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Synthesis of the pre-C and pregenomic RNAs of human hepatitis B virus (HBV) is directed by two
overlapping yet separate promoters (X. Yu and J. E. Mertz, J. Virol. 70:8719–8726, 1996). Previously, we
reported the identification of a binding site for the nuclear receptor hepatocyte nuclear factor 4 (HNF4)
spanning the TATA box-like sequence of the pre-C promoter. This HNF4-binding site consists of an imperfect
direct repeat of the consensus half-site sequence 5*-AGGTCA-3* separated by one nucleotide; i.e., it is a DR1
hormone response element (HRE). We show here that other receptors, including chicken ovalbumin upstream
promoter transcription factor 1 (COUP-TF1), human testicular receptor 2 (TR2), and peroxisome proliferator-
activated receptors (PPARs) as heterodimers with retinoid X receptors (RXRs), can also specifically bind this
DR1 HRE. Synthesis of the pre-C and pregenomic RNAs was affected both in transfected hepatoma cells and
in a cell-free transcription system by the binding of factors to this DR1 HRE. Interestingly, whereas some
members of the hormone receptor superfamily differentially repressed synthesis of the pre-C RNA (e.g., HNF4
and TR2) or activated synthesis of the pregenomic RNA (e.g., PPARg-RXRa), other members (e.g., COUP-
TF1) coordinately repressed synthesis of both the pre-C and pregenomic RNAs. Thus, HBV likely regulates its
expression and replication in part via this DR1 HRE. These findings indicate that appropriate ligands to
nuclear receptors may be useful in the treatment of HBV infection.

Human hepatitis B virus (HBV) is a small DNA virus with a
marked hepatotropism. Its 3.2-kb DNA genome contains four
overlapping open reading frames which encode the surface
antigen proteins (large S, middle S, and major S), core antigen
proteins (precore and C), reverse transcriptase (P), and X
protein. Replication of the HBV genome occurs through an
RNA intermediate. The longer than genome-size pregenomic
RNA is encapsidated along with P protein into core particles.
During maturation of the core particles, the pregenomic RNA
is reverse transcribed and converted into partially double
stranded DNA. The mature core particles acquire an envelope
containing lipid and surface antigen proteins while budding
into the endoplasmic reticulum. HBV virion particles are
transported by a vesicle transport pathway and secreted from
the cells. The coordinate expression of the genes of HBV is
achieved by regulation of HBV’s promoters through two en-
hancer regions and other cis-acting promoter elements (Fig. 1)
(reviewed in references 14 and 15).

Patients chronically infected with HBV are at high risk for
developing hepatocellular carcinoma (HCC). The incidence of
HCC in HBV-infected individuals is severalfold higher in
males than in females (1, 46). This fact has been attributed to
hormones playing general roles in the development of HCC.
However, hormones may also play important roles in hepato-
carcinogenesis through their direct involvement in the regula-
tion of expression of the HBV genome in HBV-infected indi-
viduals. Tur-Kaspa et al. (50, 51) identified a glucocorticoid
response element situated upstream of the enhancer I region
of the HBV genome. Recently, several additional hormone
response elements (HRE) have been identified in the HBV
genome (Fig. 1) (16, 18, 21, 22, 40, 55).

HREs function via the binding of members of the nuclear

receptor superfamily (34, 35). Frequently, different nuclear
receptors can compete for binding to the same HRE (48). For
example, the nuclear receptors hepatocyte nuclear factor 4
(HNF4), retinoid X receptor a (RXRa), chicken ovalbumin
upstream promoter transcription factor 1 (COUP-TF1), and
peroxisome proliferator-activated receptor a (PPARa) can all
bind to the same recently identified HRE in HBV enhancer I
(named the GB element). However, they have distinct effects
on enhancer I activity in hepatoma cell lines: whereas HNF4,
RXRa, and PPARa-RXRa heterodimers activate transcrip-
tion from a promoter-reporter construct linked to the GB
element, COUP-TF1 represses transcription from this same
promoter construct (16, 21, 22, 40). Thus, the activities of
HBV’s promoters are likely modulated in part through the
binding of different nuclear receptors to HREs.

We previously reported that synthesis of the pre-C and pre-
genomic RNAs is regulated by two separate promoters (Fig.
1). We showed that expression of these two promoters can be
differentially regulated by ubiquitous (e.g., Sp1) and liver-
enriched (e.g., HNF4) transcription factors and identified a
novel HNF4-binding site, called the DR1 HRE, spanning the
TATA box-like sequence of the pre-C promoter (55). We
report here the identification of additional nuclear receptors
that can bind this HRE and the effects of their binding on
synthesis of the pre-C and pregenomic RNAs.

