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To facilitate investigations of replication and host cell interactions in the hepadnavirus system, we have
developed cell lines permitting the conditional replication of duck hepatitis B virus (DHBV). With the help of
this system, we devised conditions for core particle isolation that preserve replicase activity, which was not
found in previous preparations. Investigations of the stability of viral DNA intermediates indicated that both
encapsidated DNA and covalently closed circular DNA (cccDNA) were turned over independently of cell
division. Moreover, we showed that alpha interferon reduced the accumulation of RNA-containing viral
particles. The availability of a synchronized replication system will permit the biochemical analysis of indi-
vidual steps of the viral replication cycle, including the mechanism and regulation of cccDNA formation.

Hepadnaviruses are small DNA viruses that contain a re-
laxed circular DNA (rcDNA) genome with modified 5� ends.
The 5� end of minus strand DNA is covalently attached to the
viral reverse transcriptase (RT), whereas the 5� end of the plus
strand is linked to an 18-nucleotide-long capped RNA oli-
gomer. After infection, the rcDNA is converted into covalently
closed circular DNA (cccDNA), which is the template for the
transcription of at least three viral RNA species. The longest
transcript, termed pregenomic RNA (pgRNA), is packaged
into core particles, which are the site of viral DNA synthesis
(20, 22).

Although the general mechanism of replication has been
investigated in great detail, major gaps still exist because cer-
tain intermediates of the replication cycle are either short lived
or difficult to isolate in pure form from persistently infected
cells. For example, cccDNA formation occurs primarily during
the establishment of infections, precluding the isolation of
intermediates that occur during the conversion of rcDNA to
cccDNA. Hence, the mechanism responsible for the repair of
rcDNA is still enigmatic. Likewise, the mechanism responsible
for the assembly of nucleocapsids is not well understood. Bio-
chemical and structural data are consistent with a model in
which core monomers form dimers, which are then assembled
into icosahedral subviral core particles (27, 30). Specific incor-
poration of pgRNA and RT into core particles also depends on
the interaction of the RT with a packaging signal on pgRNA,
which in turn requires the cellular chaperone complex hsp90
(6, 7). However, the assembly of pgRNA- and polymerase-
containing cores competent for viral DNA synthesis has so far
not been achieved in cell-free systems. Similarly, efforts to
isolate pgRNA-containing core particles from infected cells
competent for genome replication in vitro have not been re-
ported. Finally, little is known about the stability of DNA

replication intermediates, including cccDNA, (i) under normal
conditions, (ii) in the presence of cytokines or inhibitors of
viral DNA synthesis that are used for antiviral therapy, and (iii)
during cell division, which is known to occur during recovery
from natural infections (5).

In an effort to address these problems, we have established
cell lines that support efficient replication of duck hepatitis B
virus (DHBV) in a conditional and synchronized fashion. We
demonstrated that these cell lines permit the accumulation and
subsequent isolation of core particles at different stages of the
replication cycle. Moreover, we developed conditions for the
isolation of pgRNA-containing capsids that are competent for
the synthesis of complete viral genomes in vitro. Finally, we
showed that the accumulation of pgRNA-containing capsids
can be regulated by cellular factors induced by the antiviral
program of alpha interferon (IFN-�) and investigated how cell
division affects the stability of viral DNA intermediates.

MATERIALS AND METHODS

Plasmids. Plasmid ptetDHBV1S, derived from plasmid pCMVDHBV (3),
directs the expression of envelope-deficient 1S DHBV pgRNA under the control
of the tet promoter (4). The 1S mutant carries three termination codons in the
envelope gene, preventing translation of both envelope proteins p17 and p36
(23). pCDNA6CHI-IFN-�, expressing chicken IFN-�, was derived from
pCDNA1-IFN-�/� (a gift from Jesse Summers, University of New Mexico, Al-
buquerque). The IFN-encoding gene was subcloned into the HindIII and XbaI
sites of pCDNA6/VS-hisA (Invitrogen). To obtain cDNA clones of the gene for
chicken Mx-1, LMH cells were treated with 1,000 U of chicken IFN-�. For the
PCR amplification of Mx-1 cDNA, the primers used were 5�-TACGAAGC
TGGAGGAGCCAGC-3� and 5�-TACCAGGTATTGGTAGGCTTT GTTGA
G-3�. The purified 584-bp-long PCR fragment was cloned into the pGEM-T Easy
vector (Promega). The identity of the cloned fragment was verified by nucleotide
sequence analysis. A similar approach was used to clone a cDNA corresponding
to the gene for chicken IRF1. The primers used were 5�-CCAGAAGAGCAG
CCTGGACTT-3� and 5�-TAATACGACTCACTATAGGGATGTGGCAGCT
CCTCCACT-3�.

