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ABSTRACT

The 1679-nt single-stranded RNA genome of hepatitis delta virus (HDV) is circular in conformation. It is able to fold into an
unbranched rodlike structure via intramolecular base-pairing. This RNA is replicated by host RNA polymerase II (Pol II). Such
transcription is unique, because Pol II is known only for its ability to act on DNA templates. The present study addressed the
ability of the HDV RNA replication to tolerate insertions of up to 1000 nt of non-HDV sequence either at an end of the rodlike
RNA structure or at a site embedded within the rod. The insertions did not interfere with the ability of primary transcripts to be
processed in vivo by ribozyme cleavage and ligation. The insertions greatly reduced the ability of genomes to replicate.
However, when total RNA from such transfected cells was used to transfect new recipient cells, replicating HDV RNAs could be
detected by Northern analyses. The size of the emerged RNAs was consistent with loss of the inserted sequences. RT-PCR,
cloning, and sequencing showed that recovery involved removal of inserted sequences with or without small deletions of
adjacent RNA sequences. Such restoration of the RNA genome is consistent with a model requiring intramolecular template-
switching (RNA recombination) during RNA-directed transcription, in combination with biological selection for maintenance of
the rodlike structure of the template.
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INTRODUCTION

Hepatitis delta virus (HDV) is a subviral agent, which uses
hepatitis B (HBV) envelope proteins to assemble the 1.7-kb
single-stranded circular RNA genome into viral particles
(Rizzetto et al. 1980; Wang et al. 1986). The HDV genome
replicates via RNA-directed RNA synthesis involving the
production of an exactly complementary RNA, known as
the antigenome (Chen et al. 1986). The genome and the
antigenome contain unique and essential sequence
domains that act as site-specific ribozymes (Kuo et al.
1988b; Macnaughton et al. 1993). HDV RNA replication is
considered to involve a rolling-circle mechanism in which
circular RNA templates are transcribed to produce greater
than unit-length multimers of opposite polarity. These
transcripts are processed by the ribozymes to release unit-
length linear species. Some of these are ligated to produce
circles that can be used as templates for further rounds of

transcription and processing (Lai 2005; Taylor 2005). The
antigenome contains the open reading frame for one small
but essential protein, a 195–amino acid RNA-binding
protein known as the delta antigen (dAg) (Chao et al.
1990; Lee et al. 1993). However, the dAg is translated from
a third HDV RNA. This is a linear RNA of antigenomic
polarity. Its size is less than unit-length, z0.8 kb. It has
a 59-cap and 39-poly(A) tail and is considered to arise via
an alternative processing of an antigenomic RNA transcript
(Gudima et al. 2000; Nie et al. 2004).

Some of the most intriguing HDV questions center
around how the HDV RNAs are transcribed. RNA replica-
tion is dependent upon one or more host RNA poly-
merases. At this time our interpretation (Taylor 2005;
Chang et al. 2006a, b) is that the data favor that the major,
if not sole, contributor is the RNA polymerase II (Pol II).
This enzyme is otherwise known only for its ability to carry
out transcription that is DNA-directed, typically leading to
the production of 59-capped and 39-poly(A)-tailed mRNA
species or, in some cases, to the production of certain small
noncoding nuclear RNAs, such as U1–U5 (Dahlberg and
Lund 1988).

Part of the essential nature of the dAg could be to help
the host polymerase to transcribe an RNA template.
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Specifically, one interpretation of certain in vitro studies
is that dAg can act as an inhibitor of a negative regulator
of RNA transcription by Pol II from an RNA template
(Yamaguchi et al. 2001). However, a major contributor to
this redirected transcription is considered to be the struc-
ture of the genomic and antigenomic RNAs. These circular
RNAs have the ability to fold, by intramolecular base-
pairing involving z74% of all nucleotides, to produce the
unbranched rodlike structure (Wang et al. 1986; Kuo et al.
1988a). There is, in addition, evidence that the dAg has not
only RNA-binding ability but also the potential to make
specific interactions with such rodlike HDV RNAs (Chao
et al. 1991; Ryu et al. 1993).

Apparently there are significant constraints on the length
and the sequence of the HDV genome. Examination of
different natural isolates of HDV collected from around
the world reveals that the size of these genomes is quite
constant within a range of z30 nt (Radjef et al. 2004). In
addition, several previous experimental studies have
attempted to follow the consequences for replication of
perturbations in the size and the sequence of the HDV
RNA. For example, even after maintenance of the ribozyme
domains and an attempt to conserve the rodlike folding,
along with providing a separate source of dAg, such
modified RNAs failed to replicate in transfected cells
(Lazinski and Taylor 1994). In contrast, when relatively
small changes, insertions, deletions, or even sequence re-
placements were made at either end of the rodlike struc-
ture, some of these RNAs were able to replicate (Netter et
al. 1993, 1995a; Wu et al. 1997; Gudima et al. 1999). In
another study, an 8-nt palindromic sequence was inserted
at a series of sites around the genome. Some of these
insertions were apparently tolerated; although in other
situations, the inserted sequence was no longer detected
after RNA replication was initiated (Wang et al. 1997).

This laboratory has previously demonstrated the ability
of Pol II to carry out template-switching during HDV
RNA–directed RNA transcription. We showed that such
switching occurs when linear forms of HDV RNA are used
to initiate replication. It is not that the linear RNA tem-
plates are first converted to a circle. Rather, there occurs
during transcription intramolecular template-switching lead-
ing to the production of greater than unit-length primary
transcripts. These, in turn, are processed to produce unit-
length RNA circles that can act as templates for further
replication (Chang and Taylor 2002; Gudima et al. 2004).

The present study was undertaken to further explore the
mechanism and potential for template-switching during
HDV RNA–directed RNA synthesis by Pol II. We mutated
the HDV genomic RNA by inserting sequences of up to
1000 nt into the genome at either of two locations. One
location was near an end of the rodlike RNA structure, and
the other was embedded within the rod. We found that
such insertions had no significant effect on the post-
transcriptional processing and stabilization of RNA tran-

scripts. However, those mutants with larger insertions
seemed to lose the ability to achieve RNA-directed repli-
cation. However, after employing a procedure in which the
total RNA from transfected cells was extracted and then
used to transfect new recipient cells, we were able to detect
replication of HDV RNA. Furthermore, these RNAs no
longer contained the inserted non-HDV sequences. We
present a model in which restored replication involved
removal of the inserted sequences via intramolecular
template-switching (that is, RNA recombination) on the
original modified HDV RNA during an RNA-directed
transcription event carried out by the host RNA Pol II.