MATERIALS AND METHODS

Plasmids and oligonucleotides. Plasmid pWT contains nucleotides (nt) 1403 to
1991 of the HBV genome (subtype adr) cloned into the BamHI site of plasmid
pGL2 (Promega). Plasmid pMinser is a derivative of pWT containing a 15-bp
insertion between HBV nt 1789 and 1790 (Fig. 1). Construction of pWT and
pMinser was reported previously (55). Plasmid pDR12, which contains two
G-to-C point mutations in the DR1 HRE (Fig. 1), was derived from pWT by
PCR-based mutagenesis (4). Plasmids pCOUP-TF1 and pRSV-COUP-TF1 (9)
(gifts from M.-J. Tsai), encoding human COUP-TF1, were used for synthesis of
recombinant COUP-TF1 by cell-free transcription and translation and in tran-
sient transfection, respectively. Plasmid pSG5-TR2 (30) (a gift from C. Chang)
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was used for synthesis of human testicular receptor 2 (TR2). Plasmid pT7-
PPARa (6) (a gift from D. Moore) was used for synthesis of recombinant
PPARa. Plasmids pSGhRXRa (31) and pSV-SPORT-PPARg2 (47) (gifts from
P. Chambon and M. Spiegelman, respectively) were used for synthesis of recom-
binant RXRa and PPARg both in vitro and in transiently transfected cells.
Plasmid pCDMHNF4 encodes recombinant rat HNF4 and has been described
previously (55). Plasmid pEQ176 encodes b-galactosidase (b-Gal) (43).

Synthetic oligonucleotides (Integrated DNA Technologies, Inc.) were an-
nealed and gel purified before radiolabeling or use as unlabeled competitors.
The double-stranded oligonucleotide DR1 is a 25-mer (HBV nt 1751 to 1775)
containing the DR1 HRE; the double-stranded oligonucleotide DR12 is the
same as DR1 except for two G-to-C point mutations (Fig. 1). The double-
stranded oligonucleotide SV40 155, corresponding to the 155 region of the
simian virus 40 (SV40) major late promoter, is a 22-mer (59-GTTAAGGTTCG
TAGGTCATGGA-39) which contains an imperfect DR2 HRE (57).

GMSAs. Gel mobility shift assays (GMSAs) and immunoshift assays were
performed as described previously (52, 57, 58). The recombinant proteins
COUP-TF1, TR2, RXRa, PPARa, and PPARg were synthesized in a coupled
transcription-translation rabbit reticulocyte lysate system (Promega). Recombi-
nant HNF4, a gift from T. Gulick and D. Moore, was synthesized in HeLa cells
infected with a recombinant vaccinia virus encoding HNF4; extract prepared
from HeLa cells infected with wild-type (WT) vaccinia virus served as a control.
Nuclear extracts of HeLa, HepG2, and Huh7 cells were prepared as described
previously (10, 53). Polyclonal antisera against COUP-TF1 and HNF4 were
prepared by injection of rabbits with Escherichia coli-synthesized glutathione
S-transferase–COUP-TF1 and glutathione S-transferase–HNF4 fusion proteins,
respectively.

Competition GMSAs were performed as described previously (52), with ra-
diolabeled DR1 oligonucleotide as the probe, recombinant receptor proteins,
and unlabeled double-stranded oligonucleotides used as competitors. ENHI is a
33-mer (59-GATCACAGTACATGAACCTTTACCCCGTTGCTC-39) contain-
ing the HRE in HBV enhancer I. ENHII is a 30-mer (59-TACATAAGAGGA
CTCTTGGACTCGCAGCAA-39) containing the HNF4-binding site in en-
hancer II.

Cell-free transcription assays. Cell-free transcription reactions were per-
formed with 25 to 100 ng of supercoiled plasmid DNA as template per 25-ml
reaction as described previously (55). The relative quantities and locations of the
59 ends of the resulting RNA products were determined by primer extension
analysis as described previously with a 59-end-labeled primer corresponding to
HBV nt 1953 to 1931 (55). For the titration of nuclear receptors, double-
stranded oligonucleotide DR1 or DR12 was incubated with the reaction mixture
at 30°C for 30 min prior to the addition of the template DNA. The relative
amounts of the pre-C and pregenomic RNAs were determined by quantitation of
primer extension products resolved by polyacrylamide gel electrophoresis and
detected with a PhosphorImager (Molecular Dynamics).

Transient transfection assays. Transient transfection of Huh7 and HepG2
cells was carried out by the calcium phosphate coprecipitation method as de-
scribed previously (55). Each 100-mm-diameter dish of cells was transfected with
a total of 25 mg of plasmid DNA. Plasmid pEQ176, encoding b-Gal, was included
in each transfection mixture as an internal control (1.5 mg per 100-mm-diameter
dish). Cells were incubated in a 1:1 mixture of F12 medium and Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum. For cotransfection
experiments with plasmids encoding RXRa and PPARg, 10% charcoal-stripped
fetal bovine serum (38) was used. Forty-eight hours posttransfection, nucleic
acids were isolated from Huh7 cells with sodium dodecyl sulfate-EDTA (55) and
from HepG2 cells by extraction with acid guanidinium thiocyanate-phenol-chlo-
roform (8). Total cellular mRNA was purified by selection with oligo(dT). The

relative quantities and locations of the 59 ends of the mRNAs were also deter-
mined by primer extension as described above.