Cell cultures. The chicken hepatoma cell line LMH (10) and the LMH deriv-
atives dstet8 and dstet5 were maintained in Dulbecco’s modified Eagle medium-
F12 containing 10% fetal bovine serum, 200 �g of G418 per ml, and 1 �g of
tetracycline per ml (dstet5 and dstet8 cells). dstet cells were maintained on plates
coated with 0.1% swine skin gelatin type 1 (Sigma). For generation of the dstet
cell lines, LMH cells were transfected with plasmids ptetDHBV1S, pUDH15.1
(4), and pRSVneo at a ratio of 5:5:1, respectively, by calcium phosphate copre-
cipitation. Two days after the transfection, the cells were passaged and cultured
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in medium containing 400 �g of G418 per ml and 1 �g of tetracycline per ml for
10 days and then in medium containing 200 �g of G418 per ml and 1 �g of
tetracycline per ml. Until the isolation of clones, the culture medium was
changed daily. To inhibit viral replication, cells were maintained in the presence
of 1 mM phosphonoformic acid (PFA) (see Fig. 2 to 4 and 7) and 20 �M
lamivudine (3TC) (see Fig. 5 and 6). dstet5 cells were used for all of the
experiments described in this report.

Isolation of viral DNA. Extraction of DNA replicative intermediates and
cccDNA was performed essentially as previously described (28).

Isolation of core particles and EPR. The methods used for immunoprecipita-
tion and endogenous polymerase reaction (EPR) were adaptations of those of
Macrae et al. (13). Cells in 60-mm-diameter plates were lysed on ice in 2.0 ml of
50 mM Tris-HCl (pH 7.5)–150 mM NaCl–5 mM MgCl2–0.2% Triton X-100–1 �g
of leupeptin per ml–0.7 �g of pepstatin A per ml–1 mM phenylmethylsulfonyl
fluoride and collected into two Eppendorf tubes. Cell debris and nuclei were
removed by centrifugation at 16,000 �g for 2 to 4 min at 4°C. The supernatants
were incubated with 2 �l of a polyclonal rabbit anti-DHBV core antigen (DH-
cAg) antibody for 1.5 h and then with 40 �l of a suspension containing Sepharose
A (Pharmacia) for 2 h with shaking at 4°C. The beads were washed three times
with 1 ml of lysis buffer without the protease inhibitors. Three-quarters of each
sample was used for the EPR. In some experiments, cells were lysed in 1.0 ml of
lysis buffer and only 1 �l of the polyclonal rabbit anti-DHcAg antibody was used
for precipitation of the cores. The antibodies and beads were added at the same
time and incubated for 2 h. One-half of the samples were used for the EPR.

For the EPR, the beads were washed three times with 50 mM Tris-HCl (pH
7.5)–75 mM NH4Cl–1 mM EDTA. The beads were resuspended in 30.5 �l of
endogenous reaction buffer, which contained 25.8 �l of 50 mM Tris-HCl (pH
7.5), 75 mM NH4Cl, 1 mM EDTA, 20 mM MgCl2, 0.1% �-mercaptoethanol, and
0.5% NP-40; this was followed by the addition of 1.2 �l of 10 mM (each) dATP,
dGTP, and dTTP; 3 �l of 10 �M dCTP; and 0.5 �l [32P]dCTP (3,000 Ci/mmol).
The reaction mixture was incubated for various times at 37°C. In the experiment
whose results are shown in Fig. 4C, 28.8 �l of endogenous reaction buffer and 1.2
�l of 10 mM (each) dATP, dGTP, and dTTP were added. To stop the reaction
and remove any unincorporated nucleotides, the samples were washed twice in
1 ml of 50 mM Tris-HCl (pH 7.5)–75 mM NH4Cl–20 mM EDTA–0.1% �-mer-
captoethanol–0.5% NP-40. To release the DNA from the core particles, the
beads were incubated with 100 �l of 0.5% SDS–0.87 mg of proteinase K–50 mM
EDTA for 1 h at 37°C. After the addition of 5 �g of yeast tRNA, the viral DNA
was extracted with phenol-chloroform (1:1), precipitated with 2.5 volumes of
ethanol, and resuspended in 20 �l of TE buffer.

Analysis of viral RNA. Total cellular RNA was extracted with Trizol reagent
(Invitrogen). Encapsidated viral pgRNA was purified as previously described
(17), with some modifications. Briefly, cells were lysed in 600 �l of lysis buffer (50
mM Tris-HCl [pH 7.5], 1 mM EDTA, 150 mM NaCl, 1% NP-40) and the nuclei
were removed by centrifugation. One-half of the sample was incubated with 6 U
of micrococcal nuclease (Pharmacia) and 15 �l of 100 mM CaCl2 and incubated
for 15 min at 37°C to digest free nucleic acids. The reaction was stopped with 6
�l of 0.5 M EDTA, and capsids were precipitated with 125 �l of 35% polyeth-
ylene glycol 8000 in 1.75 M NaCl. Pellets were resuspended in 50 �l of TNE
buffer (10 mM Tris-HCl [pH 8], 100 mM NaCl, 1 mM EDTA). pgRNA was
extracted by the addition of 1 ml of Trizol reagent. Total RNA and encapsidated
pgRNA were electrophoresed through a 2.2 M formaldehyde–1% agarose gel,
transferred to a nylon membrane, and immobilized by UV cross-linking (Strat-
agene). Hybridization was performed with a [32P]UTP (800 Ci/mmol)-labeled
full-length DHBV minus strand riboprobe in a solution containing 50% deion-
ized formamide; 5� SSC (1�SSC is 0.15 M NaCl plus 0.015 M sodium citrate,
pH 7.0); 1� Denhardt’s solution; 0.02 M sodium phosphate (pH 6.8); 0.2% SDS;
100 �g of sheared, denatured salmon sperm DNA; 100 �g of yeast RNA per ml;
and 10 �g of poly(A)n per ml and incubated at 52°C for 24 h. Membranes were
exposed to X-ray films and phosphorimager screens for 6 to 24 h.

