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The nuclear hormone receptors hepatocyte nuclear factor 4 (HNF4) and the retinoid X o (RXRa) plus the
peroxisome proliferator-activated receptor « (PPAR«) heterodimer support hepatitis B virus (HBV) replica-
tion in nonhepatoma cells. Hepatocyte nuclear factor 3 (HNF3) inhibits nuclear hormone receptor-mediated
viral replication. Inhibition of HBYV replication by HNF3f3 is associated with the preferential reduction in the
level of the pregenomic RNA compared with that of precore RNA. Hepatitis B e antigen (HBeAg), encoded by
the precore RNA, mediates part of the inhibition of viral replication by HNF3@. The amino-terminal tran-
scriptional activation domain of HNF3f is essential for the inhibition of HBV replication. The activation of
transcription by HNF3 from HBV promoters downstream from the nucleocapsid promoter appears to con-
tribute indirectly to the reduction in the steady-state level of 3.5-kb HBV RNA, possibly by interfering with the
elongation rate of these transcripts. Therefore, transcriptional interference mediated by HNF3 may also

regulate HBV RNA synthesis and viral replication.

Hepatitis B virus (HBV) replicates essentially exclusively in
the liver by reverse transcription of the 3.5-kb pregenomic
RNA, generating the partially double-stranded 3.2-kb HBV
DNA genome (12, 28, 45). Viral tropism is probably deter-
mined in part by a liver-specific receptor that is required for
HBV infection of hepatocytes. However, viral replication is
also restricted to hepatocytes due to the essential requirement
for the liver-enriched transcription factors hepatocyte nuclear
factor 4 (HNF4) and the retinoid X receptor a (RXRa) plus
the peroxisome proliferator-activated receptor a (PPAR«)
heterodimer (RXRa-PPAR«) that regulate the synthesis of
the pregenomic RNA (44). The level of synthesis of the pre-
genomic RNA is governed by the activity of the nucleocapsid
promoter (15, 44). A variety of ubiquitous and liver-enriched
transcription factors in addition to the nuclear hormone recep-
tors HNF4 and RXRa-PPARGa, appear to modulate the rate of
transcription initiation from the nucleocapsid promoter (4, 17,
20, 22, 25, 26, 35, 43, 46, 48). However, it has been demon-
strated that nuclear hormone receptor-dependent viral repli-
cation can be inhibited by the liver-enriched transcription fac-
tor HNF3 due to the preferential inhibition of pregenomic
RNA synthesis relative to precore RNA synthesis (44). The
mechanism of regulation of 3.5-kb HBV RNA synthesis and
inhibition of viral replication by HNF3 have not been defined
and are examined in the current analysis.

In this study, the functional domain of HNF3p3 responsible
for regulating nuclear hormone receptor-dependent 3.5-kb
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HBV RNA synthesis and viral replication has been investi-
gated in mouse fibroblasts. HNF3p3 is a member of the hepa-
tocyte nuclear factor 3/forkhead transcription factor family
(19, 21, 23). The members of this family of transcription factors
are characterized by a conserved winged helix DNA binding
domain that is approximately 100 amino acids in length (8, 19,
21). The HNF3 polypeptides have additional conserved se-
quences in the amino- and carboxyl-terminal regions, flanking
the DNA binding domain that is located in the middle of the
polypeptide (19). In the case of HNF3@, these conserved
amino acid sequences have been shown to comprise part of the
transcriptional activation domains of this polypeptide (32, 33).
In this analysis, the amino-terminal transcriptional activation
domain of HNF3p (32, 33) was shown to be primarily respon-
sible for inhibiting viral replication, whereas the carboxyl-ter-
minal transcriptional activation domain of HNF3p (32, 33) did
not greatly affect HBV DNA synthesis. The inhibitory effect of
this HNF3B domain on viral replication contrasts with the
observation that the amino-terminal transcriptional activation
domain was responsible for the increase in reporter gene ex-
pression mediated by the HBV large surface antigen and nu-
cleocapsid promoters. These results suggested that the lower
level of the 3.5-kb HBV RNA might be due to HNF3 reduc-
ing the rate of 3.5-kb HBV RNA elongation rather than neg-
atively regulating nucleocapsid promoter activity. This possi-
bility was supported by the observation that HNF3@ could
reduce viral replication when pregenomic RNA was synthe-
sized from the cytomegalovirus (CMV) immediate-early pro-
moter rather than the HBV nucleocapsid promoter. In addi-
tion, the ability of HNF3p to preferentially decrease the level
of the pregenomic RNA compared with precore RNA pro-
duced conditions where hepatitis B e antigen (HBeAg) also
contributed to the reduction in viral biosynthesis. Therefore, it
appears that HNF3@ inhibits HBV replication by reducing
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pregenomic RNA abundance by transcriptional interference
and modulating the effect of HBeAg on viral biosynthesis.

MATERIALS AND METHODS

Plasmid constructions. The steps in the cloning of the plasmid constructs used
in the transfection experiments were performed by standard techniques (38).
HBV DNA sequences in these constructions were derived from the pCP10
plasmid, which contains two copies of the HBV genome (subtype ayw) cloned
into the EcoRI site of pBR322 (10). The firefly luciferase (LUC) reporter gene
in these constructions was derived from the pl9DLUC plasmid (36). The
CpLUC plasmid contains one complete HBV genome located directly 5 to the
promoterless LUC reporter gene such that the expression of the LUC gene is
governed by the HBV nucleocapsid promoter (36). Similarly, the PS1pLUC
plasmid contains one complete HBV genome located directly 5’ to the promot-
erless LUC reporter gene such that the expression of the LUC gene is governed
by the HBV large surface antigen promoter (36). Details of the construction of
the CpLUC and PS1pLUC plasmids have been described previously (36, 47).