RESULTS

Design of HDV RNA mutants

For the following studies, we initially considered it was
necessary to design cDNA constructs that, when expressed
in transfected cells, would produce mutated genomic RNAs
that contained insertions of non-HDV sequences. Figure
1A is a representation of the unmodified expression con-
struct, the nature of the RNA transcript, and the possible
processing by the two genomic ribozymes, first to release
unit-length linear RNA and followed by ligation to form
circles.

We chose two sites for the insertion of non-HDV
sequences. As indicated in Figure 1A, these corresponded
to unique XbaI and NheI sites on an HDV cDNA. In terms
of the predicted RNA folding, the XbaI site was very close
to one end of the rod (Fig. 1B). In contrast, the NheI site
was embedded in the rodlike folding (Fig. 1C). At the XbaI
site, we inserted each of the sequences summarized in Table
1. These non-HDV insertions ranged from 1, 2, 3, 4, 10,
and 12 nt up to 388 and 978 nt. We wanted to examine not
only the size of insertion but also the influence of its
structure. Therefore, we also made insertions of two known
stem–loop elements. One was a GNRA tetraloop (Rudisser
and Tinoco 2000); the other, a bacterial RNA polymerase
terminator (Rosenberg and Court 1979). The tetraloop
would exist only on the genomic RNA. In contrast, the
terminator could only exist on the antigenome. At the NheI
site, we only tested the 388- and 978-nt non-HDV
sequences, but these were inserted in both orientations.

Post-transcriptional processing of nonreplicating
RNA transcripts

Prior to addressing the replication competence of the
modified HDV RNA constructs, it was necessary to test
the assumption implicit in Figure 1: that the modified RNAs
could first be transcribed and post-transcriptionally pro-
cessed, by ribozyme cleavage and then ligation, to form
RNA circles, which can be stabilized in vivo by the presence
of the dAg (Lazinski and Taylor 1994; Moraleda et al.
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1999). We studied this processing in the absence of possible
replication. To suppress such replication, the expression
plasmids were cotransfected into Huh7 cells along with
a construct that expresses a form of dAg, known as large
dAg, which under these conditions is known to inhibit
RNA-directed RNA synthesis (Chao et al. 1990).

At 3 d after such cotransfections, the total RNAs were
extracted, glyoxalated, and examined by Northern analysis
using gels of 1.7% agarose for the presence of genomic
HDV RNA species. Representative results are shown in
Figure 2A. For all constructs, a major band was detected.
For those with small inserts (lanes 2–5), the mobility of this
band was indistinguishable from that of unit-length 1679-
nt HDV RNA (lane 1). In contrast, for those with the larger
insertions (lanes 6,7), the major bands had, as expected,
a significantly reduced mobility because of the insertion of
the extra 388 and 978 nt, respectively. For all constructs
(not just those shown in lanes 2–7), the detected major
band was of approximately the same intensity as that for
the processed wild-type HDV RNA (lane 1). Our interpre-
tation is that the insertions of non-HDV sequences did not
produce a major defect in the transcription, processing, or

accumulation of the processed DNA-directed RNA tran-
scripts. However, at the same time, it was noted that in
lanes 6 and 7, those corresponding to RNAs with the largest
388- and 978-nt insertions, there were also minor amounts
of faster migrating species, some of which were at and
about the migration for unit-length wild-type HDV RNAs.

To address both the nature of the major species and also
those minor species, we performed Northern analyses using
gels of 3% agarose, which have the ability to separate HDV
RNA linear and circular conformations. Examples of such
data are shown in Figure 2B. Consider first the migration
of unmodified HDV RNAs in lane 1. Consistent with our
previous studies (Chen et al. 1986; Lazinski and Taylor
1994), two species were observed. The faster species
migrated as for a linear RNA of 1679 nt, while the slower
species was as for a closed circular conformation of the
same length. Lanes 6 and 7 show the species obtained when
the RNAs have insertions of 388 and 978 nt, respectively. In
each case there were two main bands, with the faster and
slower being consistent with linear and circular conforma-
tions, respectively. Note that as the corresponding pairs of
species became larger because of the introduced sequences,
the distance between the bands increased. In fact, in Figure
2C, when represented in a semilogarithmic plot of the
expected lengths versus the distance migrated, the data
points for the species designated as linear and circles could
each be fitted by a straight line.

Taken together, the data presented in Figure 2 supported
our interpretation that for each construct we detected two
major species, a linear and a circular conformation of the
same length. We noted that in lanes 6 and 7 of Figure 2B
there was an indication of a minor heterogeneous species
migrating faster, but there were not any discrete-sized
species that migrated as for 1679-nt linears or circles. Thus
we interpreted that the heterogeneous species detected

TABLE 1. Sequence of non-HDV insertions introduced onto
genome at XbaI site

Insertion (nt) Sequence

1 G
2 GA
3 GAT
4 GATC
10 GCGGCCCTAG
12 GCGGCCGCCTAG
8 (GNRA) CCGAAAGG
29 (TERM) AAAAAAGCCCGCTCATTAGGCGGGCTGGG
388 TTACTTGGGTGTCCCAAGCC. . .. . .TTCTC

CAACATTCTTCTTCT
978 AAAGCCAGCAGCCCCCTTTC. . .. . .CTAAG

AAAGTCCCCTTGAAATCAA

These insertions were at the XbaI site: AAATCTCTCTAGYATTCCGA
TAGAGAAT. The GNRA tetraloop (underlined), the bacterial RNA
terminator sequence, TERM, and descriptions of the 388- and
978-nt insertions are provided in Materials and Methods.

FIGURE 1. Generation in vivo of genomic HDV RNAs with insertion
of non-HDV sequences. (A) An expression vector containing 1.2
copies of the HDV genome and two copies of the genomic ribozyme
(shaded circles) was modified at either of two unique locations, the
XbaI site at position 785/786 or the NheI site at position 430/431,
using a published numbering system (Kuo et al. 1988a). If these DNA
were transfected into cells, we would expect a primary transcript of
genomic RNA, containing two ribozymes, to be processed by cleavage
followed by ligation and produce unit-length RNA circles. (B) The
folding predicted using M-fold (Zuker 2003) for the HDV genomic
RNA at and around the XbaI site, which is near one end of the rodlike
structure. (C) A similar folding at and around the NheI site, which is
embedded within the rodlike structure.

Restoration of HDV genome
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probably did not reflect any significant level of nucleolytic
trimming out of the inserted sequences down to the size
of the natural 1679-nt rodlike RNA structure. Instead, our
interpretation was that they represented a variety of extents
of endo- and exonucleolytic cleavage of ribozyme-
processed HDV DNA–directed RNA transcripts.