Production of chicken IFN-�. pCDNA6CHI-IFN-� was transfected into COS7
cells by calcium phosphate coprecipitation (Clontech Laboratories, Inc.). Seven-
ty-two hours posttransfection, the culture supernatant was harvested and cleared
of cellular debris by centrifugation. The antiviral IFN-� titer was determined
with temperature-sensitive VSV-tl17 (a gift from David Boettiger, University of
Pennsylvania). One unit of IFN-� was defined as the reciprocal of the dilution
that resulted in 50% protection of dstet5 cells (16).

RESULTS

Conditional replication of DHBV. To investigate the bio-
chemical properties of RNA-containing capsids in cells or in

vitro, we established a cell line that expressed DHBV under
the control of the tetracycline-regulated promoter. To better
determine the intracellular accumulation of viral particles, we
used 1S mutant DHBV genome that does not express func-
tional envelope proteins and, as a consequence, cannot secrete
enveloped viral particles (Fig. 1). Moreover, because of the
absence of envelope protein, cccDNA amplification is more
efficient with this variant than with the wild type. Although the
1S mutant is cytotoxic in primary hepatocytes, we did not
observe any cytopathic effects during the course of the exper-
iments described in this report (23). After the transfection of
LMH cells with plasmids ptetDHBV1S and pUDH15.1, en-
coding the tet repressor with the activating domain of virion
protein 16 of herpes simplex virus (4), we obtained several cell
lines that expressed DHBV when tetracycline was removed
from the culture medium (results not shown). dstet5 and dstet8
cells exhibited the highest levels of viral DNA, and the dstet5
line was used for the studies described in this report.

In a first step, we sought to measure the rate of viral RNA
and DNA synthesis and to examine whether RNA-containing
particles could accumulate in these cell lines. When tetracy-
cline was removed from the medium of dstet5 cells, pgRNA
and the subgenomic surface RNA began to accumulate within
2 days (Fig. 2A and B). Their levels increased at a constant rate
during the 8-day observation period, suggesting that cccDNA
contributed to the transcription of viral RNA (see below).
Expression and accumulation of core DNA correlated well
with RNA levels. As expected from the model of reverse tran-
scription, accumulation of cccDNA lagged behind that of
rcDNA (Fig. 1 and 2A and B). We estimated that copy num-
bers of rcDNA and cccDNA increased from approximately 600
and 20 per cell at day 3 to 4,000 and 600 per cell at day 8,
respectively.

To determine whether RNA-containing core particles could
accumulate and whether cccDNA contributed to viral RNA
synthesis, dstet5 cells were incubated in medium containing 1
mM PFA without tetracycline for 4 days. During this time, viral
RNA levels reached a steady state (results not shown). While
PFA is an inhibitor of the DHBV polymerase, it does not block