The HBV DNA (4.1-kbp) construct that contains 1.3 copies of the HBV
genome includes the viral sequence from nucleotide coordinates 1072 to 3182
plus 1 to 1990 (Fig. 1A). This plasmid was constructed by cloning the Nsil/Bg/II
HBYV DNA fragment (nucleotide coordinates 1072 to 1990) into pUC13, gener-
ating pHBV(1072-1990). Subsequently, a complete copy of the 3.2-kbp viral
genome linearized at the Ncol site (nucleotide coordinates 1375 to 3182 plus 1
to 1374) was cloned into the unique Ncol site (HBV nucleotide coordinate 1374)
of pHBV(1072-1990), generating the HBV DNA (4.1-kbp) construct. The pC-
MVHBVayw construct contains the CMV immediate-early promoter (region
from nucleotide coordinates —522 to —1) (3) located directly upstream of the
HBYV sequence from nucleotide coordinates 1821 to 3182 plus 1 to 1990 (Fig.
1B). In this construct, the expression of the HBV pregenomic 3.5-kb RNA is
controlled by the CMV immediate-early promoter.

The HBV DNA (4.1-kbp) Elmut and E2mut constructs were derived by
introducing the A1816G and G1898A nucleotide substitutions (Fig. 1C), respec-
tively, into the precore coding region in the HBV DNA (4.1-kbp) construct using
the Chameleon double-stranded, site-directed mutagenesis kit (Stratagene Clon-
ing Systems, La Jolla, Calif.) according to the manufacturer’s instructions. The
A1816G nucleotide substitution converted the precore initiation codon from
ATG to GTG, preventing the initiation of translation of the precore polypeptide.
The G1898A nucleotide substitution converted the precore polypeptide TGG
codon 28 encoding tryptophan to the amber translation termination TAG codon,
resulting in the premature termination of the precore polypeptide (1, 18, 31).
The nucleotide substitutions introduced into the precore coding regions were
verified by dideoxynucleotide sequencing (39). Both precore coding regions in
these terminally redundant HBV constructs were mutated for this analysis.

The pMTHNF1a, pMTHNF18, pPCMVHNF3«, pPCMVHNEF33, pPCMVHNF4,
pRS-hRXRa, and pPCMVPPAR«-G vectors express HNFla, HNF1B, HNF3a,
HNF3B, HNF4, RXRa, and PPARa-G polypeptides from the rat HNFla,
mouse HNF1B, rat HNF3a, rat HNF3B, rat HNF4, human RXRa, and mouse
PPARa-G cDNAs, respectively, using the mouse metallothionein I promoter,
the CMV immediate-early promoter (pCMV), or the Rous sarcoma virus long
terminal repeat (pRS) (6, 27, 30, 34, 35, 37). The PPAR«-G polypeptide contains
a mutation in the PPAR« ¢cDNA changing Glu*? to Gly that may decrease the
affinity of the receptor for the endogenous ligand. Consequently, this mutation
increases the peroxisome proliferator-dependent (i.e., clofibric acid-dependent)
activation of transcription from a peroxisome proliferator response element
(PPRE) containing promoter (30) and was used in this study to demonstrate the
peroxisome proliferator-dependent transcriptional transactivation of the nucleo-
capsid promoter.

Cells and transfections. The mouse NIH 3T3 fibroblast cell line was grown in
RPMI 1640 medium and 10% fetal bovine serum at 37°C in 5% CO, and air.
Transfections using luciferase reporter gene constructs were performed as pre-
viously described (14, 41), except six-well plates, containing approximately 3 X
10° cells per well, were used. The transfected DNA mixture comprised 5 pg of a
LUC plasmid and 0.25 pg of pPCMV}, which served as an internal control for
transfection efficiency. pPCMVR directs the expression of the Escherichia coli
B-galactosidase gene using the CMV immediate-early promoter (Clontech Lab-
oratories, Palo Alto, Calif.). When appropriate, the DNA mixture also included
0.5 pg of the HNF3pB expression vectors pCMVHNEF38, pPCMVHNF3p1-444,
pCMVHNEF331-392, pCMVHNF331-366, pCMVHNF331-309, pCM-
VHNEF33103-458, pPCMVHNF3B153-458, and pCMVHNF33144-279 or the con-
trol expression vector pPCMV. The numbers at the end of the plasmid designation
indicate the amino acid residues present in the truncated HNF3B polypeptides
encoded by these expression vectors (32, 33). The DNA was removed 4 to 6 h

TRANSCRIPTIONAL REGULATION OF HBV REPLICATION 8573

after transfection, and the cells were washed with 2 ml of fresh RPMI 1640
medium. Cell extracts were prepared 40 to 48 h after transfection. Cells were
lysed in 150 wl of lysis buffer [0.1 M potassium phosphate (pH 7.8), 0.2%
(vol/vol) Triton X-100], and the cell debris was pelleted by centrifugation for 2
min at 13,000 rpm in an Eppendorf 5417C microcentrifuge. The supernatant was
assayed for luciferase activity essentially as previously described (9) and for
B-galactosidase activity using a Galacto-Light kit (Tropix, Inc.) as instructed by
the manufacturer. The level of B-galactosidase activity observed was not specif-
ically affected by any of the exogenously expressed transcription factors. The
luciferase activities were normalized to the level of B-galactosidase activity in
each transfection experiment.