Replication competence of mutated RNAs

The next question was to determine whether the various
HDV RNAs with insertions were able to initiate genome

replication. The same expression constructs were therefore
transfected into 293-dAg cells, which contain an integrated
copy of a cDNA for HDV mRNA under tetracycline
(TET)on control (Chang et al. 2005a). Five days later, the
total RNA was extracted and subjected to Northern analysis
to detect antigenomic RNA. Typical results for genomes
with insertions at the XbaI site are shown in Figure 3A.

Within 2 d, TET induction leads to the production of
>2 million copies per cell of the small form of dAg, which
supports HDV genome replication (Chang et al. 2005a). As
indicated in Figure 3A, this mRNA was readily detected.
However, in terms of HDV genome replication, only those
with insertions of 1–4 nt (lanes 2–5) were comparable to
wild type (lane 1). For an insertion of 4 nt, the accumu-
lation was already z30% relative to wild type (lane 5). For
an insertion of 8 nt (the GNRA tetraloop), accumulation
was just 6% (lane 8). For the insertions >10 nt, no more
than a faint band at about the size of unit-length HDV
RNA was detected. This same band was also detected
in untransfected cells (lane u) and is considered to arise
via cross-hybridization with 18S rRNA, which is present
at z10 million copies per cell.

Thus, the HDV RNA accumulation detected following
the transfection of genomes with inserts of $10 nt was,
if anything, <4%, relative to wild type. However, it still
remained possible that a small amount of replication
was occurring for such modified genomes. To test this

FIGURE 2. Northern analysis of processed genomic HDV RNA
transcripts in the absence of replication. These RNAs were generated
by transfection of Huh7 cells with DNA constructs (as described for
Fig. 1) bearing various insertions at the XbaI site of non-HDV
sequences as summarized in Table 1. (A) At day 3 after transfection,
total RNA was extracted, glyoxalated, and subjected to Northern
analyses using a gel of 1.7% agarose. Lane s refers to a gel-purified
1.13 genomic RNA standard. Lane u refers to untransfected cells.
Lanes 1–7 refer to transfection of constructs with the inserts as
indicated. (B) Samples 1, 6, and 7 were the same as in panel A but
were examined here with more extensive electrophoresis and on a gel
of 3% agarose. Based on previous experience, such conditions are
sufficient to separate linear and circular forms of HDV RNA (Chen
et al. 1986; Lazinski and Taylor 1994). (C) This shows two semi-
logarithmic plots of length of the modified proceed HDV RNAs vs.
distance migrated. These plots are for the putative circular and linear
forms shown in B.

FIGURE 3. Northern analyses to detect the ability of the modified
HDV RNAs to replicate in 293-dAg cells. (A) Cells were transfected
with the same constructs expressing wild-type or mutated HDV as
used in Figure 2A, and expression of dAg was induced by the addition
of TET. At day 5, total cell RNA was extracted and examined by
Northern analysis as in Figure 2A, except that the detection was for
antigenomic HDV RNA. Indicated at the right side are the positions of
unit-length HDV RNA (UL) and its less abundant dimer (23 UL).
Also indicated is the DNA-directed mRNA produced from the cDNA
integrated into the 293-dAg cells. (B) Aliquots of the RNAs shown in
lanes 1–11 of A were DNase-treated and then used to transfect fresh
293-dAg cells. After 5 d, the total RNA was harvested, and the
transfection process was repeated (retransfection) with fresh cells.
After 5 d, the total RNAs were extracted and assayed by Northern
analysis to detect genomic HDV RNA. In B, the mass of total RNA
analyzed in lanes 1–5 was three times less than for lanes 6–11.
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possibility, we adopted a strategy from studies with
replicons of hepatitis C virus that demonstrated that
dramatically increased amounts of replication per average
cell could be achieved if, following an initial transfection,
the total RNA was extracted and then used to transfect new
cells (Zhu et al. 2003). Each of the total RNAs analyzed in
Figure 3A was treated with DNase before transfection into
fresh 293-dAg cells. Five days after TET induction, total
RNAs from transfected cells were extracted and used in
a second round of transfection. Finally, total RNAs were
examined by Northern analysis for the presence of genomic
RNA. As can be seen, all HDV constructs (lanes 1–11) gave
significant genome replication (Fig. 3B). There were even
detected minor amounts of a slower migrating band,
known to be a dimer of the genome (Chen et al. 1986).
(Minor amounts of a dimer that was antigenomic were also
seen for lanes 1–22 of Fig. 3A.) As a negative control, after
retransfection of RNA from cells that had not been pre-
viously transfected, no replication of HDV RNA was
detected (Fig. 3B, lane u).

Even more interesting than the recovery of replicating
RNAs was the finding that those HDV RNAs with initial
insertions of 388 and 978 nt at the XbaI site had apparently
reverted to a length more similar to that of the wild-type
genome (see Fig. 3B, cf. lanes 10,11 and lanes 1–9). Similar
results were also obtained when the initial insertions were
at the NheI site rather than the XbaI site (data not shown).
Specifically, large insertions at the NheI site interfered with
the ability of RNA to replicate. However, after three
retransfections the amount of replicating HDV RNA per
average cell again increased to readily detectable levels.
Also, according to Northern analysis, the replicating RNAs
again were not distinguishable by size from the wild type.

Nucleotide sequence analysis of replicating
RNA genomes

The following experiments show that the restoration in-
volved changes at the original sites of insertions, and
provide support for the interpretation of intramolecular
template-switching in combination with a selective pres-
sure to maintain the rodlike RNA structure.

We examined by RT-PCR, cloning, and nucleotide
sequencing, the corresponding regions of those genomes
that were now able to replicate. Table 2 summarizes the
results for genomes that were initially subjected to inser-
tions at the XbaI site. (Not shown in Table 2 are the
findings for wild type and mutants with insertions of either
one or two extra nucleotides, because even after second
retransfection no sequence changes relative to the input
were observed).

For the recovered sequences following the insertion of
3 nt, it can be seen that the majority of the recovered clones
(78%) maintained this insert. However, the remainder lost

the insert along with either 9 or 10 nt of adjacent HDV
RNA sequence.

For the genomes initially given a 4-nt insertion, only
25% maintained the insert, with the remainder of the
genomes losing the insert together with 8 or 10 nt of HDV
RNA sequence. A minor fraction could be considered as
having maintained 3 nt of insert, along with changing the
fourth.

Table 2 also shows the results when several RNAs with
inserts of progressively increasing size were tested for their
sequences following recovery. Some general comments can
be made.

1. With only one exception, all the genomes that had
inserts of >4 nt were found after recovery to have lost
their inserted sequences. (The exception was for one
sequence recovered following the 8-nt GNRA insertion.
The insert was maintained, but it was associated with
a deletion, nearby, of 13 nt of HDV RNA sequence).