FIG. 1. Model of hepadnavirus replication. rcDNA in core parti-
cles (rc DNAc) derived from virions (rc DNAv) is converted into
cccDNA (steps 1 and 2). cccDNA is the template for the transcription
of pgRNA (step 3), which functions first as mRNA (pg RNAm) and
then as pregenome for DNA synthesis (pg RNAc) in core particles
(steps 4 and 5). Core particles assemble into virions and are secreted
into the blood (step 6). Alternatively, core particles disassemble, lead-
ing to the formation and amplification of cccDNA (step 2). In dstet
cells, the replication cycle is limited to steps 2 to 5 and is initiated
through the expression of pg RNAm from an integrated copy of
ptetDHBV1S.
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FIG. 2. Conditional replication of DHBV. (A and B) dstet5 cells were maintained in the presence of tetracycline (Tet; 1 �g/ml) and then
without the antibiotic for the indicated number of days. Total RNA (10 �g), cytoplasmic core DNA, and nuclear cccDNA were extracted from
dstet5 cells and analyzed by Northern and Southern blot analyses. For core DNA and cccDNA analysis, each lane represents the amount of viral
DNA in one-eighth of the cells present in a 60-mm-diameter plate. DHBV RNA and DNA levels were quantitated with a Fuji phosphorimager,
and the results were expressed as the fractions of the values obtained on day 8. Unit length DHBV DNA (10 pg, lane 11) served as a standard
by which to estimate the copy number of core DNA and cccDNA. (C and D) The cells were incubated for 4 days with PFA in the absence of
tetracycline. After removal of the PFA, the cells were incubated for the indicated number of days without (lanes 1 to 7) or with (lanes 8 to 14)
the antibiotic. Viral RNA and DNA levels were determined as described above, except that for cccDNA analysis, each lane represents the amount
of viral DNA in one-fourth of the cells present in a 60-mm-diameter plate. pgRNA levels were normalized to the value obtained on day 0. Core
DNA and cccDNA levels were normalized to the values obtained on day 5. The positions corresponding to the major viral DNA forms are
indicated. ss, single-stranded DNA.
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the protein-priming reaction for reverse transcription (25).
Hence, PFA treatment should lead to the accumulation of core
particles containing pgRNA and at least four nucleotides of
minus strand DNA (24). After removal of the drug, the cells
were incubated with and without tetracycline for different
times (Fig. 2C and D). Analysis of viral RNA and DNA re-
vealed that, in the absence of tetracycline, viral RNA levels
remained steady until day 2 and began to increase thereafter,
again suggesting that cccDNA acted as a template for RNA
synthesis (lanes 1 to 7). This interpretation was supported by
the results obtained when tetracycline was added back to the
medium following the removal PFA (lanes 8 to 14). Under
these conditions, viral RNA levels dropped rapidly within the
first 24 h of incubation and then began to increase simulta-
neously with cccDNA, confirming that cccDNA functioned as
a template for viral RNA synthesis in dstet5 cells. However, in
spite of the relatively high copy number of cccDNA, which was
estimated to be on the order of 150 per cell at day 5 (lane 14),
RNA levels reached only 60% of the levels obtained with the
single copy of integrated plasmid DNA (lanes 1 and 8). Hence,
either only a small fraction of cccDNA molecules served as
templates for RNA synthesis or transcription from cccDNA
was inefficient. In the presence of viral RNA synthesis from the
tetracycline-inducible promoter (without tetracycline), the
amounts of rcDNA-containing cores increased at a constant
rate from 12 h to 5 days. In contrast, when tetracycline was
added back to the medium (with tetracycline), the rate of
rcDNA synthesis was much lower. The levels of the rcDNA
present in tetracycline-treated cells harvested 12 h and 1 day
after PFA release (lanes 9 to 10) were 30 and 15% of the
amounts of DNA present in cells cultured in the absence of the
antibiotic (lanes 2 and 3). This result indicated that replication-
competent, pgRNA-containing cores accumulated with rela-
tively low efficiency in PFA-treated cells, which was consistent
with results obtained previously with DHBV-infected primary
hepatocyte cultures (17).

Stability and replication competence of RNA-containing

capsids. To investigate whether PFA caused the formation of
core particles that were defective for replication or whether
pgRNA-containing cores were unstable in LMH cells, dstet5
cells were incubated without tetracycline in the presence of
PFA for 3 days (Fig. 3B and C). The cells were than incubated
with tetracycline and PFA to stop viral RNA and DNA syn-
thesis in order to measure the rate of decay of viral RNA. The
results of this analysis showed that the half-lives (t1/2s) of total
pgRNA and encapsidated RNA were approximately 7.5 and
24 h, respectively.

The model of hepadnavirus reverse transcription predicts
that RNA-containing capsids can synthesize complete viral
rcDNA in the presence of deoxynucleoside triphosphates
(dNTPs) (18, 22). However, our previous attempts to isolate
replication-competent pgRNA-containing particles by gel fil-
tration or precipitation with polyethylene glycol, which is com-
monly used for the concentration of DNA-containing core
particles, were not successful (J. Kitson and C. Seeger, unpub-
lished results). As an alternative strategy, we incubated ex-
tracts prepared from PFA-treated dstet5 cells with DHcAg
antibodies bound to Sepharose beads. The immobilized cap-
sids were able to synthesize rcDNA in an EPR within an
incubation time of 2 to 6 h (Fig. 4A). More than 90% of the
DNA was synthesized within the first 2 h of incubation. How-
ever, only a fraction of the capsids seemed to be competent for
the synthesis of full-length viral DNA genomes. Notably, the
dominant full-length DNA form was double-stranded linear
DNA (dslDNA) and not rcDNA, as observed in cell cultures
(Fig. 4A). dslDNA is the result of an in situ priming reaction
for plus strand DNA synthesis (21).