Transfections for viral RNA and DNA analyses were performed as previously
described (29) using 10-cm-diameter plates, containing approximately 10° cells.
DNA and RNA isolation was performed 3 days posttransfection. The transfected
DNA mixture was composed of 10 ng of HBV DNA (4.1 kbp) plus 1.5 pg of the
liver-enriched transcription factor expression vectors pMTHNF1o, pMTHNF1,
pCMVHNF3a, pCMVHNEF3B, pCMVHNF4, pRS-hRXRa, and pCMVP-
PARa-G (6, 27, 30, 34, 35, 37, 44). Controls were derived from cells transfected
with HBV DNA and the pCMV expression vector lacking a liver-enriched tran-
scription factor cDNA insert (35). All-trans retinoic acid and clofibric acid at 1
wM and 1 mM, respectively, were used to activate the nuclear hormone receptors
RXRa and PPAR« (44).

Characterization of HBV transcripts and viral replication intermediates.
Transfected cells from a single plate were divided equally and used for the
preparation of total cellular RNA and viral DNA replication intermediates as
described previously (42) with minor modifications. For RNA isolation (7), the
cells were lysed in 1.8 ml of a solution containing 25 mM sodium citrate (pH 7.0),
4 M guanidinium isothiocyanate, 0.5% (vol/vol) sarcosyl, and 0.1 M 2-mercap-
toethanol. After 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 centrifuge, the aqueous layer was precipitated with 1.8 ml of isopropa-
nol. The precipitate was resuspended in a solution containing 0.3 ml of 25 mM
sodium citrate (pH 7.0), 4 M guanidinium isothiocyanate, 0.5% (vol/vol) sarcosyl,
and 0.1 M 2-mercaptoethanol and precipitated with 0.6 ml of ethanol. After
centrifugation for 20 min at 14,000 rpm in an Eppendorf 5417C microcentifuge,
the precipitate was resuspended in 0.3 ml of a solution containing 10 mM Tris
hydrochloride (pH 8.0), 5 mM EDTA, and 0.1% (wt/vol) sodium lauryl sulfate
and precipitated with 45 pl of 2 M sodium acetate plus 0.7 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 8.0) plus 0.2% (vol/vol) Nonidet
P-40. The lysate was centrifuged for 1 min at 14,000 rpm in an Eppendorf 5417C
microcentrifuge to pellet the nuclei. The supernatant was adjusted to 6.75 mM
magnesium acetate plus 200 pg of DNase I per ml and incubated for 1 h at 37°C
to remove the transfected plasmid DNA. The supernatant was readjusted to 100
mM NaCl, 10 mM EDTA, 0.8% (wt/vol) sodium lauryl sulfate, and 1.6 mg of
pronase per ml and incubated for an additional 1 h at 37°C. The supernatant was
extracted twice with phenol, precipitated with 2 volumes of ethanol and resus-
pended in 100 pl of 10 mM Tris hydrochloride (pH 8.0) plus 1 mM EDTA. RNA
(Northern) and DNA (Southern) filter hybridization analyses were performed
using 10 pg of total cellular RNA and 30 wl of viral DNA replication interme-
diates, respectively, as described previously (38).

RNase protection assays were performed using the Pharmingen Riboquant kit,
and riboprobes were synthesized using the Ambion Maxiscript kit as described by
the manufacturers. Transcription initiation sites for the 3.5-kb HBV transcripts
were examined using 20 pg of total cellular RNA and a 333-nucleotide-long
(HBV coordinates 1990 to 1658) 3*P-labeled HBV riboprobe. As an internal
control for the RNase protection analysis, a >?P-labeled mouse ribosomal protein
L32 gene riboprobe spanning 101 nucleotides of exon 3 was utilized (11). All
riboprobes contained additional flanking vector sequences of 40 to 90 nucleo-
tides that are not protected by HBV RNA.

Whole-cell extracts and gel retardation analysis. Whole-cell extracts were
prepared from mouse NIH 3T3 fibroblasts by a rapid micropreparation tech-
nique as described previously (2). Mouse fibroblasts were transfected with 15 g
of the expression vectors encoding the truncated HNF3 polypeptides 40 to 48 h
before preparation of the whole-cell extracts. Gel retardation analysis was per-
formed essentially as described previously (34, 37). One nanogram of 3P-labeled
CpE double-stranded oligonucleotide was incubated with 4 pl of whole-cell
extract prior to 4% polyacrylamide gel electrophoresis and autoradiography. The
CpE double-stranded oligonucleotides spanning a HNF3 site in the nucleocapsid
promoter have been described previously (20).
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FIG. 1. Structures and sequences of the HBV constructs supporting viral transcription and replication in mouse fibroblasts. (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 to 3182 plus 1 to 1990 of the HBV genome (subtype ayw). The locations of the 3.5-, 2.4-, 2.1-, and 0.7-kb HBV
transcripts are indicated. EnhI/Xp, enhancer I/X-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; ORF,
open reading frame. (B) Structure of the pPCMVHBYV DNA construct used in transient-transfection analysis. The CMV immediate-early promoter
(region from coordinates —522 to —1) directs the expression of the 3.5-kb HBV pregenomic RNA from the greater-than-genome length HBV
DNA sequence in this construct that spans coordinates 1821 to 3182 plus 1 to 1990 of the HBV genome (subtype ayw). The locations of the 3.5-,
2.4-,2.1-, and 0.7-kb HBV transcripts are the same as indicated for the HBV DNA (4.1-kbp) construct. (C) Sequence of the HBV core promoter
region. The E1 (A1816G) and E2 (G1898A) mutations in the precore open reading frame (PC-ORF) prevent the expression of HBeAg from the
HBV DNA (4.1-kbp) E1 and E2 mutant constructs. The sequence of the X-gene-encoded polypeptide is not changed by the E1 mutation in the
X-gene open reading frame (X-ORF). The location of the CpE double-stranded oligonucleotide (HNF3 recognition site) used for electrophoretic
mobility shift analysis is indicated. The HNF3, Sp1, and nuclear hormone receptor (HNF4 and RXRa-PPARa) binding sites are also indicated.
PC RNA, precore 3.5-kb RNA; C RNA, pregenomic 3.5-kb RNA.
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RESULTS

