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During chronic hepadnavirus infection, virus persistence depends on the regulation of the pool of covalently
closed circular DNA (cccDNA), which is the template for transcription of viral RNA species. The development
of in vitro infection of duck hepatocyte primary cultures by duck hepatitis B virus (DHBV) provides a unique
opportunity to study the regulation of cccDNA synthesis. After DHBYV in vitro infection, cccDNA is detected 1
day later and is amplified to a high copy number after 1 week in culture. We studied whether this amplification
occurs during cell cycle progression of duckling hepatocytes. By using [*H]thymidine incorporation, we found
that hepatocytes obtained from 3-week-old ducklings spontaneously entered the S phase of the cell cycle when
cultured in serum-free medium without added growth factors. Bromodeoxyuridine labeling confirmed that
cellular DNA synthesis took place in more than 50% of parenchymal cells. Cytofluorometry analysis revealed
the presence of asynchronous populations and polyploidization processes. The addition of a cell cycle blocker,
n-butyrate, completely inhibited [*H]thymidine incorporation and blocked duckling hepatocytes in the G,
phase of the cell cycle. Simultaneously, butyrate inhibited cccDNA amplification and allowed the establishment
of DHBYV infection, as demonstrated by the detection of a basal level of cccDNA in treated hepatocytes. Both
effects were reversible since active cell DNA synthesis was restored and cccDNA accumulated after drug

withdrawal.

Duck hepatitis B virus (DHBV), an animal model for human
hepatitis B virus (21), causes persistent noncytopathic infection
of hepatocytes. The hepadnavirus genome is a small, partially
double-stranded relaxed circular (RC) DNA molecule that is
replicated by reverse transcription of a 3.5-kb terminally re-
dundant mRNA transcript, the pregenome.

A covalently closed circular (ccc) supercoiled viral DNA
molecule is detected in the nuclei of hepadnavirus-infected
hepatocytes (20). This cccDNA is presumed to be the template
for transcription of viral RNA species, including the prege-
nome RNA, and is generated initially by the direct conversion
of infecting RC virion DNA (20).

Virus persistence in infected cells during chronic infections
depends on the regulation of the pool of transcriptionally ac-
tive cccDNA molecules. This control occurs by the recycling of
encapsidated viral DNA (core particles) into the nucleus, not
by semiconservative replication of cccDNA (35, 37). One crit-
ical issue is to identify cell and/or viral signals that determine
whether core particles either are matured as virions which exit
the cell or are recycled to the nucleus to maintain the pool of
cccDNA. It has been demonstrated that the DHBV pre-S
envelope protein regulates cccDNA amplification by a negative
feedback mechanism (18, 33, 34). It has been speculated that
core protein also plays a role in regulating cccDNA levels.
Nuclear transport (19, 39) of the hepadnavirus core protein
and/or nucleocapsid disassembly (2, 11, 15, 41) may be crucial
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for the entry of hepadnavirus encapsidated genomic DNA into
the nucleus and its conversion to supercoiled DNA.

Cell cycle regulation of the nuclear localization of hepatitis
B virus core protein has been demonstrated in transfected cell
lines (39). If such a relationship between the cell cycle and
regulation of cccDNA synthesis exists, the early amplification
of cccDNA observed in the infection of hepatocyte primary
cultures (35) may be influenced by duck hepatocyte prolifera-
tion. It has been shown that hepatocytes from different species
can achieve one or more rounds of DNA synthesis (1, 22).
However, until now, no study has described the proliferative
activity of duck hepatocytes in vitro. In this paper, we present
evidence that duckling hepatocytes can undergo at least two
rounds of DNA synthesis without the addition of growth fac-
tors. We have used this model system to devise experiments to
investigate if the cell cycle can influence cccDNA synthesis.
For this purpose, we established DHBYV in vitro infection in
the presence of sodium butyrate, a cell cycle blocker which has
been used to distinguish the dependence on cell cycle control
of smaller versus larger DNA virus families (30).

