northern blotting was specific for genotype I
(nt 1565 to 1591), it detected the genotype I mRNA (100%
complementarity to nt 1565 to 1591) (lane 3) but not the
genotype I/II chimeric mRNA (55% complementarity to nt
1565 to 1591) (lane 4). Therefore, only the HDAg mRNA
produced from the genomic RNA (genotype I) as a result of
HDV RNA replication, not the transfected chimeric mRNA,
would be detected (Fig. 3A; compare lanes 5 and 6). This
probe also did not hybridize to the HDV RNA in H1d9 cells
(lane 1), which express the Italian isolate of genotype I HDV
(20), since the Italian and American isolates of genotype I
HDV also diverge in the region probed (74% homology in nt
1565 to 1591). This finding further indicates the specificity of
this oligonucleotide probe. The result showed that a distinct
0.8-kb mRNA of antigenomic sense, which represents the
RNA derived from the HDV monomer RNA, was synthesized
at detectable levels (lane 6). The amount of this RNA was far
greater than that seen in any cDNA transfection system re-
ported so far. It is polyadenylated, whereas the genomic-size
RNA does not contain poly(A) (Fig. 3C). Primer extension
analysis of the polyadenylated RNA mapped the 59 end to
nucleotide 1631 (Fig. 3D, lane 6), indicating that this RNA-
templated HDAg mRNA was initiated from the same site as
the previously reported mRNA in a cDNA transfection system
(8). Significantly, no corresponding primer-extended product
was detected in the poly(A)-deficient fraction (Fig. 3D, lane 5),
which represents all of the monomer-size RNA, even though
this fraction contained at least 10 times more HDV-specific
RNAs. Instead, a prominent band at nt 1646 was detected.
This result suggests that the HDV genomic RNA may be
initiated from a different site from the 0.8-kb mRNA species.
As a control, this primer did not generate any primer extension

products on the in vitro-transcribed chimeric mRNA used for
transfection (Fig. 3D, lane 7).

The HDAg mRNA and HDV monomer are synthesized in
parallel in the presence of small HDAg. The experiments de-
scribed above demonstrated the feasibility of this RNA-based
transfection system for the study of de novo RNA-templated
synthesis of the full-length antigenomic HDV RNA and HDAg
mRNA. We next investigated the kinetics of the synthesis of
these two RNA species. Previous studies indicated that HDAg
could inhibit the production of the 0.8-kb HDAg-encoding
mRNA in an HDV cDNA-transfected system, probably as a
result of the inhibition of the polyadenylation signal in HDV
cDNA or RNA (10). This inhibition was seen with both the
large and small HDAg (9). Based on these studies, Hsieh and
Taylor proposed that the first round of transcription on the
HDV RNA template would produce the HDAg mRNA; small
HDAg translated from this mRNA would then suppress poly-
adenylation during subsequent rounds of RNA synthesis, al-
lowing the production of 1.7-kb antigenomic RNA (10). If this
model is correct, it is predicted that the 0.8-kb mRNA would
be synthesized first, followed by synthesis of the 1.7-kb mono-
mer RNA, and that the 0.8-kb mRNA would be synthesized
only early in the viral replication cycle. To test this hypothesis,
we analyzed HDV RNA and HDAg from days 1 through 5 in
the RNA transfection system described above. The results
showed that the monomer RNA was detectable starting at day
2 and increased in amount through day 4 (Fig. 4A). Particu-
larly, there was a significant increase between day 2 and day 3.
Interestingly, the 0.8-kb mRNA species started to be detect-
able at day 3, and there was a particularly significant increase
between days 3 and 4. There was a slight decrease in both the
monomer RNA and the 0.8-kb mRNA from days 4 to 5. Thus,
the mRNA and monomer RNA increased in parallel. The