Expression of truncated HNF3@ polypeptides in mouse fi-
broblasts. HNF3 has previously been shown to activate tran-
scription from the HBV nucleocapsid promoter in reporter
gene analysis (37) and to inhibit pregenomic RNA synthesis
and viral biosynthesis in HBV replication analysis (44). In an
attempt to examine these apparently contradictory observa-
tions, the functional domains of HNF3B modulating HBV
transcription and replication were examined. If the same do-
main of HNF3 were found to activate transcription from the
HBYV nucleocapsid promoter in reporter gene analysis and to
inhibit pregenomic RNA synthesis and viral biosynthesis in
HBV replication analysis, the same mechanism may be in-
volved in both processes. In contrast, if different domains of
HNF3 were found to be involved in these processes, different
mechanisms may also be involved. Initially, various truncated
HNEF38 polypeptides lacking either the amino- or carboxyl-
terminal transcriptional activation domains (32, 33) were ex-
pressed in mouse NIH 3T3 fibroblasts (Fig. 2A). Electro-
phoretic mobility shift analysis demonstrated that the
truncated HNF3pB polypeptides were expressed at similar lev-
els and retained the ability to bind to a HNF3 recognition
sequence present in the HBV nucleocapsid promoter (Fig.
2B). The truncated HNF3p polypeptide spanning amino acids
1 to 309 (Fig. 2B, lane 6) displayed the lowest level of DNA
binding activity but was completely functional with respect to
modulating HBV transcription and replication (Fig. 3 and 4).
Therefore, it appears that any differences in the level of ex-
pression of the truncated HNF3B polypeptides used in this
analysis did not influence greatly the function of these tran-
scription factors.

Identification of the HNF3[3 polypeptide domains involved
in regulating HBV transcription and replication in mouse
fibroblasts. The domain of the HNF3p polypeptide involved in
inhibiting HNF4-mediated HBV transcription and replication
was examined in mouse NIH 3T3 fibroblasts (Fig. 3A to C). It
is apparent that the carboxyl-terminal domain of the HNF33
polypeptide was not required for the inhibition of viral tran-
scription and replication. In contrast, inhibition of viral tran-
scription and replication was reduced when the amino-termi-
nal domain of the HNF3p polypeptide was deleted (Fig. 3A to
C, lanes 9). This indicates that the amino-terminal transcrip-
tional activation domain located in the first 153 amino acids of
HNF3p3 was necessary to inhibit HBV transcription and repli-
cation. The truncated HNF3B polypeptide spanning amino
acids 103 to 458 (Fig. 3A to C, lanes 8) appeared to partially
inhibit HBV RNA and DNA syntheses. This observation sug-
gested that the functional domain of HNF38 modulating HBV
transcription and replication may include polypeptide se-
quences located between amino acid residues 1 and 102 in
addition to amino acid residues between coordinates 103 and
152. The DNA binding domain of HNF3 located between
amino acid residues 144 and 279 was unable to inhibit HNF4-
mediated HBV transcription and replication (Fig. 3A to C)
despite retaining the ability to bind to a HNF3 recognition
element (Fig. 2B). This is consistent with the mapping of the
HNF3B domain inhibiting HBV transcription and replication
within the amino-terminal region of this transcription factor.
In addition, it is apparent that the full-length and carboxyl-
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FIG. 2. Expression of truncated HNF3B polypeptides in mouse
NIH 3T3 fibroblasts. (A) Schematic representations of the HNF383
polypeptides showing the locations of the transcriptional activation
domains and the DNA binding domain (32, 33) The amino-terminal
transcriptional activation domain includes conserved sequence regions
IV and V (33). The carboxyl-terminal transcriptional activation do-
main includes conserved sequence regions II and III (32). The winged
helix DNA binding domain spans the conserved sequence region I (8,
32, 33). The amino acids of the truncated HNF3B polypeptides are
shown to the right of the schematic representations. (B) Electro-
phoretic mobility shift analysis of a HBV nucleocapsid promoter
HNF3 recognition site with truncated HNF38 polypeptides. The 3*P-
labeled, double-stranded oligonucleotide CpE (20) and whole-cell ex-
tracts prepared from mouse fibroblasts transfected with an empty
vector control (—) (lane 1), an expression vector encoding the full-
length HNF3 polypeptide (amino acid residues 1 to 458) (lane 2), and
expression vectors encoding the truncated HNF38 polypeptides span-
ning amino acid residues 1 to 444 (lane 3), 1 to 392 (lane 4), 1 to 366
(lane 5), 1 to 309 (lane 6), 103 to 458 (lane 7), 153 to 458 (lane 8), and
144 to 279 (lane 9) were used for this analysis.

terminus-truncated HNF3pB polypeptides inhibited viral repli-
cation to a greater extent than HBV transcription. These ob-
servations suggested that these HNF3B polypeptides might
decrease the level of synthesis of the pregenomic RNA to a
greater extent than that of the precore RNA (44).

