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Hepatotropism is a prominent feature of hepatitis B virus (HBV)
infection. Cell lines of nonhepatic origin do not independently
support HBV replication. Here, we show that the nuclear hormone
receptors, hepatocyte nuclear factor 4 and retinoid X receptor a
plus peroxisome proliferator-activated receptor a, support HBV
replication in nonhepatic cells by controlling pregenomic RNA
synthesis, indicating these liver-enriched transcription factors con-
trol a unique molecular switch restricting viral tropism. In contrast,
hepatocyte nuclear factor 3 antagonizes nuclear hormone recep-
tor-mediated viral replication, demonstrating distinct regulatory
roles for these liver-enriched transcription factors.

Hepatitis B virus (HBV) infects the hepatocytes of humans
and primates, causing acute and chronic liver disease (1). It

is an enveloped virus containing a 3.2-kb partially double-
stranded DNA genome within its nucleocapsid (2). The viral
genome is transcribed to produce the 3.5-, 2.4-, 2.1-, and 0.7-kb
viral RNAs (1, 3). HBV DNA replication intermediates are
synthesized inside nucleocapsids by the reverse transcription of
the 3.5-kb pregenomic or core RNA using the viral polymerase
(4). The reason viral tropism is restricted to hepatocytes is largely
unknown, although it is assumed that infection is limited to the
liver because of the tissue-restricted expression of the viral
receptor. However, the observation that HBV transgenic mice
display viral transcription and replication intermediates primar-
ily in hepatocytes and kidney proximal convoluted tubules (5)
indicates that liver-enriched transcription factors controlling
viral RNA synthesis contribute to the hepatocyte-specific tro-
pism of HBV. The observation that the activity of the nucleo-
capsid promoter is governed by multiple liver-enriched tran-
scription factors (3, 6–8) suggested that these factors probably
cooperate synergistically to control viral 3.5-kb pregenomic
RNA transcription and viral replication, limiting HBV biosyn-
thesis to cells of hepatic origin. However, the contribution of
individual liver-enriched transcription factors to the restricted
tissue specificity of HBV replication has not been examined
because of the absence of suitable tissue culture systems. When
viral RNA synthesis is controlled by the HBV promoters,
replication is observed only in cell lines of hepatic origin (9–13).
As the hepatoma cells used in these studies express multiple
liver-enriched transcription factors, their individual roles in
controlling viral replication cannot readily be examined.

In this study, a viral replication system has been developed
using nonhepatoma cells where the effect of one or more
liver-enriched transcription factors on HBV RNA synthesis and
replication can be examined. Using this approach, it has been
possible to demonstrate that the nuclear hormone receptors,
hepatocyte nuclear factor 4 (HNF4) and retinoid X receptor a
(RXRa) plus peroxisome proliferator-activated receptor a
(PPARa), are the liver-enriched transcription factors that are
essential for pregenomic RNA synthesis and viral replication.
Hepatocyte nuclear factor 3 (HNF3) antagonizes the nuclear
hormone receptor-mediated viral replication by inhibiting pre-
genomic RNA synthesis. Therefore, this replication system has
identified roles for these liver-enriched transcription factors in

controlling viral transcription and replication. Surprisingly, nu-
clear hormone receptors are the only essential liver-enriched
transcription factors critical to pregenomic RNA synthesis and
viral replication, indicating a previously unknown importance of
these factors in the HBV life cycle and tissue-specific tropism of
the virus.

Methods
Plasmid Constructions. The steps in the cloning of the plasmid
constructs used in the transfection experiments were performed
by standard techniques (14). HBV DNA sequences in the
greater-than-genome length constructions were derived from
the plasmid pCP10, which contains two copies of the HBV
genome (subtype ayw) cloned into the EcoRI site of pBR322
(15). The HBV DNA (4.1 kbp) construct that contains 1.3 copies
of the HBV genome includes the viral sequence from nucleotide
coordinates 1072–3182 plus 1–1990 (Fig. 1). This plasmid was
constructed by cloning the NsiIyBglII HBV DNA fragment
(nucleotide coordinates 1072–1990) into pUC13, generating
pHBV(1072–1990). Subsequently, a complete copy of the 3.2-
kbp viral genome linearized at the NcoI site (nucleotide coor-
dinates 1375–3182 plus 1–1374) was cloned into the unique NcoI
site (HBV nucleotide coordinate 1374) of pHBV(1072–1990),
generating the HBV DNA (4.1 kbp) construct.