FIG. 2. Determination of the structure of the H1d9 subgenomic mRNA. 32P-end-labeled oligonucleotides representing various regions of the HDV genome (A)
were used to probe total RNA from CHX-treated (as described in the legend to Fig. 1) and untreated H1d9 cells (B). (C) Oligonucleotide 63 was used for primer
extension analysis of poly(A)-selected RNA from CHX-treated and untreated H1d9 cells. Lanes 5 and 6, poly(A)2 and poly(A)1 RNA, respectively, from CHX-
untreated H1d9 cells; lanes 7 and 8, poly(A)2 and poly(A)1 RNAs, respectively, from CHX-treated H1d9 cells. A dideoxy sequence generated from plasmid
pKS/HDV1.9 by using oligonucleotide 63 served as a nucleotide sequence marker (lanes 1 to 4).
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relative ratio between the monomer RNA and mRNA was
determined by phosphorimager analysis and was found to re-
main roughly the same (approximately 3 in molar ratio except
on day 2, when the amount of HDAg mRNA was too small to
be reliably determined) throughout the 5-day period. The
amount of HDAg in these cells was determined by immuno-
blotting using a polyclonal antibody against HDAg. Figure 4B
shows that the small HDAg could be detected by day 3 and
increased through day 5. By day 4, the large HDAg became
detectable as a result of RNA editing, consistent with previous
findings (18). It is notable that despite the presence of a large
amount of HDAg at days 3 to 4, the amount of 0.8-kb mRNA
continued to increase, particularly between days 3 and 4. This
observation gave further support to the conclusion that the
0.8-kb mRNA species detected represents newly synthesized
RNA but not merely stabilization of mRNA, since the tem-
plate for the mRNA encoding the large HDAg will not be
generated until an RNA editing event occurs late in infection
(18). The accumulation of large HDAg at days 4 and 5 may
explain the slight decrease in the amounts of both monomer
RNA and the 0.8-kb mRNA at day 5, consistent with the
previous finding that the large HDAg inhibits HDV RNA
synthesis (3). These data reveal several important phenomena
which contradict the current model for HDV mRNA synthesis
(10, 15, 16). First, the mRNA and antigenomic monomer RNA
are produced not sequentially but rather in parallel, suggesting
that there is not a switch from mRNA synthesis to monomer

RNA synthesis. Second, both species are still produced in the
presence of HDAg, suggesting that HDAg does not inhibit the
production of its own mRNA.

DISCUSSION

We describe in this report a novel system for the unequiv-
ocal detection of an HDAg-encoding mRNA transcribed from
an HDV RNA. In this cDNA-free RNA transfection system,
abundant synthesis of a 0.8-kb, polyadenylated, HDAg-encod-
ing mRNA occurs during the HDV replication cycle. Kinetic
studies of the production of antigenomic-sense HDV RNA in
this system demonstrated that the amount of the RNA-tem-
plated HDAg-encoding mRNA increases in parallel with the
monomeric-length (1.7 kb) antigenomic HDV RNA from days
1 to 4 posttransfection, followed by a slight decrease in both
species from days 4 to 5 posttransfection. The ratio of the 1.7-
and 0.8-kb antigenomic HDV RNAs remains the same
throughout the replication cycle, despite increasing levels of
HDAg. The 59 end of the RNA-templated HDAg mRNA was
mapped to nt 1631 by primer extension analysis. We did not
detect a similar primer-extended band in the poly(A)-deficient
fraction of RNA from cells replicating HDV but instead de-
tected another major band upstream of the initiation site for
HDAg mRNA synthesis, at nt 1646.

The above findings lead to several conclusions regarding the
mechanism of HDV RNA replication and mRNA synthesis

FIG. 3. Detection of the 0.8-kb subgenomic mRNA in the cDNA-free HDV RNA transfection system. (A) Schematic diagram of the mRNAs used for transfection
and the oligonucleotide probe used for detection. (B) Total RNA harvested from Huh7 cells transfected with in vitro-transcribed mRNA I alone (lane 3), chimeric
mRNA I/II alone (lane 4), mRNA I plus in vitro-transcribed 1.9-kb genomic HDV RNA (lane 5), or mRNA I/II plus 1.9-kb genomic HDV RNA (lane 6) was analyzed
by Northern blotting. 32P-end-labeled oligonucleotide 1565, which is specific for the American isolate of HDV genotype I (22), was used as a probe. Total RNA
extracted from H1d9 cells and from mock-transfected Huh7 cells (lane 2) served as controls. (C) RNA isolated from Huh7 cells 4 days after transfection with 1.9-kb
HDV RNA plus mRNA I/II was separated into poly(A)1 and poly(A)2 fractions and analyzed as for panel B. (D) Primer extension analysis of the poly(A)2 RNA
(lane 5), poly(A)1 RNA (lane 6), and in vitro-transcribed mRNA I/II (lane 7), using oligonucleotide 1565 as the probe. A dideoxy sequence generated from plasmid
pKS/HDV1.9 by using the same oligonucleotide served as a nucleotide sequence marker (lanes 1 to 4).
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that contradict the current model of HDV replication (Fig.
5A). The current model (10, 15, 16) states that the 0.8-kb
mRNA represents the initial product of HDV RNA replica-
tion, which is terminated by polyadenylation. Once HDAg is