Despite the ability of HNF3B to inhibit HNF4-mediated
HBV transcription and replication, HNF3B can activate tran-
scription from the nucleocapsid promoter in the context of a
reporter gene construct in mouse NIH 3T3 fibroblasts (Fig.
3D). Therefore, the domain of the HNF3B polypeptide re-
sponsible for activating transcription in this context was exam-
ined using the HBV nucleocapsid and large surface antigen
promoter constructs CpLUC and PS1pLUC, respectively.
HNEF3p activates transcription from these promoters approxi-
mately 10- and 75-fold, respectively. It is apparent that the
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FIG. 3. Modulation of HNF4-dependent HBV transcription and
replication by truncated HNF3p polypeptides. Mouse NIH 3T3 fibro-
blasts were transiently transfected with the HBV DNA (4.1-kbp) con-
struct (lanes 1 to 10) plus the HNF4 expression vector (lanes 2 to 10)
and the HNF3p expression vectors (lanes 3 to 10). (A) RNA (North-
ern) filter hybridization analysis of HBV transcripts. The glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) transcript was used as an
internal control for RNA loading per lane. (B) DNA (Southern) filter
hybridization analysis of HBV replication intermediates. HBV RC
DNA, HBYV relaxed circular DNA; HBV SS DNA, HBV single-
stranded DNA. The amino acids of the HNF3p polypeptides for panels
A and B are shown below the gel in panel B. (C) Quantitative analysis
of the 3.5-kb HBV RNA and DNA replication intermediates. The
levels of the 3.5-kb HBV RNA and HBV DNA replication interme-
diates (HBV DNA RI) are reported relative to the levels of the HBV
DNA (4.1-kbp) construct in the presence of HNF4 expression (lane 2),
which are set at 1.0. The mean RNA and DNA levels plus standard
deviations (indicated by the error bars) from two independent analyses
are shown. (D) The effects of truncated HNF3B polypeptides on tran-
scription from the nucleocapsid and large surface antigen promoter
constructs CpLUC and PS1pLUC, respectively, were examined. Rel-
ative activities of the constructs in mouse fibroblast in the absence or
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carboxyl-terminal domain of the HNF3p3 polypeptide was not
required for the activation of transcription from the nucleo-
capsid or large surface antigen promoters. In contrast, the
truncated polypeptides lacking the amino-terminal transcrip-
tional activation domain located in the first 153 amino acids of
HNEF3 displayed a greatly reduced ability to increase the level
of transcription from either the nucleocapsid or large surface
antigen promoter (Fig. 3D). As observed for the inhibition of
HBV transcription and replication, deletion of the first 102
amino acids of HNF3p resulted in a partial loss of transcrip-
tional activation (Fig. 3D, compare HNF3B and HNF3p3103-
458). Transcriptional activation was reduced further from the
HBYV promoters when the complete amino-terminal domain
was deleted from the HNF3B polypeptide (Fig. 3D, compare
HNF3B and HNF3B153-458). Therefore, it is apparent that the
amino-terminal transcriptional activation domain of HNF33
mediated the majority of both the activation of transcription
from the nucleocapsid and large surface antigen promoters
using the reporter gene constructs and the inhibition of viral
transcription and replication from the HBV DNA (4.1-kbp)
construct in mouse fibroblasts. In addition, it appears that the
extent to which the amino-terminal deletions activated tran-
scription correlates with the degree to which HBV transcrip-
tion and replication are inhibited. The observation that
HNF3R activates transcription from HBV reporter gene con-
structs under the same conditions where HBV RNA and DNA
synthesis are inhibited eliminates the possibility that HNF33
inhibits viral transcription and replication by the process of
squelching (13).

The amino-terminal transcriptional activation domain of
HNF3p3 was also predominantly responsible for the inhibition
of RXRa-PPARa-mediated HBV transcription and replica-
tion in mouse fibroblasts (Fig. 4). This indicates that HNF3p
can inhibit HBV transcription and replication that is depen-
dent on more than a single nuclear hormone receptor and
suggests that HNF3B may indirectly influence HBV pre-
genomic RNA synthesis in the context of viral replication. As
observed with HNF4, the amino-terminal region between res-
idues 1 and 102 partially inhibited HBV transcription and
replication (Fig. 4A and B, lanes 8). However, deletion of the
complete amino-terminal domain of HNF3p3 (Fig. 4A and B,
lanes 9) essentially eliminated the capacity of this polypeptide
to modulate HBV RNA and DNA syntheses. These observa-
tions support the suggestion that amino acid sequences within
the first 102 residues and between residues 103 to 152 contrib-
ute to the functional domain of HNF3B responsible for the
inhibition of HBV transcription and replication.

Role of HBeAg in the inhibition of HBV replication by
HNF3p in mouse fibroblasts. It was previously observed that
HNF3 inhibition of nuclear hormone receptor-mediated HBV