The plasmid 4.1HNF4mut was derived by introducing clus-
tered point mutations into the HBV DNA (4.1 kbp) construct
using the Chameleon double-stranded, site-directed mutagene-
sis kit (Stratagene) according to the manufacturer’s instructions.
The HNF4mut mutation converted the 13-nt HNF4 recognition
site sequence located between 228 and 216 (nucleotide coor-
dinates 1757 and 1769) relative to the precore RNA initiation
site from AGGTTAAAGGTCT to AGaTTgAAaGTtT. The
sequence of the mutations introduced into the nucleocapsid
promoter construct was verified by dideoxynucleotide sequenc-
ing (16).

Cells and Transfections. The human hepatoma cell lines Huh7,
HepG2, and HepG2.1 and the mouse NIH 3T3 fibroblast cell line
were grown in RPMI 1640 medium and 10% FBS at 37°C in 5%
CO2yair. Transfections for viral RNA and DNA analysis were
performed as described (17) by using 10-cm plates, containing
approximately 1 3 106 cells. DNA and RNA isolation was
performed 3 days posttransfection. The transfected DNA mix-
ture was composed of 10 mg of HBV DNA (4.1 kbp) plus 1.5 mg
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of the liver-enriched transcription factor expression vectors. The
HNF1a, HNF1b, HNF3a, HNF3b, HNF4, RXRa, and PPARa
expression vectors pMTHNF1a, pMTHNF1b, pCMVHNF3a,
pCMVHNF3b, pCMVHNF4, pRS-hRXRa, and pCMVP-
PARa-G have been described (8, 18, 19). Controls were derived
from cells transfected with HBV DNA (4.1 kbp) and the pCMV
expression vector lacking a liver-enriched transcription factor

cDNA insert (8). All-trans retinoic acid and clofibric acid at 1
mM and 1 mM, respectively, were used to activate the nuclear
hormone receptors RXRa and PPARa.

Characterization of HBV Transcripts and Viral Replication Intermedi-
ates. Transfected cells from a single plate were divided equally
and used for the preparation of total cellular RNA and viral