The low efficiency of viral DNA synthesis could have re-
sulted from the relatively low concentration of dCTP (1 �M) in
the reaction mixture that was used to label the growing DNA
strands. However, even when the endogenous reaction was
performed in the presence of high concentrations of all four
dNTPs, only about 30% of the nascent DNA strands were
extended into complete genomes (Fig. 4C). This experiment

FIG. 3. Stability of total and packaged pgRNA. (A) Induction of IFN response genes by IFN-�. IFN-� was added to dstet5 cells at a final
concentration of 1,000 U/ml for 24 h. Expression of Mx-1 and IRF1 was monitored by Northern blot analysis. (B) dstet5 cells were maintained in
the presence of PFA for 3 days and then with (lanes 7 to 12) and without IFN-� (lanes 1 to 6) in the presence of tetracycline and PFA for the
indicated time periods. Total and encapsidated RNAs were isolated, electrophoresed through a 1.2% agarose-formaldehyde gel, blotted onto a
nylon membrane, and hybridized with a DHBV-specific probe (B). The core (c) and pgRNA signals were quantitated with a Fuji MacBAS
phosphorimager and plotted (C).

1888 GUO ET AL. J. VIROL.



also demonstrated that DNA synthesis in isolated cores was
processive and not merely a minor extension of existing DNA
strands. However, cores isolated from dstet5 cells that were
incubated for 6 h without PFA exhibited a significantly en-
hanced efficiency of rcDNA synthesis compared with cores
isolated directly from PFA-treated cells (compare Fig. 4A and
B). To verify that pgRNA was completely packaged into core
particles, we incubated immunoprecipitated core particles with
RNase A prior to the addition of dNTPs. The results showed
that the presence of the RNase had no effect on DNA synthe-
sis, suggesting that the viral RNA was protected from degra-
dation by the nuclease (Fig. 4D).

In summary, the results demonstrated that pgRNA-contain-
ing cores have a t1/2 of approximately 24 h and that they are
competent for the replication of complete DHBV genomes in
vitro. Moreover, capsids isolated form PFA-treated cells rep-
resent a heterogeneous population in which only a relatively
small fraction of the capsids can synthesize full-length ge-
nomes. Whether RNA-containing capsids were damaged dur-
ing the extraction procedure or whether cellular factors played
a role in the formation of DNA-containing capsids could not
be determined.

The stability of core DNA and cccDNA. Amplification of
cccDNA is a hallmark of the hepadnavirus replication cycle
and occurs rapidly after the formation of rcDNA (Fig. 2). Little
is known about the stability of both rcDNA and cccDNA in
infected cells because, under natural conditions, both pools are
continuously replenished by de novo reverse transcription and
conversion of rcDNA into cccDNA (Fig. 1). To better deter-
mine the stability of core DNA and cccDNA, we took advan-
tage of the HBV polymerase inhibitor 3TC to block core DNA
synthesis and measured its rate of decay. dstet5 cells were first
maintained in the absence of tetracycline for 7 days and then

incubated with the antibiotic and 3TC (20 �M) for as long as
20 additional days (Fig. 5). To test the effect of cell division on
the decay of core DNA and cccDNA, cells were either pas-
saged every 4 days or maintained as confluent cultures without
passage. Under these conditions, the cell number in the un-
passaged cultures increased less than 2-fold, compared with a
16-fold increase in the passaged cells during the entire incu-
bation time of 20 days. Independent of the growth condition,
both core DNA and cccDNA levels declined, with core DNA
being cleared faster than cccDNA (Fig. 5A, lanes 1 to 10, and
B). The rate of decline of both DNA forms was increased in
the passaged cultures, where the cells were dividing during the
incubation with tetracycline and 3TC. However, the approxi-
mately 100-fold decline of cccDNA could be attributed to the
16-fold dilution of the DNA to daughter cells, combined with
the 6-fold decline in cccDNA observed without cell passage. In
contrast to that of cccDNA, cell division appeared to enhance
the rate of rcDNA decline about three- to fourfold above the
levels expected merely from dilution.

Unexpectedly, viral RNA levels did not decline in propor-
tion to cccDNA levels, which could indicate that only a fraction
of the cccDNA molecules served as templates for transcription
or that cellular factors limited the rate at which viral RNA was
synthesized (Fig. 5A, lanes 2 to 5 and 16 to 19, and B). When
the cells were maintained without 3TC (but with tetracycline),
viral DNA and RNA continued to accumulate over the entire
observation period independently of whether the cells were
diluted or kept as confluent cultures (Fig. 5A, lanes 11 to 19).
These results confirmed our previous observation indicating
that the pool of cccDNA could direct the synthesis of pgRNA
(Fig. 2C).