presence of ectopically expressed truncated HNF3B polypeptides are
indicated. The amino acids of the HNF3B polypeptides are indicated
below the graph. The transcriptional activities are reported relative to
those of the CpLUC and PS1pLUC constructs in the absence of
HNF3p expression (—), with a relative activity set at 1.0. The internal
control used to correct for transfection efficiencies was pCMVp. The
mean luciferase activities plus standard deviations (indicated by the
error bars) from three independent analyses are shown.
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FIG. 4. Modulation of RXRa-PPARa-dependent HBV transcrip-
tion and replication by truncated HNF3B polypeptides. Mouse NIH
3T3 fibroblasts were transiently transfected with the HBV DNA (4.1-
kbp) construct (lanes 1 to 10) plus the RXRa-PPARa expression
vector (lanes 2 to 10) and the HNF3p3 expression vectors (lanes 3 to
10). (A) RNA (Northern) filter hybridization analysis of HBV tran-
scripts. The glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
transcript was used as an internal control for RNA loading per lane.
(B) DNA (Southern) filter hybridization analysis of HBV replication
intermediates. HBV RC DNA, HBV relaxed circular DNA; HBV SS
DNA, HBV single-stranded DNA. The amino acids of the HNF3p3
polypeptides in panels A and B are shown below the gel in panel B.
(C) Quantitative analysis of the 3.5-kb HBV RNA and HBV DNA
replication intermediates. The levels of the 3.5-kb HBV RNA and
HBV DNA replication intermediates (HBV DNA RI) are reported
relative to those of the HBV DNA (4.1-kbp) construct in the presence
of RXRa-PPARa expression (lane 2), which are set at 1.0. All-trans
retinoic acid and clofibric acid at 1 pM and 1 mM, respectively, were
used to activate the nuclear hormone receptors RXRa and PPARa.
The mean RNA and DNA levels plus standard deviations (indicated by
the error bars) from two independent analyses are shown. The amino
acids of the HNF3p polypeptides are shown below the graph.

replication in mouse NIH 3T3 fibroblasts was associated with a
greater decrease in the pregenomic RNA than in the precore
RNA (44). This results in a modest increase in the precore
RNA/pregenomic RNA ratio (Fig. 5). The effect of the trun-
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FIG. 5. Effects of truncated HNF3@ polypeptides on the relative
levels of precore and pregenomic RNA synthesis. Mouse NIH 3T3
fibroblasts were transiently transfected with the HBV DNA (4.1-kbp)
construct (lanes 1 to 19), the HNF4 expression vector (lanes 2 to 10),
the RXRa-PPARa expression vectors (RXRa/PPARa) (lanes 11 to
19), and the truncated HNF3 expression vectors (lanes 3 to 10 and 12
to 19) as indicated. The amino acids of the truncated HNF38 expres-
sion vectors are shown below the gel. (A) 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 3’ ends of all the
HBYV RNAs that terminated at the HBV polyadenylation site. A ribo-
probe detecting the ribosomal gene L32 transcripts was included as an
internal control. (B) Quantitative analysis of the 3.5-kb HBV precore
(PC) and core (C) RNA levels. The levels of the 3.5-kb HBV PC and
C RNAs are reported relative to those of the C RNA transcribed from
the HBV DNA (4.1-kbp) construct in the presence of HNF4 expres-
sion (lane 2), which are set at 1.0. The quantitative analyses of lanes 2
to 19 in panel A are shown.

cated HNF3p polypeptides on the relative abundance of the
precore and pregenomic RNAs was examined (Fig. 5). It ap-
pears that the truncated HNF3p polypeptides lacking the car-
boxyl-terminal transcriptional activation domain also inhibited
the synthesis of the pregenomic RNA to a greater extent than
that of the precore RNA (Fig. 5, lanes 4 to 7 and 13 to 16)
although possibly to a lesser extent than the full-length HNF38
polypeptide (Fig. 5, lanes 3 and 12). In contrast, the relative
abundance of the precore and pregenomic RNAs observed in
the absence of HNF3pB (Fig. 5, lanes 2 and 11) was similar to
that observed in mouse fibroblasts transfected with the trun-
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cated HNF3p polypeptides lacking the complete amino-termi-
nal transcriptional activation domain (Fig. 5, lanes 9 and 10
and lanes 18 and 19). Therefore, it appears that HNF3p
polypeptides that efficiently inhibit HBV replication also pref-
erentially decrease the level of pregenomic RNA relative to
the precore RNA (Fig. 5B). Under these circumstances, it
appears that the reduction in the level of viral replication is
somewhat greater than the reduction in pregenomic RNA syn-
thesis (Fig. 3 to 5). This indirect evidence tentatively suggested
that the translation product of the precore RNA, the HBeAg
polypeptide, might contribute to the inhibition of viral repli-
cation. This possibility is supported by previous observations
suggesting that HBeAg can inhibit HBV replication (5, 16, 40).

The possibility that HBeAg expression might contribute to
the inhibition of viral replication by HNF3B in mouse fibro-
blasts was investigated directly (Fig. 6). Two replication-com-
petent viral constructs, HBV DNA (4.1-kbp) Elmut and
E2mut, were examined to determine if HNF3 can inhibit viral
replication in the absence of HBeAg synthesis. It was observed
that HBeAg synthesis does not appear to inhibit HNF4-medi-
ated (Fig. 6A, lanes 2, 7, and 12) or RXRa-PPARa-mediated
viral replication (Fig. 6A, lanes 4, 9, and 14). However, it is
apparent that HNF3B inhibits HNF4- and RXRa-PPARa-
mediated wild-type viral replication approximately 8- and 16-
fold, respectively (Fig. 6A, lanes 2 to 5). In contrast, HNF3p
inhibits HNF4- and RXRa-PPARa-mediated viral replication
approximately three- and fourfold, respectively, from the HBV
DNA (4.1-kbp) Elmut construct that cannot express HBeAg
(Fig. 6A, lanes 7 to 10). HNF3p also inhibits HNF4- and
RXRa-PPARa-mediated viral replication approximately
three- and fourfold, respectively, from the HBV DNA (4.1-
kbp) E2mut construct that also cannot express HBeAg (Fig.
6A, lanes 12 to 15). In contrast to the different effects of
HNF3R on viral replication, HNF3 reduced 3.5-kb RNA syn-
thesis from the wild-type and HBeAg-minus viral genomes to
similar extents (Fig. 6). Therefore, it is appears that HNF3p
inhibits viral replication from the wild-type viral genome partly
by an HBeAg-dependent mechanism. This presumably occurs
because HNF3B decreases the level of the HBeAg-encoding
precore RNA less than the core polypeptide-encoding pre-
genomic RNA. Consequently, it appears that HBeAg can in-
hibit viral replication efficiently only when the pregenomic
RNA level is low relative to the precore RNA, as HBeAg does
not appear to affect viral replication in the absence of HNF33
(Fig. 6A, lanes 2, 4, 7, 9, 12, and 14). However, HNF38 can
inhibit viral replication from constructs that cannot express
HBeAg. This indicates that HNF3p also inhibits viral replica-
tion by directly reducing the level of pregenomic RNA in
addition to altering the relative level of HBeAg expression
(Fig. 6).