Fig. 1. Nuclear hormone receptors activate HBV replication in a nonhepatoma cell line. (A) Structure of the HBV DNA (4.1 kbp) construct used in transient
transfection analysis. The 4.1-kbp greater-than-genome length HBV DNA sequence in this construct spans coordinates 1072–3182y1–1990 of the HBV genome
(subtype ayw). The locations of the HBV 3.5-, 2.4-, 2.1-, and 0.7-kb transcripts are indicated. EnhIyXp, enhancer IyX-gene promoter region; Cp, nucleocapsid or
core promoter; pA, polyadenylation site; PS1p, presurface antigen promoter; Sp, major surface antigen promoter; X, X-gene; S, surface antigen gene; C, core
gene; P, polymerase gene. (B–E) Cells were transiently transfected with the HBV DNA (4.1 kbp) construct and liver-enriched transcription factors. Mouse NIH 3T3
fibroblasts (3T3), human differentiated hepatoma cells (Huh7 and HepG2), and human dedifferentiated hepatoma cells (HepG2.1) were used for this analysis.
(B and D) RNA (Northern) filter hybridization analysis of HBV transcripts. The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) transcript was used as an
internal control for RNA loading per lane. (C and E) DNA (Southern) filter hybridization analysis of HBV replication intermediates. HBV RC DNA, HBV relaxed
circular DNA; HBV SS DNA, HBV single-stranded DNA. All-trans retinoic acid and clofibric acid at 1 mM and 1 mM, respectively, were used to activate the nuclear
hormone receptors RXRa and PPARa (1lig).
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DNA replication intermediates as described (20) with minor
modifications. For RNA isolation (21), the cells were lysed in 1.8
ml of 25 mM sodium citrate, pH 7.0y4 M guanidinium isothio-
cyanatey0.5% (volyvol) sarcosyly0.1 M 2-mercaptoethanol. Af-
ter addition of 0.18 ml of 2 M sodium acetate, pH 4.0, the lysate
was extracted with 1.8 ml of water-saturated phenol plus 0.36 ml
of chloroform-isoamyl alcohol (49:1). After centrifugation for 30
min at 3,000 rpm in a Sorval RT6000, the aqueous layer was
precipitated with 1.8 ml of isopropanol. The precipitate was
resuspended in 0.3 ml of 25 mM sodium citrate, pH 7.0y4 M
guanidinium isothiocyanatey0.5% (volyvol) sarcosyly0.1 M
2-mercaptoethanol and precipitated with 0.6 ml of ethanol. After
centrifugation for 20 min at 14,000 rpm in a microcentrifuge, the
precipitate was resuspended in 0.3 ml of 10 mM Tris hydrochlo-
ride, pH 8.0y5 mM EDTAy0.1% (wtyvol) sodium lauryl sulfate
and precipitated with 45 ml of 2 M sodium acetate plus 0.6 ml of
ethanol.

For the isolation of viral DNA replication intermediates, the
cells were lysed in 0.4 ml of 100 mM Tris hydrochloride, pH
8.0y0.2% (volyvol) Nonidet P-40. The lysate was centrifuged for
1 min at 14,000 rpm in a microcentrifuge to pellet the nuclei. The
supernatant was adjusted to 6.75 mM magnesium acetate plus
200 mgyml DNase I and incubated for 1 h at 37°C to remove the
transfected plasmid DNA. The supernatant was readjusted to
100 mM NaCly10 mM EDTAy0.8% (wtyvol) sodium lauryl
sulfatey1.6 mgyml pronase and incubated for an additional 1 h
at 37°C. The supernatant was extracted twice with phenol,
precipitated with 2 vol of ethanol, and resuspended in 100 ml of
10 mM Tris hydrochloride, pH 8.0y1 mM EDTA. RNA (North-
ern) and DNA (Southern) filter hybridization analysis were
performed with 10 mg of total cellular RNA and 30 ml of viral
DNA replication intermediates, respectively, as described (14).

RNase protection assays were performed with the PharMin-
gen Riboquant kit, and riboprobes were synthesized by using the
Ambion Maxiscript kit as described by the manufacturers.
Transcription initiation sites for the 3.5-kb HBV transcripts were
examined by using 20 mg of total cellular RNA and a 333 (HBV
coordinates 1990–1658)-nt-long 32P-labeled HBV riboprobe. As
an internal control for the RNase protection analysis, a 32P-
labeled mouse ribosomal protein L32 gene riboprobe spanning
101 nt of exon 3 was used (22). All riboprobes contained
additional f lanking vector sequences of 40–90 nt that are not
protected by HBV RNA.

Results
HBV replication is primarily restricted to hepatocytes in natural
infection (1). In cell culture, viral replication is restricted to
transfected cells of hepatic origin (9–13) except when pre-
genomic RNA is expressed from a foreign promoter (23). This
restriction presumably ref lects the requirement for liver-
enriched transcription factors for the synthesis of pregenomic
RNA from the HBV nucleocapsid promoter (7, 8, 24). The
importance of specific liver-enriched transcription factors in
controlling pregenomic RNA synthesis and viral replication has
not been defined because of the lack of appropriate replication
systems. Analysis of viral transcription and replication in non-
liver cells permits the role of specific liver-enriched transcription
factors in controlling HBV replication to be examined.