2. In each case, the recovered genomes were heterogeneous
in sequence at and around the insertion site.

3. In some cases the recovered genomes included species
that were equivalent to reversion to the wild-type RNA
sequence.

4. In other cases there was a spectrum of nucleotide
deletions of HDV RNA sequences. These deletions were
heterogeneous in terms of their 59- and 39-borders, as
well as in terms of their length. Figure 4 shows the
frequency of these as a function of size. While the sizes
varied up to as much as 17 nt, it was striking that many
of these deletions were at or about 10 nt in length.
Furthermore, these multiple examples of 10-nt deletion
were indistinguishable in terms of their 59- and 39-
borders.

5. More rare were insertions of what might be nontem-
plated non-HDV RNA sequences. And, even for these
‘‘insertions,’’ it has to be allowed that at least some of
them could also be explained as residues of the original
inserted sequence.

6. In addition to the changes close to the original insertion
site, we detected a number of single-nucleotide sub-
stitutions, often quite close to the original insertion site
(as underlined in Table 2), but also at sites more distant
(data not shown) that were predominantly of A to G
or U to C. We interpreted these, based on previous
experience with changes occurring during RNA replica-
tion, as having arisen as consequences of post-transcrip-
tional RNA editing by ADAR (Casey and Gerin 1995;
Netter et al. 1995b; Gudima et al. 2002; Chang et al.
2005b).

The results so far showed that insertions of non-HDV RNA
sequences could interfere with the efficiency of these RNAs
to initiate replication and accumulation. Nevertheless,
following application of a retransfection strategy, RNA
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replication could then be detected, and we would therefore
infer that even after the primary transfection there must
have been present low levels of replicating restored
genomes. Furthermore, this restoration often occurred in

a way such that the inserted foreign sequences were no
longer present, even though restoration was not always
perfect, in that it was often associated with deletions of
adjacent HDV RNA sequences.

TABLE 2. Nucleotide sequence changes detected on restored HDV genomes

Initial insertiona Sequences of restored genomesb

Change on
restored
genomesc

No. of
clones with
change %

+3 AAATCTCTCTAGgatATTCCGATAGAGAATCGAGAG +3 7 78
AAATCTCTCTAG:::::::::GAGAATCGAGAG �9 1 11
AAATCTCTCTAG::::::::::AGAATCGAGAG �10 1 11

+4 AAATCTCTCTAG::::::::::AGAATCGAGAG �10 4 50
AAATCTCTCTA::::::::TAGAGAATCGAGAG �8 2 25
AAATCTCTCTAGgattATTCCGATAGAGAATCGAGAG +4 1 13
AAATCTCTCTAGgatgATTCCGATAGAGAATCGAGAG +4 1 13

+10 AAATCTCTCTAGATTCCGATAGAGAATCGAGAG WT 3 27
AAATCTCTCTAG::::::::::AGAATCGAGAG �10 2 18
AAATCTCTCTAG:::::::::::GAATCGAGAG �11 2 18
AAATCTCTCTAGG::::::::::::ATCGAGAG �13 + 1 2 18
AAATCTCTCTAG:TTCCGATAGAGAATCGAGAG �1 1 9
AGGTCTCTCTAGGTTCCGATAGAGAATCGAGAG WT 1 9

+12 AAATCTCTCCTAGATTCCGATAGAGAATCGAGAG +1 2 22
AAATCTCTCTAGA::::::TAGAGAATCGAGAG �6 2 22
AAATCTCTCTAG::::::::::AGAATCGAGAG �10 2 22
AAATCTCTCTA:::::::ATAGAGAATCGAGAG �7 1 11
AAATCTCTC:::::::::ATAGAGAATCGAGAG �9 1 11
AAATCTCT::::::::::::AGAGAATCGAGAG �12 1 11

+8 (GNRA) AAATCTCTCTAG::::::::::AGAATCGAGAG �10 6 60
AAATCTCTCAAGGATTCCGATAGAGAATCGAGAG +1 1 10
AAATCTCTCAAGC::::::::AGAGAATCGAGAG �8 + 1 1 10
AAATCTCTCTAGccgaaaggATT::::::GAGAG �13 + 8 1 10
AAATCTCTCTAG:::::::::::GAATCGAGAG �11 1 10

+29 (TERM) AAATCTCTCTAG::::::::::AGAATCGAGAG �10 6 67
AAATCTCTCTAGA::::::::::::ATCGAGAG �12 1 11
AAATCTCTCTAGAaaa::::::::::TCGAGAG �13 + 3 1 11
AAATCTCTCTAGA:::::::::::::TCGAGAG �13 1 11

+388 AAATCTCTCTAG:TTCCGATAGAGAATCGAGAG �1 14 37
AAATCTCTCTAG::::::::::AGAATCGAGAG �10 5 13
AAATCTCT::AGATTCCGATAGAGAATCGAGAG �2 4 11
AAATCTCTCTAGtt:::::::GAGAATCGAGAG �9 + 2 4 11
AAATCTCTCTAGtt:::::::::::ATCGAGAG �13 + 2 4 11
AAATCTCTCTAGATTCCGATAGAGAATCGAGAG WT 1 3
AAATCTCTCTAG:::::GATCAGAGAATCGAGAG �5 + 1 1 3
AAATCTCTCT::::::::ATAGAGAATCGAGAG �8 1 3
AAATCTCT::::::::::::::AGAATCGAGAG �14 1 3
AAATCTCTCTAGtt:::::::::GAATCGAGAG �11 + 2 1 3
AAATCTCTCTggt:::::::::::::TCGAGAG �16 + 3 1 3
AAATCTCTCT:::::::::::::::::CGAGAG �17 1 3

+978 AAATCTCTCTAGATTCCGATAGAGAATCGAGAG WT 4 40
AAATCTCTCTAG::::::::::AGAATCGAGAG �10 2 20
AAATCTCTCTAactaGATTCCGATAGAGAATCGA +4 1 10
AAATCTCTC::::::::CATAGAGAATCGAGAG �9 + 1 1 10
AAATCTCTCT:::::::::::GAGAATCGAGAG �11 1 10
AAATCTCTCTAGA:::::::::::AATCGAGAG �11 1 10

aThe initial insertions into the XbaI site are as in Table 1.
bThe restored sequences were determined by RT-PCR, cloning, and sequencing. Changes relative to the wild-type (WT) sequence are indicated
as ‘‘:’’ for deletions and in lowercase for possible insertions. Other changes, most of which are single nucleotide changes of T to C or A to G and
could be explained as consequences of ADAR-editing, are indicated by underlining.
cTypically, the indicated changes on the restored genomes do not include the size of the input inserted sequence. In most cases, the negative
and the positive values refer to deletions of WT sequences and insertions of non-HDV sequences, respectively.
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The above results were largely obtained for insertions at
the XbaI site, located near to one end of the rodlike
structure (Fig. 1). When we considered insertions at the
NheI site, embedded within the rodlike folding, the results
were both similar and strikingly different. They were
similar in that the insertions interfered with the ability to
initiate replication. They were similar in that after the
retransfection strategy it was made clear that restoration
had occurred and that the replicating genomes had lost the
large non-HDV RNA insertions. However, the major
difference, obtained from the nucleotide sequencing at
and around this insertion site, was that all the restored
genomes were identical to the unmodified wild-type
sequence (data not shown).