HNF3@ inhibits HBV pregenomic RNA synthesis from a
heterologous promoter in mouse fibroblasts. Nuclear hormone
receptor-mediated HBV pregenomic RNA synthesis regulated
by the nucleocapsid promoter is inhibited by HNF3B in mouse
NIH 3T3 fibroblasts (Fig. 5 and 6). In contrast, HNF3 acti-
vates transcription from the nucleocapsid promoter when the
transcript encodes the luciferase gene (Fig. 3D). This suggests
that HBV regulatory elements present within the transcribed
region of the HBV DNA (4.1-kbp) construct might be involved
in inhibiting the synthesis of the pregenomic RNA. The obser-
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FIG. 6. Transcription and replication of wild-type and HBeAg-mi-
nus HBV DNA (4.1-kbp) constructs in mouse NIH 3T3 fibroblasts.
Cells were transiently transfected with the wild-type (wt) HBV DNA
(4.1-kbp) construct (lanes 1 to 5) and the HBeAg-minus HBV DNA
(4.1-kbp) constructs (E1 [lanes 6 to 10] and E2 [lanes 11 to 15]) and
liver-enriched transcription factors as indicated. (A) RNA (Northern)
filter hybridization analysis of HBV transcripts. The glyceraldehyde
3-phosphate dehydrogenase (GAPDH) transcript was used as an in-
ternal control for RNA loading per lane. (B) 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 uM and 1
mM, respectively, were used to activate the nuclear hormone receptors
RXRa and PPARa. (C) Quantitative analysis of the 3.5-kb HBV RNA
and HBV DNA replication intermediates. The levels of the 3.5-kb
HBV RNA and HBV DNA replication intermediates (HBV DNA RI)
are reported relative to those of the HBV DNA (4.1-kbp) construct in
the presence of HNF4 expression (lane 2), which are set at 1.0. The
mean RNA and DNA levels plus standard deviations (indicated by the
error bars) from two independent analyses are shown.

vations that HNF3 recognition sequences are present in all the
HBYV promoters and transcription of the pregenomic RNA
requires that RNA synthesis transverses these regulatory re-
gions suggest HNF33 might inhibit pregenomic RNA synthesis
by interfering with pregenomic RNA elongation. If this were
the case, the nature of the promoter directing the expression of
the pregenomic RNA should not influence the ability of
HNF3p to inhibit pregenomic RNA synthesis and HBV repli-
cation. The pPCMVHBVayw construct directs the expression of
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FIG. 7. HNF3g inhibits HBV pregenomic RNA synthesis and viral
replication from regulatory elements downstream from the nucleocap-
sid promoter in the mouse NIH 3T3 fibroblasts. Cells were transiently
transfected with the pCMVHBYV DNA construct (lanes 1 to 7) and
liver-enriched transcription factors (lanes 2 to 7) as indicated.
(A) 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. (B) DNA
(Southern) filter hybridization analysis of HBV replication intermedi-
ates. HBV RC DNA, HBYV relaxed circular DNA; HBV SS DNA,
HBYV single-stranded DNA. All-trans retinoic acid and clofibric acid at
1 uM and 1 mM, respectively, were used to activate the nuclear
hormone receptors RXRa and PPARa. (C) Quantitative analysis of
the 3.5-kb HBV RNA and DNA replication intermediates. The levels
of the 3.5-kb HBV RNA and HBV DNA replication intermediates
(HBV DNA RI) are reported relative to those of the pPCMVHBV
DNA construct in the absence of ectopic transcription factor expres-
sion (lane 1), which are set at 1.0. The mean RNA and DNA levels plus
standard deviations (indicated by the error bars) from three indepen-
dent analyses are shown.

the pregenomic RNA from the CMV immediate-early pro-
moter. Viral replication occurs from the pregenomic RNA
synthesized from this construct in the absence of nuclear hor-
mone receptors in mouse fibroblasts (Fig. 7A and B, lanes 1).
The ectopic expression of HNFla, HNF1B, HNF4, and
RXRa-PPARa does not inhibit viral transcription or replica-
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tion (Fig. 7, lanes 2, 3, 6, and 7). HNF4 and RXRa-PPARa
appear to modestly enhance viral transcription and replication
from the pCMVHBVayw construct. In contrast, HNF3« and
HNF38 inhibit viral transcription and replication approxi-
mately fourfold. HNF3 does not directly affect the activity of
the CMV immediate-early promoter (H. Tang and A.
McLachlan, unpublished data). These observations suggest
that HNF3 may inhibit pregenomic RNA synthesis from a
regulatory sequence element, probably a HNF3 recognition
sequence, located downstream from the transcription initiation
site of the pregenomic RNA. This appears to represent a new
level of transcriptional regulation that may ensure that tran-
scription from the HBV promoters is coordinately regulated so
that appropriate levels of viral products are synthesized to
support efficient viral biosynthesis.