To obtain a better estimate of the t1/2s of core DNA and
cccDNA, we measured viral DNA levels in dstet5 cells 1 to 7

FIG. 4. In vitro synthesis of DHBV genomes. dstet5 cells were incubated with PFA for 3 days. Core particles were isolated immediately (A and
C; D, lanes 1 and 2) or after 6 h of an additional incubation without PFA (B; D, lanes 3 and 4). Endogenous polymerase reactions were performed
with dNTPs and [32P]dCTP (A, B, and D) and with dNTPs alone (C) for the indicated time periods. Purified DNA was electrophoresed through
1.2% agarose gels, and the dried gels were exposed to X-ray film (A, B, and D) or the DNA was transferred to a nylon membrane and hybridized
with a DHBV-specific probe (C). In panel D, EPRs were performed in the presence of RNase A (10 �g/ml). The nuclease was added together
with the dNTPs (lanes 1 and 3) or 10 min before the beginning of the reactions with dNTPs (lanes 2 and 4). ss, single-stranded DNA.
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days after the cells were passaged in the presence of tetracy-
cline and 3TC (Fig. 6). The decrease in rcDNA levels was
biphasic and characterized by an initial rapid decline, reaching
30% of the pretreatment level after 2 days and then declining

more slowly during the next 5 days. The apparent t1/2 of core
DNA during the first phase was between 24 and 48 h. In
contrast to those of core DNA, the levels of cccDNA slowly
increased for 3 days before they began to decline, reaching

FIG. 5. Stability of core DNA and cccDNA. (A) Tetracycline (Tet) was removed from dstet5 cells for 7 days before it was added back with
(lanes 2 to 10) or without (lanes 11 to 19) 3TC, and DNA and RNA samples were extracted and analyzed. Lane 1 (day 0) shows the DNA and
RNA levels present in cells at the end of the 7 days of incubation without tetracycline. Cells were either trypsinized and diluted 1:2 every 4 days
(P) or maintained in culture without passage (NP). At each time point when the cells were passaged, a fraction of the cells was used for isolation
of viral RNA and DNA (P, lanes 6 to 9 and 11 to 14). The same number of unpassaged cells was harvested at each time point (NP, lanes 2 to 5
and 16 to 19). Lanes 10 and 15 show the samples from the fourth passage as in lanes 9 and 14, respectively, but were incubated for an additional
4 days after they became confluent. The amount of DNA or RNA loaded onto each lane was normalized to the number of cells in the cultures.
S/LS, surface and large surface mRNA. (B) The results shown in panel A, lanes 1 to 10, were quantified with a phosphorimager and plotted by
using RNA and DNA levels at day 0 (lane 1) as the standard. TT, tetracycline plus 3TC.

FIG. 6. t1/2s of core DNA and cccDNA. (A) The cells were incubated as described in the legend to Fig. 5, except that the cells were passaged
only once and harvested 1 to 5 and 7 days after passage. Following passage, the cells were incubated either with tetracycline alone (lanes 2, 4, 6,
8, 10, and 12) or with tetracycline and 3TC (lanes 3, 5, 7, 9, 11, and 13). Lane 1 shows the input viral DNA at the time of cell passage. The amount
of DNA loaded into each well corresponded to one-third of the cells present in a 60-mm-diameter dish. (B) The results were quantitated as
described in the legend to Fig. 5. Input viral DNA was used as the standard. T, tetracycline; TT, tetracycline plus 3TC.
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50% of the pretreatment level at day 7. The apparent t1/2 of
cccDNA was estimated to be about 48 h. These results indi-
cated that, during the initial period of drug treatment, the pool
of cccDNA was increased through the conversion of rcDNA to
cccDNA, suggesting that 3TC did not inhibit cccDNA forma-
tion. Moreover, the subsequent decline in cccDNA levels, even
when rcDNA was still present and presumably being converted
into cccDNA, suggests that a certain threshold level of contin-
ued cccDNA synthesis was required to maintain a steady-state
cccDNA level. Therefore, cccDNA must have undergone a
continuous turnover in these cells.

Regulation of DHBV replication. Since we had established
conditions to analyze the stability of pgRNA- and DNA-con-
taining particles, we sought to determine whether host factors,
such as those induced by IFN-�, could influence the stability of
viral intermediates and, hence, regulate DHBV replication. To
begin our studies, we tested whether IFN-� could induce an
antiviral response in dstet5 cells. The cells were incubated with
1,000 U of chicken IFN-� per ml for 16 h or 3 days, and the
mRNA levels of two known IFN-induced genes, those that
encode Mx-1 and IRF1, were determined by Northern blot
analysis. The results showed that IFN-� treatment induced the
expression of both genes (Fig. 3A).

The stability of encapsidated pgRNA was only slightly de-
creased when dstet5 cells were treated with IFN-�, reducing
the t1/2 from 24 to 15 h (Fig. 3). In contrast, the stability of total
pgRNA was not changed by the cytokine. To examine whether
DNA synthesis was sensitive to IFN-� treatment, we incubated
dstet5 cells with the cytokine 24 h before and after RNA
synthesis was induced (Fig. 7). The results showed that IFN-�
led to a reduction of both capsid-associated RNA and DNA
levels when the cytokine was present before or at the beginning
of DHBV RNA synthesis (�24 and 0 h, respectively). Never-
theless, under these conditions, complete rcDNA synthesis

could occur. Almost no inhibition was observed when IFN was
added 24 h following the initiation of RNA synthesis (24 h).
Surprisingly, IFN treatment also led to the accumulation of
two additional DNA bands that migrated faster than single-
stranded DNA. Most likely, they represent immature minus
strand DNA species, although the possibility cannot be ex-
cluded that they are degradation products of viral DNA.