As considered further in the Discussion, we interpret that
for insertion sites either near an end of the rod (XbaI) or
embedded within this folding (NheI), there was a need for
intramolecular template-switching to achieve recovery.
However, in addition, for insertions at the NheI site there
was apparently zero tolerance for nucleotide sequence
changes. It was as if only those RNAs that exactly main-
tained the wild-type sequence and rodlike folding were
capable of replication.

Possible role of terminal redundancies of
HDV sequence

As represented in Figure 1A, the DNA template used for
insertion of non-HDV RNA sequences has a short terminal
redundancy of HDV sequences. We were concerned that
this might have contributed to the ability to achieve
restoration. First, there was the formal possibility of a rare
DNA–DNA recombination event on the expression vector.
Second, even if the restoration was achieved from RNAs
transcribed in vivo from the expression construct, the
possibility existed that some form of homology-based

RNA–RNA recombination might be involved. Such con-
cerns were heightened for the large insertion at the NheI
site, where we observed complete restoration to the wild-
type sequence.

With these concerns in mind, we first reduced the
redundancy of HDV sequences at the 59-end from 355 to
167 nt (Fig. 1A). This means that there was no longer any
redundancy at and around the NheI site. Such a DNA
construct, with a 388-nt insert at the NheI site, was
transfected into cells by using procedures as in Figure 3.
Just as previously encountered, it was only after three
retransfections of total cellular RNA that RNA replication
was readily detected (data not shown). The mobility of this
replicating RNA was consistent with the loss of the non-
HDV RNA insertion. Furthermore, after one additional
retransfection, we used RT-PCR cloning and sequencing, as
in Table 2, to characterize the sequence of the restored
genomes at and around the original site of insertion. We
found that nine of nine clones were again of the same
sequence as unmodified wild-type HDV RNA (data not
shown). Therefore, under the experimental conditions used
here, the redundancies of HDV sequence did not detectably
contribute to the ability to achieve restoration to the wild-
type sequence. In a similar set of experiments, we also
reduced the sequence redundancy relative to the XbaI site,
when the insertion at this site was of 978 nt. Again, with
this construct we were able to achieve replication of
restored genomes. Furthermore, when the sequences at
the restored sites were examined, we observed both the
deletion of the inserted sequence along with a variety of
altered sequences, as in Table 2 (data not shown).

For all the above studies, an additional concern arose
because the expression constructs were transfected into
293-dAg cells. These cells contain a single copy of cDNA for
the dAg (Chang et al. 2005a). The precise region is from
ScaI (position 1624) to XbaI (position 781) on the anti-
genomic sequence. Thus there was the remote possibility
that these HDV cDNA sequences, even at the level of a
single copy per cell, might have participated in some form
of DNA–DNA recombination with the transfected expres-
sion constructs to produce restored replicating HDV
genomes. To totally exclude this, and all other possibilities
relating to DNA–DNA recombination, we performed the
following confirmatory experiments in which cells were
transfected not with expression constructs but with RNAs
that had first been transcribed in vitro.

Genome restoration from RNA transcribed in vitro

In all of the studies presented above, the initial source of
mutated RNA was an RNA transcribed in vivo from a DNA
construct. Inside the cell this RNA was able to undergo
specific post-transcriptional processing, to the point of
accumulating unit-length circular RNA species (Fig. 2B).
As an alternative approach, we also tested whether mutated

FIGURE 4. The size distribution of nucleotide deletions relative to
the wild type that were detected on the restored HDV genomes
following initial insertions at the position of the XbaI site. The data
for the restored genomes are summarized in Table 2. Indicated here
are the relative frequencies for each net change relative to the wild-
type sequence (excluding the removal of the inserted sequence).
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RNA species transcribed in vitro would also be able
to lead to restoration. We neither expected (Chang and
Taylor 2002) nor observed (data not shown) that the linear
HDV RNAs transcribed in vitro were processed in vivo to
form a circular species. Nevertheless, we tested whether
linear RNA that has been mutated by an insertion of non-
HDV sequence was capable of initiating HDV genome
replication.

The linear RNA was transcribed by using T7 RNA
polymerase and an expression construct described in the
previous section. We thus produced a greater than unit-
length linear genomic RNA with a 388-nt insertion at the
NheI site. This RNA was gel-purified and transfected into
recipient 293-dAg cells. Four days later, total RNA was
extracted and subjected to Northern analysis. We observed
the accumulation of unit-length HDV RNAs, that is,
apparently lacking the 388-nt insertion (data not shown).
Furthermore, after one retransfection, we applied RT-PCR,
cloning, and sequencing, and found that 10 out of 10
sequences were now wild type at the site of insertion (data
not shown).

Our interpretation of these results is that genome
restoration can also be achieved following transfection of
RNA species that are linear in conformation. Thus, as
discussed subsequently for Figure 5, we interpret that this
particular restoration was achieved by two intramolecular
switches during transcription from a linear RNA template.
In addition, since these studies were initiated by trans-
fection with RNA, the results exclude the possibility that
some form of intermolecular DNA–DNA recombination,
even at a very low frequency, was necessary for the ability
to ultimately detect restored genomes.

As a follow-up to these results, a comparison was made
of the ability to achieve restoration following insertion of
non-HDV RNA sequences at one or both of two locations.
As diagrammed in Figure 5A, species P is a control species
of unit-length genomic RNA with no insertions. Species Q
has an insertion of 388 nt at the NheI site, embedded
within a region of the predicted rodlike folding. Species R
has an insertion of 978 nt at the XbaI site, corresponding to
one end of the rodlike folding. Finally, species S has the two
insertions of Q and R. These four RNAs were transcribed in
vitro and gel-purified, and the sizes were confirmed by gel
electrophoresis with detection by ethidium bromide stain-
ing, as shown in Figure 5B. The four modified RNAs were
then transfected into 293-dAg cells, and after 6 d the total
cellular RNAs were extracted and examined by Northern
analysis to detect HDV antigenomic RNA, with results as
shown in Figure 5C. For the control species P, with no
insertion, we detected significant HDV RNA replication.
Species Q gave no detectable replication when considered
relative to a sample of untransfected cells in lane u.
However, species R and S did give a small amount of
replication, and in addition, the detected RNAs migrated as
if the insertions had been removed.