DISCUSSION

HBYV replication is restricted to hepatocytes partly because
pregenomic RNA synthesis is regulated by liver-enriched tran-
scription factors (44). Transcriptional regulation of HBV by
the nuclear hormone receptors HNF4 and RXRa plus PPARa
is a critical determinant in restricting viral replication to the
liver (44). However, additional liver-enriched transcription fac-
tors can modulate nuclear hormone receptor-mediated HBV
transcription and replication in mouse fibroblasts. HNF3 neg-
atively regulates viral transcription and replication in this sys-
tem (44). This observation was unexpected, as HNF3 has been
demonstrated to activate transcription from the nucleocapsid
promoter in reporter gene analysis (20, 24, 37). Therefore, it
appeared that in the context of viral replication, HNF3 was
affecting viral 3.5-kb RNA transcription from HBV regulatory
elements located within the transcribed region of pregenomic
RNA.

The mechanism of action of HNF33 on HBV transcription
and replication was investigated in mouse fibroblasts using
both viral replication and reporter gene analyses. In both cases,
it was shown that the amino-terminal transcriptional activation
domain of HNF3 (32, 33) was responsible for inhibiting HBV
replication in the viral replication analysis and for activating
transcription from the nucleocapsid promoter in the reporter
gene analysis (Fig. 3 and 4). These results suggested the inhi-
bition of viral replication is mediated by the activation of tran-
scription from one or more of the HBV promoters.

Previously, it had been suggested that HNF3p preferentially
inhibited the transcription of the pregenomic RNA compared
with that of precore RNA (44). This observation was con-
firmed and shown to be dependent on the presence of the
amino-terminal transcriptional activation domain in the
HNF3p polypeptide (Fig. 5). This suggested that HNF3p in-
fluences the selection of the transcription initiation site from
the nucleocapsid promoter, and consequently, the level of the
HBeAg-encoding precore RNA is reduced less than the core
polypeptide-encoding pregenomic RNA. The fact that the de-
crease in viral replication due to HNF33 expression is larger
than expected for the reduction in pregenomic RNA suggested
that the higher relative level of HBeAg synthesis compared
with that of the core polypeptide might contribute to the
HNF3B-mediate inhibition of viral replication. HBeAg has
been shown to inhibit HBV replication in a variety of systems
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(5, 16, 40). This possibility was investigated by examining the
ability of HNF3p to inhibit viral replication from mutated
HBV genomic DNA templates that were not capable of ex-
pressing HBeAg (Fig. 6). Under these circumstances, HNF38
inhibited HBV replication but to a considerably lesser extent
than from a template that encoded the HBeAg polypeptide.
This analysis indicated that HBeAg contributes to the inhibi-
tion of viral replication in mouse fibroblasts under certain
circumstances. HNF3B mediates the inhibition of viral repli-
cation partly by decreasing the level of precore RNA less than
that of the pregenomic RNA and consequently decreasing the
level of HBeAg less than that of the core polypeptide. If the
HBeAg polypeptide can inhibit replication-competent capsid
assembly from occurring as has been suggested (40), a greater
decrease in core polypeptide synthesis than that in HBeAg
synthesis could result in a larger than expected decrease in
viral biosynthesis. However, alterations in the relative levels of
the precore and pregenomic RNAs can account for only part of
the HNF3B-mediated inhibition of nuclear hormone receptor-
mediated viral replication.

It is apparent that HNF3B directly inhibits the level of the
pregenomic RNA. This effect is not dependent of the nature of
the promoter that is directing the expression of the pregenomic
RNA (Fig. 7). When the CMV immediate-early promoter is
used to direct the expression of the HBV pregenomic RNA,
HNF3a and HNF3 reduced both the levels of this transcript
and viral replication. This demonstrated that HNF3 inhibits
HBYV transcription and replication from regulatory elements
located within the pregenomic RNA transcription unit. As the
amino-terminal transcriptional activation domain is required
to inhibit pregenomic RNA synthesis and viral replication,
these observations suggest that HNF3@ inhibits pregenomic
RNA synthesis by promoting transcription from a downstream
HBYV promoter such as the large surface antigen, major surface
antigen, or the X-gene promoters. As the 2.1-kb HBV RNA
level is reduced by HNF3p expression (Fig. 3, 4, 6 and 7), it is
unlikely that the reduction in 3.5-kb HBV RNA synthesis re-
sults from HNF3-mediated transcription from the major sur-
face antigen promoter. However, it suggests that the formation
of a transcriptionally active preinitiation complex containing
HNEF3 at one of the other HBV promoters downstream from
the nucleocapsid promoter may restrict the efficiency of elon-
gation of the pregenomic RNA through this region of the viral
genome. This would reduce the level of the pregenomic RNA
and inhibit viral replication. This is regulation of viral replica-
tion by transcriptional interference and represents an addi-
tional novel level of regulation of HBV replication.

Although less direct, the possibility that HNF3 might acti-
vate the transcription of cellular gene(s) that may selectively
increase the rate of turnover of the HBV transcripts cannot be
excluded. This possibility would also result in a reduction in
pregenomic RNA abundance and the inhibition of viral repli-
cation. Additional studies will be required to define the de-
tailed steps mediated by HNF3 that control the steady-state
level of the HBV pregenomic RNA. A role for the X-gene
product in the inhibition of viral replication by HNF3 can be
excluded, as viral genomes that do not encode this polypeptide
are susceptible to HNF3-mediated inhibition of HBV DNA
synthesis (Tang and McLachlan, unpublished).

J. VIROL.
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