MATERIALS AND METHODS

Infection of primary hepatocyte cultures. Hepatocytes were isolated from 3- to
6-week-old Pekin ducklings by in situ double-step collagenase perfusion of their
livers (9). Since we observed lot-to-lot variation in the efficiency of infection of
hepatocytes by DHBV, a unique lot of collagenase H (Boehringer Mannhein),
selected on the basis of cell viability and susceptibility to DHBV infection, was
used in this study. Cell viability was assessed by the trypan blue exclusion test and
was usually greater than 80%. When more than 20% of the cells stained with
trypan blue, damaged cells were removed by centrifugation through isotonic
Percoll solution, as described by Berry et al. (1). Hepatocytes were seeded on
six-well plates at a low density of approximately 2.5 X 10° cells per well in L15
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medium supplemented with 5 X 10~> M hydrocortisone hemisuccinate, 5 g of
bovine insulin per ml, and 10% fetal calf serum. Twelve hours after seeding, the
medium was discarded and replaced with the same medium without fetal calf
serum. Cultures were incubated at 37°C in a humid atmosphere containing 5%
CO,, and media were renewed daily. The inoculum, containing approximately 4
X 10° DNA genome equivalents per ml, was a pool of DHBV-positive sera
obtained from 2-week-old experimentally infected ducks. Cells (on six-well
plates) were infected with 0.1 ml of inoculum on day 2 postplating for 2 h at 37°C,
as previously described (35).

Cell cycle inhibitor. Sodium butyrate (Sigma) was used to block hepatocytes in
the G, phase of the cell cycle (4). The stock solution was 0.5 M dissolved in H,O,
with the pH adjusted to 7, and was used at a concentration of 5 mM (31, 32).

[*H]thymidine incorporation. For the measurement of DNA synthesis, cul-
tures on six-well plates were treated with 4 p.Ci (5 Ci/mmol) of [methyl-*H]thy-
midine (Amersham) for 4 or 24 h before being harvested. Cells were washed
twice with HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer
and were then lysed with 500 pl of 10 mM Tris (pH 7.5)-10 mM EDTA-0.5%
sodium dodecyl sulfate (SDS). After overnight incubation at 4°C with 1 volume
of 30% trichloroacetic acid, acid-insoluble materials were washed once with cold
10% trichloroacetic acid, twice with cold 5% trichloroacetic acid, and finally with
95% ethanol. They were then dissolved in 0.2 ml of 0.33 N NaOH, and radio-
activity was measured in a liquid scintillation counter.

Flow cytometric measurements and data analysis. The preparation and stain-
ing of hepatic nuclei with propidium iodide was carried out daily by the proce-
dures described in a Cycle Test Plus DNA Reagent Kit (Becton Dickinson). Ten
thousand nuclei per sample were analyzed. A Becton Dickinson FACScan flow
cytometer system equipped with a doublet discrimination module and CellFit
software was used.

Labeling index by microscopy of BrdU-stained cells. Immunocytochemical
staining for bromodeoxyuridine (BrdU) was done by using Labeling and Detec-
tion Kit I (Boehringer Mannheim). BrdU (10 mM) was added to the culture
medium from 10 h to 96 h, with the medium changed daily. The labeling index
was determined by microscope counting of immunostained cells.

Assay of infected hepatocytes for viral DNA. Viral DNA replicative interme-
diates and cccDNA were assayed as previously described (33). Briefly, cells were
lysed with buffer containing SDS and protein-bound replicative forms were
precipitated in a protein-detergent complex by the addition of KCI to a final
concentration of 0.5 M. After centrifugation, cccDNA was recovered from the
soluble fraction by phenol extraction and ethanol precipitation. Replicative
forms were dissolved by digestion of the pellet with proteinase K and purified by
phenol extraction and ethanol precipitation. Viral DNA was analyzed by 1%
agarose gel electrophoresis and blot hybridization with a 3?P-labeled full-length
genomic DHBYV probe, as previously described (9).

RESULTS

Several lines of evidence led us to suspect that duckling
hepatocytes in primary cultures are not as quiescent as origi-
nally thought (40) (unpublished observations) and that this
could affect the accumulation of DHBV cccDNA (19). We
therefore decided to investigate to what extent these cells
could spontaneously progress through the cell cycle and how
this influenced cccDNA levels.