The total cellular RNAs from each of these initial
transfections were then retransfected into new 293-dAg
cells, and after 6 d the total RNA was extracted and
examined by Northern analysis, with results as shown in
Figure 5D. Now each of the modified species Q–S, as well as
control species P, was producing readily detectable genome
replication.

From the results in Figure 5, C and D, we can make
several conclusions: (1) All of the replicating RNAs derived
from transfections with Q–S were of approximately the
same mobility as wild type, consistent with removal of the

FIGURE 5. Comparison of the ability to achieve restoration follow-
ing transfection of modified HDV RNAs. A shows the four genomic
linear RNA species, P–S, that were transcribed in vitro and used to
transfect 293-dAg cells. The 59 and 39 ends correspond to positions
716 and 715, respectively, and are located within the ribozyme
domains (indicated by partial circles). Only species P contains
a specific 4-nt change (X) that, as previously shown (Gudima et al.
2004), does not compromise replication ability and is used in Table 3
to distinguish and quantitate species P relative to species Q–S. Species
Q–S contain insertions of non-HDV sequences: 388 nt at the NheI site
and/or 978 nt at the XbaI site, as indicated. B shows the ethidium
bromide staining of agarose gel analysis of the in vitro transcribed and
gel-purified species P–S, prior to use in transfection. Note that species
Q–S migrate slower than P, consistent with the presence of inserted
non-HDV sequences. C shows Northern analyses of antigenomic RNA
species detected in RNA extracted from 293-dAg cells at 6 d after
transfection with species P–S, as indicated. At left (lane u) is a control
of untransfected cells. Note that the detected RNAs are of approxi-
mately the same migration as unit-length HDV RNA. D shows
a similar analysis when the RNAs from panel C were transfected into
293-dAg cells and after 6 d, examined by Northern. In C and D,
antigenomic and genomic RNA was detected using a full-length
uniformly 32P-labeled RNA probes, respectively.
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large inserts of non-HDV sequence(s); (2) such restoration
was more readily observed after a retransfection; (3) of the
three modified RNAs, R, with the insertion at one end of
the rodlike structure, was more readily restored; and (4)
even species S, with two insertions of non-HDV sequence,
was able to lead to replicating genomes restored to wild-
type size.

Species P is a unit-length HDV RNA sequence without
inserted non-HDV sequences. Nevertheless, since it is of
linear conformation, we assert that to achieve genome
replication, there needs to be one template-switching event
during transcription (Gudima et al. 2004). It follows then
that species Q and R would require one additional template
switch, and species S would require two. While the data in
Figure 5, C and D, gave some idea of the replication
penalties associated with such additional template switches,
we made use of the following second approach. In previous
studies we have successfully used intermolecular competi-
tion assays to measure the relative ability of two different
HDV RNA species to initiate genome replication (Gudima
et al. 2004). Therefore, the same approach was used to
determine the penalty for RNA species Q, R, and S relative
to species P.

For this purpose, species P was given a genetic marker
(indicated in Fig. 5A by x), which has been shown to not
interfere with replication ability but allows separate quan-
tification by oligonucleotide hybridization of marked and
unmarked RNAs. Three different molar ratios of species P
and Q, P and R, and P and S were transfected into 293-dAg
cells, and we determined how these ratios changed in

the next 6 d. The results are summarized in Table 3. The
change in the ratio is referred to as the penalty; that is, the
reduction in the ability of the RNA relative to species P to
achieve initiation of HDV RNA replication. From such
intermolecular competitions, even when the input (day 0)
amounts of Q, R, and S were 100 times more than that of P,
we observed that at day 6, species P was the winner, with
there being undetectable amounts of the competitor. The
only exception was with species R, where accumulation was
detected. We can therefore deduce that the penalty for R is
z85-fold relative to P. For species Q and S, we can only
deduce that the penalties are >590 and >230, respectively.
In summary, these intermolecular competitions indicate
that the penalties associated with the insertions of non-
HDV sequences are significant (Table 3), and yet in the
situations where the modified RNAs are transfected in the
absence of a competitor, the replication of HDV RNA was
in each case detected, and these RNAs had been restored
to the wild-type length (Fig. 5C,D).

DISCUSSION

This study focused on the consequences of insertion of
relatively large sequences onto the HDV genomic RNA. As
discussed below, our findings, some of which were partic-
ularly surprising, have implications for RNA-directed
transcription by host cellular RNA Pol II and for the
importance of the rodlike RNA structure ensuring the
replication competence of the template. Our studies invoke
what is referred to here as intramolecular template-switch-
ing, a process that is synonymous with what virologists
often refer to as intramolecular RNA recombination
(Olsthoorn et al. 2002; Alejska et al. 2005). In earlier
studies, we have provided strong evidence that such
template-switching can occur on HDV RNA templates
(Chang and Taylor 2002; Gudima et al. 2004). However,
what makes the HDV results unique is that it is the host
RNA Pol II that performs such activity using RNA as
a template. Objectively, it needs to be mentioned that two
studies have interpreted that fragments of viral RNAs can
somehow be restored by another mechanism not involving
RNA transcription (Gmyl et al. 2003; Gallei et al. 2004).
However, as explained elsewhere, we consider that a non-
replicative mechanism does not apply to our HDV studies
(Gudima et al. 2005).

Consider first the observed phenomenon of genome
restoration. Why did this process occur for each of the
RNA templates that we mutated by insertion of non-HDV
RNA sequences? One contributor would be enough copies
of the mutated RNA in the initial cells. We are not
suggesting that such abundance would facilitate the event.
We mean only that with more potential templates we
increase the opportunity for detecting a rare successful
event that leads to genome restoration. Another contribu-
tor would be the provision of an abundance of the small

TABLE 3. Intermolecular competitions to determine relative
ability of mutated RNA species to initiate replication

Competing templates

Molar ratio

PenaltyDay 0 Day 6

P:Q 1:1 1:<0.053 >19
1:10 1:<0.058 >170
1:100 1:<0.17 >590

P:R 1:1 1:<0.068 >15
1:10 1:<0.16 >63
1:100 1:1.17 85

P:S 1:1 1:<0.05 >20
1:10 1:<0.062 >160
1:100 1:<0.43 >230

Competitions were initiated between RNA species P with different
molar ratios of species Q–S, as used in Figure 5. Northern analyses
followed by hybridization with specific 59-32P-labeled oligonucle-
otide probes were used as previously described (Gudima et al.
2004) to determine the molar ratio for the input RNAs (day 0) and
atday 6 after transfection into 293-dAg cells. The indicated
‘‘penalty’’ represents the change in the molar ratio from day 0 to
day 6. Since species R an S have an insertion at the XbaI site and
we have seen in Table 2 that restoration at this site can be
imperfect, it is possible that we might overestimate the penalty
associated with such restorations.
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dAg needed for replication. Specifically, we know that
within each 293-dAg cell, at 1 d after TET induction, there
were accumulated >2 million new copies of dAg (Chang
et al. 2005a).