A HBV DNA (4.1 kbp) construct that can encode the four
HBV transcripts and support viral replication in hepatoma cells
and the hepatocytes of transgenic mice was examined for its
ability to support viral transcription and replication in mouse
NIH 3T3 fibroblasts (Fig. 1) (5). In the absence of cotransfected
liver-enriched transcription factor expression vectors, the 3.5-kb
HBV RNA is not expressed, and viral replication is not apparent
in transient transfection analysis (Fig. 1 B and C, lane 1). The
2.1-kb HBV RNA is abundantly expressed in the absence of
liver-enriched transcription factors presumably because ubiqui-

tous transcription factors primarily control the major surface
antigen promoter activity in transient transfection analysis (25).
Expression of the liver-enriched transcription factors, HNF1a,
HNF1b, HNF3a, and HNF3b, does not stimulate transcription
of the 3.5-kb HBV RNA and therefore does not activate viral
replication (Fig. 1 B and C, lanes 2–5). CyEBPa, CyEBPb,
CyEBPd, and HNF6 also did not support 3.5-kb HBV RNA
synthesis or viral replication (results not shown). In contrast,
HNF4 or RXRa plus PPARa stimulates transcription of the
3.5-kb HBV RNA, and this is associated with the synthesis of
encapsidated viral replication intermediates (Fig. 1 B and C,
lanes 6–8). These observations indicate that nuclear hormone
receptors are a major determinant in controlling the transcrip-
tion of the pregenomic RNA and therefore the ability of HBV
to replicate in specific cell types.

The ability of nuclear hormone receptors to control viral
replication in various cell types was examined further (Fig. 1 D
and E). The level of expression of the 2.1-kb HBV RNA was
approximately 2- and 10-fold lower in the mouse NIH 3T3
fibroblasts and the dedifferentiated hepatoma cell line HepG2.1
(26), compared with the differentiated hepatoma cell lines Huh7
and HepG2, respectively (Fig. 1D). This indicates that the mouse
NIH 3T3 fibroblasts and the differentiated hepatoma cells were
probably transfected with similar efficiencies, as the level of the
2.1-kb HBV RNA depends primarily on ubiquitous transcription
factors binding to the major surface antigen promoter. However,
the transfection efficiency of the HepG2.1 cells may have been
somewhat lower than the other cells. The lower level of the
2.1-kb HBV RNA in mouse NIH 3T3 fibroblasts and HepG2.1
cells compared with the differentiated hepatoma cell lines also
may reflect the modest influence of liver-enriched transcription
factors on the major surface antigen promoter activity.

It is apparent that transcription of the 3.5-kb HBV RNA and
viral replication can occur in differentiated hepatoma cell lines
without the ectopic expression of liver-enriched transcription
factors (Fig. 1 D and E, lanes 1–6). In the dedifferentiated
hepatoma cell line HepG2.1, transcription of the 3.5-kb HBV
RNA and viral replication was stimulated by ectopic expression
of nuclear hormone receptors (Fig. 1 D and E, lanes 7–9). In
mouse NIH 3T3 fibroblasts, the ectopic expression of RXRa plus
PPARa in the presence of their ligands stimulated expression of
the 3.5-kb HBV RNA and viral replication to a level approxi-
mately one-third of that observed in the differentiated hepatoma
cell lines Huh7 and HepG2 (Fig. 1 D and E, lanes 1–6 and 12).
These observations indicate that nuclear hormone receptors may
be the major positive modulators of viral replication in liver cells.
Nuclear hormone receptors also were shown to activate tran-
scription of the 3.5-kb HBV RNA and viral replication in diverse
cell types including HeLa, 293T, SW1353, CV-1, and COS cells
(results not shown). This finding suggests these cells of nonhe-
patic origin provide the ubiquitous transcription factors and
basal transcription machinery necessary to mediate the nuclear
hormone receptor-dependent synthesis of the 3.5-kb HBV RNA
and viral replication. Increasing the amount of the nuclear
hormone receptor expression vectors transfected with the HBV
DNA (4.1 kbp) construct did not increase HBV replication to a
major extent. This finding suggests that higher levels of nuclear
hormone receptor expression do not produce an additional
increase in viral replication intermediates.