Primary cultures of duckling hepatocytes progress through
the cell cycle without a requirement of added growth factor.
We investigated whether duck hepatocytes could progress
through the cell cycle by measuring cellular DNA synthesis.
Hepatocytes attached within 0.5 to 4 hours in L15 medium in
the presence of 10% fetal calf serum and were then cultured in
the presence of the same medium lacking fetal calf serum,
which was renewed daily. Cells displayed the typical polygonal
morphology of liver cells for about 3 to 4 days. After 5 days in
culture, cells underwent a progressive and extensive flattening
process. The kinetics of DNA synthesis were analyzed by mea-
suring daily [*H]thymidine incorporation for either 4- (Fig. 1A)
or 24 (Fig. 1B)-h periods. Measurements of [*H]thymidine
incorporation during the 4 h before harvesting (Fig. 1A)
showed an initial weak round of DNA synthesis during the first
15 h after plating, and after 25 h, incorporation gradually
reincreased. [*H]thymidine incorporation measured over 24 h
(Fig. 1B) showed that DNA synthesis continued to increase
until day 9 of culture, suggesting that more than one round of
DNA synthesis occurred. Immunocytochemical staining for
BrdU was done to confirm that this DNA synthesis occurred in
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FIG. 1. DNA synthesis in duck hepatocyte cultures treated or untreated with
sodium butyrate (5 mM). DNA synthesis was measured as described in Materials
and Methods and was expressed as the incorporation of [*H]thymidine into
acid-insoluble material per plate during the 4 (A) or 24 (B) h before harvesting.
Sodium butyrate was added 10 h after perfusion and was removed from culture
medium at 120 h.

parenchymal cells. The labeling index obtained by counting
immunostained hepatocytes reached 80% after 4 days of cul-
ture with continuous labeling with BrdU (Fig. 2A). In three
independent experiments, no less than 50% of cells were con-
sistently labeled. Thus, it appeared that a high proportion of
duck hepatocytes progressed through the S phase of the cell
cycle.

Flow cytometry analysis of nuclei (Fig. 3A) by propidium
iodide fluorescence confirmed this progression and allowed us
to distinguish several populations with 2, 4, and 8 N DNA
contents. The percentage of nuclei with 2 N DNA content
declined from around 70% on day 2 to 16% of total nuclei on
day 4, indicating that more than 50% of nuclei had progressed
through the S phase of the cell cycle during that time. The pool
of nuclei with 4 N DNA content included cells in the G,/M
phase of the diploid cycle and cells in the G, phase of the
tetraploid cycle.

Since the duckling serum used as viral inoculum may contain
growth factors, cell cycle progression of uninfected hepatocytes
obtained from a 3-week-old duckling was monitored by cytom-
etry analysis. The results showed that in this experiment, there
were no major differences in cell cycle transitions between
duck serum-treated and untreated hepatocytes (data not
shown).

Effects of sodium butyrate on cultured duck hepatocytes.
Sodium butyrate was added to the culture medium 24 h after
perfusion to a final concentration of 5 mM. Sodium butyrate
treatment preserved the differentiated morphological aspect of
cells but was associated with toxicity, as evidenced by cell death
after 3 to 4 days of treatment. Thus, butyrate was removed
from the culture medium after 5 to 6 days of treatment.
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FIG. 2. Immunocytochemistry for BrdU in primary culture of duck hepato-
cytes in basal medium (A) or in butyrate-supplemented medium (B).

No [*H]thymidine incorporation was detected in butyrate-
treated cultures until butyrate was removed (Fig. 1). DNA
synthesis inhibition was confirmed with BrdU labeling (Fig.
2B). The withdrawal of butyrate allowed cells to enter the S
phase rapidly (Fig. 1B) and was followed by a rapid loss of the
hepatocyte-differentiated phenotype, as estimated from the
morphological aspect of cells.
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FIG. 3. Flow cytometric analysis of cell transitions in control cultures (A) or
in butyrate-treated cultures (B). Butyrate was removed from the culture medium
on day 7. Time points indicate intervals subsequent to cell seeding after perfusion
(day 0). Data are histograms in which the nuclear DNA content (x axis) is plotted
against the nucleus number after doublet discrimination. Nuclei with 2 N DNA
content represent nuclei in the G,/G, phase of the diploid cycle. Nuclei with 4 N
DNA content represent nuclei in the Go/M phase of the diploid cycle or nuclei
in the G, phase of the tetraploid cycle. Nuclei with an intermediate DNA content
are in the S phase. The percentages of nuclei with 2 N DNA content are
indicated.