In summary, the results showed that dstet5 cells can respond
to IFN-� by inducing the expression of genes known to be
activated by the cytokine. As a consequence of IFN-� treat-
ment, the t1/2 of pgRNA-containing core particles was reduced
from 24 to 15 h. Although the antiviral program induced by the
cytokine in LMH cells was not strong enough to prevent the
synthesis of rcDNA, it caused the accumulation of capsids with
subgenomic minus strands.

DISCUSSION

Hepadnaviridae is one of the best-studied virus families, in
terms both of the mechanism of viral replication and patho-
genesis. However, important questions concerning distinct
steps of the viral life cycle remain unexplored. The develop-
ment of a cell line permitting the conditional replication of
DHBV should provide an additional tool with which to tackle
some of these problems. It will now be possible to isolate
distinct intermediates of the replication cycle, such as RNA-
containing capsids or capsids containing only minus strands.
Moreover, it will be possible to identify compounds that can
inhibit specific steps of the viral replication cycle, such as the
formation of cccDNA. Because the period for accumulation of
intermediates is short, less than 72 h, it will be possible to use
certain drugs even when they exhibit some cytotoxicity.

The analysis of DHBV replication revealed that the time for
one round of DNA replication is surprisingly long for such a
short genome (Fig. 2). Although the processivity of RNA and
DNA polymerases can vary, depending on the system and
experimental conditions, it is generally on the order of several
hundred nucleotides per second (8, 9). However, DHBV syn-
thesis occurred in cells or in vitro at much lower rates, on the
order of a few nucleotides per second (Fig. 2 and 4). Although
we cannot formally rule out the possibility that residual PFA
interfered with the processivity, it seems unlikely because the
rates of DNA synthesis were comparable in vivo and in vitro
and the rate of plus strand DNA synthesis did not seem to
differ from that of minus strand DNA synthesis. Moreover, low
rates of DNA synthesis were also observed with a temperature-
sensitive mutant of DHBV (19; results not shown).

So far, in vitro replication of hepadnavirus DNA has been
unsuccessful, being limited to either the protein-priming reac-
tion carried out by the RT alone or the extension of minus and
plus strands in core particles isolated from infected hepato-
cytes (22, 25). Complete synthesis of double-stranded viral
DNA from RNA in purified capsids has not been observed.
However, as shown in this report, we have devised conditions
for core particle isolation that preserve replicase activity, which
was not found in previous preparations. Moreover, the results
provide evidence of a maturation step that occurred in LMH
cells following the initiation of viral DNA synthesis in the
absence of PFA. It resulted in a more efficient DNA synthesis
reaction under our selected in vitro conditions (Fig. 4). The

FIG. 7. Viral DNA synthesis in the presence of IFN-�. (A) Cells
were incubated with IFN-� (200 or 1,000 U/ml) for different time
periods as indicated and harvested 72 h after the removal of tetracy-
cline (tet). (B and C) Northern and Southern blot analyses of RNA
and DNA isolated from core particles obtained from untreated (lane
1) and IFN-treated (lanes 2 to 7) cells. ss, single-stranded DNA.

VOL. 77, 2003 CONDITIONAL REPLICATION OF A HEPADNAVIRUS 1891



results were consistent with the hypothesis predicting that
DNA synthesis is required for the assembly of stable, replica-
tion-competent capsids. Our results also suggest that viral
DNA synthesis can occur in core particles, perhaps without the
need for exogenous cellular factors. However, this interpreta-
tion has to be considered with caution because we cannot
exclude the possibility that our core particle preparations con-
tained cellular proteins that remained bound to cores despite
several wash steps that were included in the purification pro-
cedure (see Materials and Methods). Nevertheless, it will be
interesting to determine whether the apparent dephosphory-
lation of cores that occurs during the morphogenesis of virus
particles in vivo is required for DNA synthesis in vitro (15).

Because PFA cannot block the protein-priming reaction for
minus strand DNA synthesis (25), it is likely that we isolated
capsids that had already completed the protein-priming reac-
tion and contained short minus strands. On the basis of the
DNA levels determined by Southern blot analysis of the prod-
ucts of the EPR (Fig. 4), we estimated that only a small frac-
tion of capsids was competent for the synthesis of full-length
genomes. This could be a consequence of the isolation proce-
dure, which may have damaged cores. Alternatively, it could
mirror the fidelity of the assembly process that results in the
production of defective particles. Interestingly, the ratio of
rcDNA to dslDNA was significantly reduced in vitro compared
with that under the natural conditions in cells (compare Fig. 2
and 4). Thus, under in vitro conditions, in situ priming of plus
strand DNA occurred more efficiently than the transfer of the
RNA primer from the 3� end of minus strand DNA to an
internal acceptor site on minus strand DNA (11, 18, 21). Al-
ternatively, in situ priming may be the default pathway for plus
strand initiation and primer transfer may require additional
factors that are missing from the cell-free system. However,
even in vivo, only a fraction of the cores containing complete
minus strands (single-stranded DNA) appeared to be capable
of rcDNA synthesis (Fig. 2A, lanes 9 to 11). It is conceivable
that arrests in DNA synthesis are caused by defects in the
process leading to capsid assembly or that they reflect the
requirement for one or more cellular factors that were avail-
able in limiting amounts in LMH cells. On the basis of these
and other observations, it is conceivable that pgRNA and poly-
merase assemble with the help of core subunits into a meta-
stable procapsid-like structure in which the DNA-priming re-
action occurs. DNA elongation could then trigger the assembly
of stable capsids.