synthesized, polyadenylation will be inhibited during subse-
quent rounds of RNA synthesis, allowing elongation of the
RNA transcript into multimeric HDV RNA. Our studies here
provide three critical pieces of evidence contradicting this
model. First, the HDV RNA polyadenylation signal does not
appear to be suppressed by HDAg in cell culture. This con-
clusion is supported by our finding that HDAg mRNA synthe-
sis continues to increase despite increasing levels of HDAg.
Second, the HDAg mRNA may not be synthesized as the
product of initiation of HDV RNA replication. This conclusion
is supported by the finding that the 0.8-kb HDAg mRNA
increases in parallel with the 1.7-kb antigenomic HDV RNA; if
the HDAg mRNA were the initial product of HDV RNA
replication, the mRNA would be predicted to appear only
early in the HDV replication cycle. Our findings are in direct
contrast to this prediction. Third, the mRNA and poly(A)2

RNA (including HDV monomer RNA) may have different
initiation points. This conclusion is suggested by the absence of
a primer extension product at nt 1631 in poly(A)-deficient
RNA from cells containing replicating HDV RNA. Instead, a
major primer extension product at nt 1646 was detected in this
fraction. This nucleotide is located at the site complementary
to nt 1631 in the rod-like HDV RNA structure (14, 22, 31).
Interestingly, this complementary region encompassing both nt
1631 and nt 1646 in the HDV cDNA has been shown to have
a bidirectional promoter activity, suggesting that nt 1646 may
serve as a signal for initiation of RNA synthesis (in the same
orientation as the HDAg mRNA) (19). Although we cannot
rigorously rule out the possibility that the product of initiation
of RNA replication in the poly(A)2 fraction is quickly de-
graded, the fact remains that no evidence can be provided to
support a single initiation site for both the 0.8-kb HDAg
mRNA and the 1.7-kb antigenomic HDV RNA.

The current model for HDV RNA replication and transcrip-
tion was developed from some critical assumptions regarding
the mechanism of HDV transcription and replication, only a

FIG. 4. Kinetics of the synthesis of antigenomic HDV RNA and HDAg.
Total RNA was isolated from Huh7 cells transfected with 1.9-kb HDV genomic
RNA plus mRNA I/II on days 1 through 5 posttransfection and analyzed by
Northern blotting using 32P-end-labeled oligonucleotide 1565 as a probe (A).
Arrows indicate the 1.7-kb antigenomic HDV monomer and the 0.8-kb HDAg
mRNA. (B) Protein isolated from a similar experiment was analyzed by Western
blotting with a rabbit polyclonal antibody against HDAg. Arrows indicate the
large (27-kDa) and small (24-kDa) forms of HDAg.