We propose that these two factors contribute to the
ability to achieve some level of RNA polymerase binding
and the initiation of RNA-directed transcription. Soon
after this, when transcription reaches the site of an in-
sertion on the template, these same two factors (the
quantity of RNA templates and dAg) increase the chances
that many and different intramolecular template-switching
events could occur. Some of these switches could produce
RNA transcripts in which the inserted sequences (and
sometimes even flanking HDV RNA sequences) are not
copied. If just one of these events leads to an RNA that can
achieve genome replication, we will observe what we have
referred to as restored genomes. We might expect that only
a small fraction of all RNA-directed transcription events
are successful in this way.

In Figure 6 we present a model with three possible
pathways for genome restoration. Based on data present

here and documented previously (Chang and Taylor 2002;
Gudima et al. 2004, 2005), these pathways all depend upon
intramolecular template-switching. (1) In the first, the
RNA template with insertion is considered to fold into
a rodlike structure, with or without help from the dAg, to
produce an extrusion of the foreign sequence. This folding
somehow facilitates the removal of the insert via template-
switching (steps 1 and 2, followed by steps 5 and 6). (2) A
second possibility is that prior to template-switching,
extrusion of the inserted sequences makes them susceptible
to some extent of endo- and then exonucleolytic cleavage
by host ribonucleases. Such prior cleavage could thus
demand that template-switching occur in order to rescue
the nascent transcript and thence achieve genome replica-
tion (steps 1, 2, and 3, followed by steps 5 and 6). (3) The
third explanation for the restoration phenomenon is
different in that it refers to experiments in which we
detected restoration following an initial transfection of
cells with mutated RNA that had been transcribed not in
vivo but in vitro. Since this RNA was linear in conforma-
tion, we favor the interpretation shown in step 4 followed
by steps 5 and 6. That is, we consider this linear RNA was
directly used as a template for transcription involving two
template-switches. One of these switches was to remove the
non-HDV RNA insert; the other, to remove the 59- and 39-
sequences. This combination would lead to nascent RNA
transcripts that can be processed to the wild-type unit-
length species with the associated wild-type rodlike folding.
In conclusion, it should be re-emphasized that in terms of
the actual restoration at the site of insertion, all three
pathways shown in Figure 6 have the same requirement for
intramolecular template-switching during transcription as
facilitated by attempted rodlike folding of the RNA
template.

We note that restoration was a rare event and, in many
cases, required one or more retransfections of total cell
RNA before we could detect restored genomes by Northern
analysis. In the case of a large insertion at the NheI site, we
determined that the penalty for such an insertion was at
least 500-fold, relative to an RNA lacking this insertion
(Fig. 5E).

The model, as shown in Figure 6, is drawn for insertion
at the NheI site that is embedded within the rodlike folding.
However, we also observed genome restoration when the
inserts were located almost at one end of the rodlike
folding, the XbaI site. This location difference might
explain why the restoration of genomes with insertions
at the NheI site were 100% perfect, in that the exact
unmodified wild-type sequences was the only winner. In
contrast, for the XbaI site, only some of the restored
winners were wild type, while there was also a spectrum
of others with deletions of adjacent HDV RNA sequences
and sometimes also with short non-HDV insertions (Table
2). A common feature of both sets of results was that the
winners restored overall rodlike folding that was similar or

FIGURE 6. A model of how restoration of replication competent
HDV RNA species was achieved. As indicated, the input RNA is
a greater than unit-length genomic RNA. It contains two copies of the
genomic ribozyme (shaded circles) and an insertion of non-HDV
sequence (shaded lines). Step 1 indicates the consequences of
ribozyme cleavage, leading in step 2, to ligation to produce circular
RNA, which may fold into the unbranched rodlike structure with
extrusion of the non-HDV sequences. Implicit is the expectation that
dAg might bind to and protect the HDV-specific structure. Step
3 indicates how these extruded non-HDV sequences might be the
substrate for endo- and then exonucleolytic attack. Step 4 shows how
in the absence of processing the nascent transcript might fold into the
rodlike structure again with extrusion of the non-HDV sequences.
Steps 5 and 6 represent how each of the three forms of RNA might
act as templates for the transcription with intramolecular template-
switching, leading to the processing of new restored anti-genomic
RNAs that no longer contain the non-HDV sequences (broken
line), and in turn can be transcribed to produce replicating genomic
RNA.
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even identical to that of wild type. In this way we would
explain the observation that such restoration at the XbaI
site that was located at one end of the rod could be more
tolerant of changes than for the NheI site that was
embedded within the rod (Fig. 1B,C). We consider it hard
to believe that the rodlike folding per se, in the initial
template, did not facilitate the restorative template switch.
Nevertheless, any molecule that was transcribed from this
initial template and ultimately survived the subsequent
biological pressures to be a winner maintained rodlike
folding.

We can speculate as to what are or are not the biological
pressures. At least in our experimental system, such
pressures do not need to include the synthesis of new
dAg, since this was produced via an integrated cDNA copy
(Chang et al. 2005a). Nor is there a need for particle
assembly and release. Furthermore, for our studies with Pol
II DNA-directed transcripts of the modified HDV RNAs,
we show here that the RNA transcripts have no major
defect in their ability to be post-transcriptionally processed
by ribozyme action, RNA ligation, and ultimate RNA
stabilization (Fig. 2). Thus we would speculate that the
major biological pressure, in addition to those also present
for unmodified RNAs, is at the level of RNA-directed
transcription, specifically in the ability to achieve a tem-
plate-switching at the insertion site that removes the
inserted sequence. Apparently this can be achieved for the
insertions of 388 and 978 nt and not just for those as small
as 4 and 3 nt.

In some cases the restored genomes included a series of
different species distinguishable by the nucleotide sequence
at the original insertion site. We wanted to know whether
these RNAs were of comparable replication competence.
For the case of one particular insertion (388 nt at the XbaI
site), we therefore compared the sequences after one, two,
or three consecutive rounds of retransfection. No signifi-
cant difference was detected between these three sets of
sequences in the relative abundance of the individual
restored sequences (data not shown). Thus we conclude
that the restored genomes were of uniform replication
ability, both relative to each other and to the original wild-
type sequence. Also, we considered there was no continued
evolution of the restored sequences (at least, within the
time period analyzed). This supports the model presented
above, where restoration involved just one early template
switch, one that occurred on the input modified RNA. That
is, the subsequent retransfections only provided an oppor-
tunity to expand the number of cells replicating the
restored genomes.