Flow cytometry analysis confirmed the cell cycle block until
the end of treatment. Indeed, on day 4, nuclei with 2 N DNA
content represented almost 70% of total nuclei, the same level
as on day 2 (Fig. 3B). The marked decrease in the percentage
of nuclei with 2 N DNA content on day 8 (only 30% of total
nuclei) confirmed that cellular DNA synthesis restarts after
drug withdrawal.

cccDNA amplification is reversibly blocked in sodium bu-
tyrate-treated cultures. Hepatocytes cultivated in the presence
or absence of 5 mM butyrate were infected on day 2 postplat-
ing (i.e., 1 day after the start of butyrate treatment). A differ-
ential extraction procedure (33) was used to separate protein-
free (mostly cccDNA) and protein-bound (other replication
intermediates) viral DNAs. An analysis (Fig. 4A) of protein-
free viral DNA in control cultures showed a gradual increase in
cccDNA from day 1 to day 6 postinfection. In sodium butyrate-
treated cultures, cccDNA was detected on day 1 postinfection
at the same level as that in control cultures, but no further
amplification was observed until the end of treatment on day 5
(Fig. 4A). During treatment, no significant differences in the
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FIG. 4. Southern blot analysis of DHBV DNA extracted as described in
Materials and Methods. Nucleic acids were dissolved in 10 mM Tris-HCI (pH
7.5)-1 mM EDTA, and one-fifth of the nucleic acid prepared from each petri
dish was subjected to electrophoresis. (A) DNA recovered from the soluble
fraction (cccDNA fraction); (B) DHBV protein-bound replicative forms. The
upper gel in each panel contained DNAs extracted from control cultures; the
lower gel in each panel contained DNAs extracted from butyrate-treated cul-
tures. The number above each lane indicates the day postinfection (p.i.). Infec-
tion was established on day 2 postplating. The migrations of RC, linear (L), ccc,
and single-stranded (SS) viral DNAs are indicated on the right. Cloned linear
DHBYV DNA (100 pg) was used as a hybridization control. Sodium butyrate (SB)
was added 24 h after perfusion (day 1 postplating) and was removed from the
culture medium on day 7 postplating.

levels of RC DNA between treated and untreated cultures
were observed (Fig. 4B). The withdrawal of butyrate was fol-
lowed by a gradual increase in cccDNA for 3 to 4 days. Thus,
sodium butyrate did not prevent the initial conversion of the
viral genome into cccDNA but reversibly blocked its subse-
quent amplification.

An analysis of protein-bound replicative viral DNA (Fig. 4B)
showed a marked increase in RC DNA and the apparition of
single-stranded DNA (at day 6 in control cultures and day 8 in
butyrate-treated cultures) when amplification of cccDNA was
completed. The levels of cccDNA and single-stranded DNA
were clearly diminished in butyrate-treated cultures after the
cessation of butyrate treatment.

DISCUSSION

Duck hepatocyte primary cultures have been widely used for
DHBY replication studies and antiviral screening. In particu-
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lar, cccDNA synthesis, which represents a key step in the
hepadnavirus life cycle, has been investigated in this culture
system (33, 35). In all these studies, the hepatocytes in primary
cultures were considered to be quiescent cells (5, 8) and the
possible role of cell cycle progression in hepadnavirus replica-
tion in this culture system was not taken into account.

The experiments described here demonstrate that, surpris-
ingly, primary cultured hepatocytes of 3- to 4-week-old ducks
spontaneously enter the cell cycle. It is known that cell prolif-
eration can be stimulated in liver parenchymal cells maintained
in monolayer cultures (1, 22). Rat liver parenchymal cell pro-
liferation in primary cultures is the best documented model
(23). Isolated rat hepatocytes can be induced to grow in culture
in defined serum-free media. However, growth factors (epider-
mal growth factor and hepatocyte growth factor) and a variety
of auxiliary hormones and metabolites are absolutely required
in the culture medium. Nevertheless, spontaneous autonomous
growth of hepatocytes has already been described for cells
isolated within a few days of birth. Nakamura et al. reported
that early neonatal rat hepatocytes grew actively even without
serum or hormones (24). Our results show that spontaneous
growth also occurs in duckling hepatocyte primary cultures.
Moreover, different cell populations with respect to cell cycle
kinetics and ploidy distribution were observed. Such a poly-
ploidization phenomenon has already been described for cul-
tured rat hepatocytes (23). The detection of nuclei with 8 N
DNA content indicated that these nuclei undergo at least two
rounds of DNA synthesis after cell seeding. However, the ex-
tent to which cells undergo mitosis or cytokinesis could not be
established in this study. In view of these results, one can
assume that the cccDNA amplification initially demonstrated
by Tuttleman et al. (35) during DHBYV infection of duck he-
patocyte primary cultures occurred during cell cycle progres-
sion.