FIG. 5. Proposed models of HDV RNA transcription and replication. (A) The previously accepted model of HDV RNA transcription and replication (10, 15, 16).
The initial product of replication from the genomic HDV RNA template is the 0.8-kb HDAg-encoding mRNA (arrow 1). HDAg produced from this mRNA suppresses
the HDV polyadenylation signal, allowing synthesis of multimeric RNA (arrow 2), which is processed into full-length antigenomic HDV RNA (arrow 3). Subsequent
rounds of replication bypass the polyadenylation signal due to the presence of HDAg and directly synthesize full-length antigenomic HDV RNA (arrow 4). (B) The
proposed new model for HDV RNA transcription and replication presented in this report. The syntheses of 0.8-kb mRNA (a) and 1.7-kb monomer RNA (b) are
independent and occur in parallel.
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few of which are supported by experimental evidence. Essen-
tial to this model is the conclusion that HDAg suppresses the
HDV RNA polyadenylation signal, originally reached by Hsieh
and Taylor, who examined the effect of HDAg expression on
an HDV cDNA polyadenylation signal (10). While expression
of HDAg did appear to suppress the HDV cDNA polyadenyl-
ation signal, there was not a corresponding increase in
readthrough transcripts (10). Therefore, HDAg may have
functioned in these experiments to suppress pol II transcrip-
tion from the DNA promoter. Indeed, preliminary evidence
showed that HDAg has a capacity to inhibit DNA-templated
pol II transcription (17a). Subsequent examination of the ef-
fects of HDAg on the HDV cDNA polyadenylation by Hsieh et
al. did reveal an increase in readthrough transcripts in the
presence of HDAg (9). However, reexamination of the data in
this experiment revealed that there was still abundant polyad-
enylated transcript in the presence of HDAg. Thus, the ob-
served effects of HDAg in inhibiting polyadenylation may have
been associated with DNA-templated transcription. Further-
more, these studies (9, 10) showed that HDAg inhibited poly-
adenylation only when the HDV cDNA included sequences
covering almost the full 1.7-kb genome. This result was inter-
preted to mean that a folded-back rod-like structure of HDV
RNA was required for HDAg suppression of polyadenylation
(9, 10, 16); however, this cDNA structure may also produce
endogenous promoter activity in the HDV cDNA (19). Our
studies presented here showed that when HDV RNA replica-
tion was initiated from an RNA template, HDAg did not
suppress the synthesis of the HDAg mRNA, although we can-
not entirely rule out the possibility that HDAg can partially
inhibit HDAg mRNA polyadenylation. Regardless, the paral-
lel increase in the 0.8-kb mRNA, the 1.7-kb antigenomic HDV
RNA, and the small form of HDAg between days 2 and 3
posttransfection argues that HDV RNA replication is not de-
pendent on the suppression of mRNA transcription by HDAg.
Therefore, HDV RNA replication and subgenomic mRNA
transcription may occur independently and in parallel through-
out the viral life cycle (Fig. 5B). This new view of HDV RNA
transcription and replication thus solves a puzzling question
left unanswered by the old model of HDV RNA transcription,
namely, how can the mRNA for large HDAg be synthesized
late in infection if mRNA synthesis has already been shut off by
the small HDAg? However, a different question arises as to
how the polyadenylation signal is bypassed during RNA repli-
cation. Determining the answer to this question will require
additional experimentation.

Another critical element of the current HDV replication
model is the hypothesis that the sites of initiation of both
mRNA transcription and genome replication are the same.
This assumption has not been supported by experimental evi-
dence so far. Because transcription of a functional mRNA for
the expression of HDAg appears to be critical for replication in
natural HDV life cycle (13), any studies that attempt to link the
inhibition of mRNA initiation with inhibition of genome rep-
lication may not be able to prove that these two processes
represent the same event. Recently, Wu et al. found that mu-
tations at the top of the genomic HDV RNA rod (in the region
of the putative RNA promoter for HDAg mRNA synthesis)
which severely restricted HDV RNA replication could be res-
cued by small HDAg provided in trans (32). This finding sug-
gests that sites critical for initiation of mRNA transcription
may not be critical for initiation of replication. This is consis-
tent with our data showing that the HDAg mRNA and
poly(A)2 HDV RNA have different primer extension products
and thus may have different initiation points.

Finally, RNA pol II is hypothesized to be responsible for

transcription of both the HDAg mRNA and the 1.7-kb anti-
genomic HDV RNA. This hypothesis is based on the finding
that 1 mg of a-amanitin per ml could inhibit HDV RNA-
templated transcription in vitro H1d9 nuclear extract; however,
it is possible that this was a DNA-templated transcription
event, since the same authors were unable to inhibit HDV
transcription with a-amanitin from an exogenous HDV RNA
template added to HepG2 cells (21). Further, the relative
sensitivities of synthesis of the various HDV RNA species
(mRNA; 1.7-kb genomic and antigenomic RNAs) to a-aman-
itin have not been assessed. Thus, it is not clear whether
mRNA transcription and genomic RNA replication of HDV
are carried out by the same polymerase and regulated by the
same mechanism. Our findings described here suggest the tan-
talizing possibility that the 0.8-kb HDAg mRNA and the 1.7-kb
antigenomic RNA may be separately initiated but coordinately
regulated. This possibility will require further studies.
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