It has been shown previously that HNF3 increases transcrip-
tion from the nucleocapsid promoter to approximately the same
extent as nuclear hormone receptors using reporter gene con-
structs and transient transfection analysis (8, 19). Consequently,
it might have been expected that HNF3 would have stimulated
3.5-kb HBV RNA synthesis and viral replication with similar
efficiency to the nuclear hormone receptors. However, this is not
the case, suggesting that measuring transcription from reporter
gene constructs is not equivalent to measuring transcription
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from greater-than-genome length HBV constructs capable of
supporting viral replication. As HNF3 did not stimulate 3.5-kb
HBV RNA synthesis or viral replication, it was of interest to
determine whether HNF3 could modulate the activity of the
nuclear hormone receptors (Fig. 2). It is apparent that HNF3a
and HNF3b reduced nuclear hormone receptor-mediated tran-
scription of 3.5-kb HBV RNA 2- to 3-fold (Fig. 2 A and C).
HNF4-mediated viral replication was essentially eliminated by
ectopic expression of HNF3 (Fig. 2B, lanes 5 and 6). RXRay
PPARa-mediated viral replication was reduced approximately
8-fold by HNF3a and 25-fold by HNF3b (Fig. 2D, lanes 5 and 6).
This result demonstrated that HBV replication was inhibited to
a greater extent than 3.5-kb HBV RNA synthesis, and this
inhibition of viral replication was specific to HNF3 as HNF1
failed to modulate HBV transcription or replication in mouse
fibroblasts (Fig. 2).

To investigate further the mechanism of modulation of viral
replication by liver-enriched transcription factors, a HBV DNA
(4.1 kbp) construct (Fig. 1 A) with a 4-nt mutation in the
nucleocapsid promoter proximal HNF4 binding site (HNF4mut)
was examined for its ability to support viral transcription and
replication in mouse fibroblasts (Fig. 3). The mutation blocks
nuclear hormone receptor binding to the nucleocapsid promoter
proximal HNF4 binding site (result not shown). The nuclear
hormone receptor-dependent level of 3.5-kb HBV RNA ex-
pressed from the HNF4mut construct was slightly lower than
that observed from the wild-type construct (Fig. 3B, lanes 2, 4,
7, and 9). Nuclear hormone receptor-dependent viral replication
derived from the HNF4 mutant construct was greatly reduced
compared with the wild-type construct, indicating the impor-
tance of the proximal HNF4 binding site in the nucleocapsid
promoter for the control of viral replication (Fig. 3C, lanes 2, 4,
7, and 9). However, this HNF4 binding site is not the only site
that can mediate nuclear hormone receptor-dependent HBV
replication, as the HNF4mut HBV DNA (4.1 kbp) construct can
still support HBV replication, albeit at a considerably lower level
than the wild-type genome. This result indicates that although
nuclear hormone receptors are essential transcription factors

required for pregenomic RNA synthesis and viral replication in
this system, they modulate HBV transcription from either the
proximal nuclear hormone binding site in the core promoter or
alternative binding sites present in the HBV genome. In addition,
HNF3b decreased the level of viral replication from the HNF4
mutant construct in a manner similar to that observed for the
wild-type HBV DNA (4.1 kbp) construct (Fig. 3C).

In an attempt to understand why the decrease in viral repli-
cation is greater than the decrease in the 3.5-kb HBV RNA, the
sites of initiation of transcription from the core promoter were
examined. This analysis was designed to determine whether the
liver-enriched transcription factors modulated the relative abun-
dance of precore and pregenomic or core RNA comprising the
3.5-kb HBV RNA (Fig. 4). The core RNA encodes the core and

Fig. 2. HNF3 inhibits nuclear hormone receptor-activated HBV replication.
(A–D) Mouse NIH 3T3 fibroblasts were transiently transfected with the HBV
DNA (4.1 kbp) construct and liver-enriched transcription factors. (A and C) RNA
(Northern) filter hybridization analysis of HBV transcripts. (B and D) DNA
(Southern) filter hybridization analysis of HBV replication intermediates.