We attempted to block this cell cycle progression with so-
dium butyrate. Sodium butyrate is a potent inhibitor of prolif-
eration and an inducer of differentiation in several cell types
(16), including hepatocytes in primary cultures (16, 31, 32).
Butyrate induces hyperacetylation of histones and hypophos-
phorylation of histone H1 (6), and it has been reported to
cause reversible G; block and apoptosis (4, 10, 27). Sodium
butyrate clearly blocks duck hepatocytes at 2 or 4 N DNA
content. In all probability, butyrate-arrested cells with 2 N
DNA content are in the Gy/G, phase of the cell cycle; one can
postulate that butyrate-arrested cells with 4 N DNA content
are blocked in the G, phase of the tetraploid cell cycle.

It appears that sodium butyrate also impairs early cccDNA
amplification during in vitro infection. Both effects are revers-
ible since cellular DNA synthesis and viral cccDNA amplifica-
tion occur after drug withdrawal, although fewer cells were
able to initiate DNA synthesis after 5 days of butyrate treat-
ment.

How does sodium butyrate affect cccDNA accumulation?
Several nonexclusive hypotheses are conceivably involved. Bu-
tyrate may act on cccDNA amplification through its action on
the cell cycle. Culture conditions which impair hepatocyte cell
cycle progression, such as the presence of dimethyl sulfoxide or
high cell density (1) (preliminary observations), also result in
the maintenance of low steady-state levels of cccDNA (29, 37).
Progression through the cell cycle may diminish expression of
the viral pre-S protein, which is known to negatively regulate
cccDNA synthesis. Pre-S mutants which either are unable to
synthesize pre-S protein or produce an altered pre-S protein
accumulate high levels of cccDNA (17). It is thought that the
pool size of cccDNA molecules is regulated by the ability of the
viral large envelope protein to direct newly synthesized viral
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DNA into the pathway for virion secretion and thereby to
inhibit their utilization for the formation of viral cccDNA. A
relationship between cell status and hepatitis B virus envelope
protein secretion has been reported for a human hepatoma cell
line (28). Thus, cccDNA amplification during the cell cycle
progression of duck hepatocytes could correspond to low levels
of pre-S expression. A variant of this hypothesis is that while
entry into the cell cycle decreases the capacity of hepatocytes
to synthesize viral envelope proteins, butyrate and other dif-
ferentiating agents increase it. Second, the cccDNA amplifica-
tion process requires the entry of encapsidated cytoplasmic
viral DNA into the nucleus. The results of experiments with
transgenic mice (11) suggest that because of their size, core
particles cannot translocate across the nuclear membrane, de-
spite the existence of a nuclear localization signal on the core
protein (7, 38). Thus, the cell cycle could allow cytoplasmic
viral DNA to enter the nucleus either through the destabiliza-
tion of the nuclear membrane during mitosis or by destabiliz-
ing the cytoplasmic core particles themselves. Phosphorylation
of the core protein by cell cycle-regulated kinases, such as
protein kinase C (15) or p34°? kinase (19), may alter its
nucleic acid binding capacity (12) and lead to destabilization of
the nucleocapsid, allowing release of the genome into the
nucleus and cccDNA formation. Third, butyrate may exert a
more direct role in cccDNA accumulation. DHBV cccDNA
exists as minichromosomes associated with histone and nonhi-
stone proteins (3, 25), and the action of butyrate on posttrans-
lational histone modifications may affect cccDNA formation.
One argument against such a direct effect is that butyrate does
not appear to affect the initial conversion of inoculum virion
DNA into cccDNA (Fig. 4). Moreover, the results of prelimi-
nary experiments indicate that butyrate does not affect in vitro
priming or elongation (36) of DHBV DNA by DHBYV poly-
merase (data not shown). However, butyrate is toxic to primary
duck hepatocytes. The reasons for this are not known, and we
cannot exclude the possibility that the events leading to this
toxicity are also directly responsible for the lack of cccDNA
accumulation.

The in vivo biological significance of these results remains to
established. In one report (26), it was shown that liver regen-
eration after a partial hepatectomy stimulated viral production
in chronically infected ducks. In contrast, hepatocyte prolifer-
ation is associated with the recovery phase during acute infec-
tion of woodchucks (14) and ducks (13) or after antiviral ther-
apy of chronically infected ducks (8). In adults, hepatocytes do
not normally divide but can still ensure high levels of viral
replication. However, immune-mediated liver injury during
chronic hepatitis leads to limited but continuous liver cell
death and proliferation. A possible increase in the pool of
cccDNA in these growing cells may play an important role in
the maintenance of viral infection.
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