As can be noted, the procedure of retransfecting fresh
cells with total RNA achieves an enhancement of genome
spread to new cells that in some ways mimics the natural
process of virus assembly and reinfection. A difference is
that in the retransfection the recipient 293-dAg cells always
provide multiple copies of the essential dAg.

This phenomenon of intramolecular template-switching
by Pol II may be unique to HDV RNA templates, whether
or not it is an integral part of normal HDV replication.
Nevertheless, it opens the question of how this enzyme
carries out such a process during RNA-directed transcrip-
tion. There is still some controversy as to whether such
switching can occur when the same enzyme carries out
transcription that is DNA-directed (Kandel and Nudler
2002; Li and Zhang 2002). The observed ability on RNA
templates may be related to the structure of the template
and/or differences in the host and viral factors associated
with such transcription. Of course, many animal viruses are
able to carry out intramolecular RNA directed template-
switching (Olsthoorn et al. 2002; Alejska et al. 2005). For
some viruses, such as coronaviruses, it is even an essential
part of each replication cycle (Sola et al. 2005).

In retrospect, it may not be too surprising that the host
Pol II, just like the RNA polymerases of RNA viruses, is able
to achieve intramolecular as well as intermolecular tem-
plate-switching. The common feature is the opportunity
provided by virus genome replication, to selectively amplify
what would otherwise be rare events. The same may be said
for the host DNA polymerases when they are used to
support the replication of certain DNA viruses, such as
SV40 and adeno-associated virus.

MATERIALS AND METHODS

Cloning, mutagenesis, and RNA transcription

Originally, constructs expressing mutated HDV genomes were
based on vector pDL553, which expresses a 1.23 of wild-type
HDV genomic RNA (Wu et al. 1997). As represented in Figure 1,
non-HDV sequences were inserted at one of two unique locations:
XbaI site (position 785/786) or NheI site (position 430/431), using
the numbering of a published HDV RNA sequence (Kuo et al.
1988a). The insertions are summarized in Table 1. To introduce
foreign sequences of size <30 nt at XbaI location, we used
appropriate pairs of chemically synthesized oligonucleotides.
These were annealed and inserted into pDL553 precut with
restriction enzymes BstXI and XbaI. The insertions of 388 and
978 nt were excised by simultaneous XbaI and SpeI digestion from
plasmid pA/BVDV/D9 containing cp7 D19c, a full-length replicon
of bovine diarrhea virus (Meyers et al. 1996) and provided by Olaf
Isken and Sven Behrens. These fragments were gel-purified and
then inserted into the XbaI or NheI sites of pDL553. Both
orientations of insert were made only at the NheI site. Alterna-
tively, in order to eliminate any redundancies at and around the
NheI site, the insert of 388 nt was also introduced into vector
pDL542 (Lazinski and Taylor 1994), expressing StyI-StyI-XbaI
greater than unit-length genomic RNA sequences. Also, to avoid
redundancies at both insertion sites, we created a vector bearing
a fragment (position 518–774) of the HDV genome, inserted into
BamHI–XhoI sites of pSVL vector (Pharmacia) using PCR-based
techniques. Based on this vector, the construct expressing greater
than unit-length of RNA genome (position 518–518–774) with
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a 978-nt insert at XbaI location was created. For in vitro
transcription of StyI-StyI-XbaI HDV RNA bearing 388-nt insert
at NheI site, the appropriate mutated HDV sequences were
introduced downstream of a T7 RNA polymerase promoter into
pCDNA3 vector (Invitrogen). Resulting constructs were verified
by nucleotide sequencing. In vitro RNA transcription and sub-
sequent gel purification of RNA were performed by using pre-
viously described protocols (Gudima et al. 1997, 2004).

Cell lines and transfection

Huh7, a line of human hepatoma cells (Nakabayashi et al. 1982),
was maintained in Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum without addition of antibiotics. The 293-dAg
cell line was created from 293-TRex, a derivative of human
embryonic kidney cells (Invitrogen) (Chang et al. 2005a). It con-
tains a single copy of a cDNA for the small dAg, with expression
under TET on control.

For transfection of both cell lines with cDNA or RNA, we used
Lipofectamine 2000 reagent (Invitrogen).

For testing DNA-directed expression of mutated RNAs in
absence of RNA replication we used transfection of Huh7 cells
with the constructed expression vectors in combination with
plasmid pDL445, expressing large dAg (Lazinski and Taylor
1993), and plasmid pSVTVA (Asselbergs and Grand 1993) in
the mass ratio 1:1:0.1.

For testing the replication abilities of mutants, 293-dAg cells
were transfected either with constructs, expressing RNAs with
non-HDV insertions or with gel-purified in vitro transcribed
modified HDV RNAs. Synthesis of dAg small was induced by
adding tetracycline at 4 h, the time when the transfection mixture
was removed.

Retransfection means the process in which total RNA was
extracted from previously transfected 293-dAg or Huh7 cells and
delivered to by Lipofectamine 2000 into fresh 293-dAg cells.

RNA preparation and Northern analysis

Unless indicated otherwise, cells were harvested at days 3, 4, or
5 after transfection, and total RNA was extracted by using Tri
Reagent (Molecular Research Center). For Northern analyses,
RNA was glyoxalated and then resolved on gels of 1.7 or 3%
agarose. Genomic and antigenomic RNAs were detected using
32P-labeled riboprobes or 32P-59-labeled oligonucleotides (Kuo
et al. 1989; Chang and Taylor 2002; Gudima et al. 2004).
Detection was via bio-imager (Fuji). Images were collected and
quantitated by using Image Gauge V3.3 and prepared for
publication by using Photoshop V7.0 and Canvas V9.0 software.

RT-PCR, cloning, and sequencing

Total RNA (0.2 mg) was treated with RNase-free RQ1 DNAse
(Promega) prior to RT-PCR reactions. For PCR spanning the
XbaI insertion site, we used primers 59-728-ACATTCCGAGGGG
ACCGTC-746-39 and 59-865-ACCTGGGCATCCGAAGGAG-847-39.
Similarly, for around the NheI site, the primers were 59-320-
TCAGCGAACAAGAGGCGCTTCGA-342-39 and 59-507-GATGG
GGACGATAAGTCGAGTTC-485-39. The specific PCR products
were cloned into pCR 2.1-Topo vector by using a TOPO TA

cloning kit (Invitrogen). Plasmids were selected and subjected to
automated nucleotide sequencing. Resulting sequences were anal-
yzed relative to the HDV master sequence (Kuo et al. 1988a) using
the program Sequencher 4.2.1 (Gene Codes).
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