Fig. 3. The proximal nucleocapsid HNF4 binding site is a major determinant
of nuclear hormone receptor-mediated HBV replication in mouse fibroblasts.
(A) Sequence of the HBV core promoter region. The 4-nt HNF4 site mutation
indicated above the wild-type sequence inhibits the binding of nuclear hor-
mone receptors to the proximal HNF4 binding site (results not shown). The
nucleotide substitutions do not alter the X-gene polypeptide sequence. The
HNF3 and Sp1 binding sites are also indicated. (B and C) Mouse NIH 3T3
fibroblasts were transiently transfected with HBV DNA (4.1 kbp) constructs
and liver-enriched transcription factors. The HBV HNF4mut DNA (4.1 kbp)
construct (lanes 6–10) contained the 4-nt mutation (A) in the proximal HNF4
binding site of the core promoter. Both core promoter regions in this termi-
nally redundant HBV construct (Fig. 1A) were mutated for this analysis, but
similar results were obtained when only the upstream core promoter region
was mutated (results not shown). (B) RNA (Northern) filter hybridization
analysis of HBV transcripts. (C) DNA (Southern) filter hybridization analysis of
HBV replication intermediates.
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polymerase polypeptides and is the substrate for encapsidation
and viral DNA synthesis (27–29). Therefore the level of the core
RNA can directly affect the level of viral replication. In contrast,
the precore RNA encodes hepatitis B e antigen (HBeAg), which
has been shown to inhibit viral replication in a variety of systems
(30–32). Consequently, the observed level of viral replication is
likely to be positively influenced by increasing expression of the
core RNA and negatively modulated by HBeAg encoded by the
precore RNA.

Mutation of the proximal nucleocapsid promoter nuclear
hormone receptor binding site results in a preferential decrease
in the level of the core RNA compared with the precore RNA
(Fig. 4, lane 2 vs. 7 and lane 4 vs. 9). This observation can account
for the greater decrease in viral replication compared with the
decrease in 3.5-kb HBV RNA synthesis, as the majority of the
decrease in the 3.5-kb HBV RNA was because of the reduced
synthesis of pregenomic RNA. Similarly, the majority of the
decrease in the 3.5-kb HBV RNA synthesis from either the
wild-type or the HNF4 mutant constructs resulting from the
ectopic expression of HNF3 was because of the reduction in
transcription from the core RNA initiation site (Fig. 4, lanes 2–5
and 7–10). The preferential inhibition of pregenomic RNA
synthesis compared with precore RNA synthesis is associated
with the larger decrease in viral replication relative to the change
in total 3.5-kb HBV RNA synthesis. These observations indicate
that the abundance of pregenomic RNA and its abundance
relative to the precore RNA are important determinants con-
trolling HBV replication level in this system.

Discussion
The development of a HBV replication system where pre-
genomic RNA synthesis and consequently viral replication are
controlled by the ectopic expression of liver-enriched transcrip-
tion factors in nonhepatoma cells has permitted the role of
individual factors in this process to be analyzed. In this system,
nuclear hormone receptors are the essential transcription factors
required to synthesize pregenomic RNA and promote viral
replication from wild-type viral genomes (Fig. 1). This is sur-
prising as the level of expression of most genes is believed to be
governed by the combinatorial activity of several transcription
factors binding to the promoter region rather than a single
transcription factor switching the promoter from an inactive to
an active state. The dependence of HBV replication on nuclear
hormone receptors suggests viral DNA synthesis may be re-
stricted to cells expressing these transcription factors, and this
requirement may be a major determinant of viral tropism. This
possibility is supported by the observation that HNF4 expression
is restricted to the liver, kidney, and intestine (33) and that
PPARa synthesis is limited primarily to the liver, kidney, and
heart (34). The limited tissue expression observed in HBV
transgenic mice where transcription of pregenomic RNA and
viral replication is largely restricted to the liver and the kidney
proximal convoluted tubules is also consistent with an important
role for these nuclear hormone receptors in determining viral
tropism (5). Although nuclear hormone receptors may limit the
tissues in which the HBV genome is transcribed, it is likely that
a cell-surface hepatocyte-specific viral receptor restricts HBV
infection to the liver. These two levels of restriction to viral
replication probably limit HBV synthesis to the liver.