Previously, Schultz et al. (16) observed that IFN-� treatment
of primary hepatocyte cultures infected with DHBV reduced
the accumulation of total viral RNA and packaged viral RNA
levels. Likewise, Wieland et al. reported that IFN-� treatment
reduced the levels of RNA-containing capsids in HBV trans-
genic mice (26). These studies did not resolve whether IFN-�
inhibited assembly or led to rapid degradation of RNA-con-
taining capsids. Our results suggest that the antiviral program
induced by IFN-� increased the turnover rate of DHBV RNA
in subviral core particles less than twofold and that the stability
of total DHBV RNA was not changed in a significant manner
under the assay conditions used. In addition, we found that
IFN-� can interfere with the accumulation of capsids with
complete minus strand DNA (Fig. 7). However, no evidence of
an effect of IFN-� on DNA synthesis in vitro was observed

(results not shown), suggesting that it might depend on cellular
factors that are present in dstet5 cells during viral DNA syn-
thesis. Whether the shorter DNA products represent interme-
diates of a DNA degradation reaction caused by the disinte-
gration of capsids or whether they are due to a pause or
termination of the reverse transcription reaction is not known.

By blocking reverse transcription with a known RT inhibitor,
we showed that the amounts of viral cccDNA, like those of
core DNA, decreased with time, independently of whether the
cells were kept confluent or passaged to induce cell division.
Moreover, once rcDNA levels dropped, the rate of cccDNA
synthesis became slower than its rate of decay. In dividing cells,
the decay rate of both core DNA and cccDNA was higher than
in resting cells. However, it was clear that both core DNA and
cccDNA decayed even in nondividing cells. The increased de-
cay rate of cccDNA in the passaged cultures could be ac-
counted for by dilution alone, suggesting that cccDNA can
survive cell division and, perhaps, partition to daughter cells,
similar to episomal DNA of papillomaviruses and herpesvi-
ruses (1, 12, 29). In contrast to cccDNA, core DNA declined at
a faster rate in dividing cells than would be expected from
dilution, suggesting that cell cycle progression or some fac-
tor(s) associated with this process influences the stability of
DNA-containing nucleocapsids. In any case, our results indi-
cated that both cccDNA and core DNA turn over in the dstet5
system. If this were the case under natural conditions in vivo,
it should, at least in theory, be possible to clear infections with
antiviral therapies that completely block reverse transcription.

Attempts to determine the exact t1/2s of core DNA and
cccDNA were complicated by several factors. For example, we
could not determine whether 3TC completely blocked reverse
transcription or exclude the possibility that small amounts of
core particles were released into the medium even in the ab-
sence of envelope proteins. Finally, as described above, rcDNA
was converted into cccDNA in the presence of 3TC and hence,
cccDNA levels were dependent not only on its rate of decay
but also on the available rcDNA. Considering these limita-
tions, the t1/2s of core DNA and cccDNA were estimated to be
24 to 48 and 48 h, respectively. Similar to our results, the t1/2 of
cccDNA in DHBV-infected primary duck hepatocyte cultures
was estimated to be 3 to 5 days (2). In contrast, cccDNA in
woodchuck hepatitis virus-infected hepatocytes did not appear
to have a measurable t1/2 (14). Whether these differences re-
flect specific properties of the DHBV and woodchuck hepatitis
virus systems or are the result of differences in experimental
designs remains to be resolved.

The development of a cell line permitting conditional repli-
cation should facilitate future investigations of specific steps in
the hepadnavirus replication cycle. In contrast to previous
studies, in which transcription and replication in hepatoma
cells occurred from integrated viral DNA, we have created
conditions under which cccDNA alone can sustain transcrip-
tion and replication of a hepadnavirus. Hence, this system
mimics more closely the conditions in infected hepatocytes in
vivo and provides an opportunity to study the formation and
turnover of viral DNA, as well as the regulation of viral tran-
scription from authentic DNA templates. Finally, the system is
amenable to the recreation of conditions such as those occur-
ring during antiviral therapy and natural recovery from infec-
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tions. In this regard, it may permit the testing of novel antiviral
strategies and future therapies that can cure HBV infections.
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