Nuclear hormone receptor-dependent viral transcription and
replication is modulated by HNF3 as a result of the effect of
these factors on pregenomic RNA synthesis (Figs. 2–4). This
finding suggests that the level of viral replication in a cell
depends not only on nuclear hormone receptors but on their
relative abundance compared with HNF3. Therefore, alterations
in the relative ratios or activities of these transcription factors
within the hepatocyte occurring under various physiological or
pathophysiological conditions also may be expected to affect

Fig. 4. Effect of HNF3 and mutation of the proximal nuclear hormone
binding site in the core promoter on the transcription initiation site of the
3.5-kb HBV RNA. Mouse NIH 3T3 fibroblasts were transiently transfected with
HBV DNA (4.1 kbp) constructs and liver-enriched transcription factors. The
HBV HNF4mut DNA (4.1 kbp) construct (lanes 6–10) contained the 4-nt mu-
tation (Fig. 3A) in the proximal HNF4 binding site of the core promoter. Both
core promoter regions in this terminally redundant HBV construct (Fig. 1A)
were mutated for this analysis. RNase protection analysis was performed to
map the transcription initiation sites of the HBV precore (PC) and pregenomic
or core (C) transcripts. The HBV probe also protected a fragment (pA) derived
from the 39 end of all of the HBV RNAs that terminated at the HBV polyade-
nylation site. The protected fragment indicated with an asterisk is generated
as a result of the cleavage of the pA-protected fragment at the site of the
discontinuity between the wild-type probe and the HNF4mut containing HBV
RNA. A riboprobe detecting the ribosomal gene L32 transcripts was included
as an internal control.
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viral replication. These conditions may include maturity-onset
diabetes of the young (MODY1) where the HNF4 activity is
altered (35), inflammation where the level of the PPARa ligand,
leukotriene B4, is increased (36), and treatment with the fibrate
class of hypolipidemic drugs, which increases PPARa activity
(37, 38).

The analysis of the HNF4 mutant HBV construct (4.1 kbp)
demonstrated that the nuclear hormone receptor activation of
viral replication was mediated primarily through the nucleocap-
sid promoter proximal HNF4 binding site (Fig. 3). However,
comparison of the properties of this construct with the wild-type
construct demonstrated that HNF3 repressed pregenomic RNA
synthesis independently of whether the proximal nucleocapsid
HNF4 binding site was occupied by a nuclear hormone receptor
(Fig. 3). The inhibition of nuclear hormone receptor-activated
pregenomic RNA synthesis by HNF3 directly reduced viral
replication in both cases.

These studies demonstrate that HBV replication using only
the regulatory elements of the virus can occur in cells that
normally do not support viral replication. This replication has
been achieved by the ectopic expression of liver-enriched tran-
scription factors, permitting RNA synthesis of viral genes that

would not normally be expressed in a nonhepatoma cell line. This
approach may be generally applicable and permit the replication
of other DNA viruses that display cell type-restricted replication
to be observed in a variety of normally nonpermissive cell lines
if the appropriate tissue-enriched transcription factors are
known. Various steps in the viral life cycle in addition to the
relationship between transcription and replication may also be
amenable to study in more detail using this approach. In the case
of HBV, this will include the role of HNF3 in modulating
transcription initiation site selection.
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