RESULTS

Identification of nuclear receptors that bind to the HBV
DR1 HRE. To look for members of the nuclear receptor su-
perfamily that bind the HBV DR1 HRE, GMSAs were per-
formed with a synthetic, radiolabeled, 25-bp oligonucleotide
corresponding to the sequences surrounding the HBV DR1
HRE as the probe (Fig. 1) and a variety of recombinant nu-
clear receptor proteins. As expected (55), recombinant HNF4
protein specifically bound to the DR1 oligonucleotide (Fig. 2A,
lane 2). Approximately 80% of the HNF4-DNA complex was
eliminated when a 30-fold molar excess of unlabeled DR1
oligonucleotide was included in the binding reaction but not
when an equal amount of a variant of this oligonucleotide,
mutant DR12, was included (Fig. 2A, lane 2 versus lanes 3 and
4). Moreover, the mobility of the HNF4 protein-DNA complex
was altered by incubation with an HNF4-specific polyclonal
antiserum (Fig. 2A, lane 8). These data confirm the sequence
specificity of the binding of HNF4 to the DR1 HRE.

Similar experiments were performed with recombinant
COUP-TF1 and a COUP-TF1-specific antiserum. As with
HNF4, recombinant COUP-TF1 specifically bound the DR1
oligonucleotide (Fig. 2B, lanes 2 to 4), and the mobility of the
protein-DNA complex shifted following incubation with the
COUP-TF1-specific polyclonal antiserum (Fig. 2B, lane 7).
Therefore, COUP-TF1 also binds the DR1 HRE in a se-
quence-specific manner.

Recombinant TR2 was also found to bind specifically to the
DR1 oligonucleotide (Fig. 2C, lane 2). Whereas unlabeled
DR1 oligonucleotide competed efficiently for binding, the
DR12 oligonucleotide did not (Fig. 2C, lane 3 versus lane 4).
A double-stranded oligonucleotide corresponding to the 155
site of the SV40 major late promoter, a region known to bind
specifically to TR2 (30, 57), also efficiently competed with the
radiolabeled DR1 probe for binding TR2 (Fig. 2C, lane 5).

PPARa and PPARg are known to bind DR1s when het-
erodimerized with RXRs (34). As expected, we found that
both PPARa and PPARg, when present together with RXRa,
bound the HBV DR1 HRE (Fig. 2D, lanes 5 and 8). On the
other hand, neither PPARa, PPARg, nor RXRa bound by
itself (Fig. 2D, lanes 2 to 4). Thus, the observed protein-DNA
complexes contained PPAR-RXR heterodimers. The amounts
of the receptor-DNA complexes were reduced by approxi-

FIG. 1. Schematic diagram of the HBV pre-C and pregenomic promoters and their locations within the HBV genome. Portions of the P, S, pre-C, C, and X open
reading frames are indicated by open rectangular boxes. Enhancers (ENH) I and II are indicated by hatched rectangular boxes. The HREs and glucocorticoid response
element (GRE) are indicated by small shaded squares. The nucleotide sequence of the pre-C/pregenomic promoter region is shown. The horizontal arrows indicate
the locations of the 59 ends of the pre-C and pregenomic RNAs. The TATA box-like sequences for the two promoters are underlined. The translation initiation codon
of the pre-C open reading frame is indicated by a box. The two half-sites of the DR1 HRE are also boxed, with the two G-to-C mutations in DR12 indicated by the
downward arrows. The location and sequence of the 15-bp insertion in mutant pMinser is indicated below the WT promoter sequence. The DR1 oligonucleotide used
in GMSAs and cell-free transcriptions is indicated by a bracket.
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mately 90% by the addition of a 30-fold molar excess of unla-
beled DR1 oligonucleotide but not of DR12 oligonucleotide
(Fig. 2D, lane 6 versus lane 7 and lane 9 versus lane 10).
Therefore, the HBV DR1 HRE can be bound specifically by
PPARa-RXRa and PPARg-RXRa heterodimers.

Competition GMSAs were conducted to compare the bind-
ing affinities of various nuclear receptors to oligonucleotides
containing the DR1, ENHI, and ENHII HREs of HBV. As
summarized in Table 1, the DR1 HRE is a strong binding site
for the nuclear receptors studied here. The affinities for this
site of COUP-TF1, the PPARs as heterodimers with the
RXRs, HNF4, and TR2 are much higher than they are for the
HRE in enhancer I. HNF4 was found to bind with similar high
affinities to the ENHII and DR1 HREs. Thus, the binding of
some of these receptors or related members of this superfamily
to the DR1 HRE is likely of physiological relevance.

Several other recombinant nuclear receptor proteins, includ-
ing human estrogen-related receptor a1 (24) and heterodimers
of retinoic acid receptor a (33), human thyroid receptor a (29),
and liver X receptor (54) with RXRa, were also tested by
GMSAs for their binding to the DR1 oligonucleotide. No
sequence-specific binding to the DR1 HRE was detected (56).
In summary, we conclude that the HBV DR1 HRE can be
bound sequence specifically and with high affinity by the nu-
clear receptors HNF4, COUP-TF1, TR2, PPARa-RXRa, and
PPARg-RXRa.

Binding to the HBV DR1 HRE of HNF4 and COUP-TF1
present in hepatoma cells. HBV normally replicates in the
liver, an organ known to be abundant for HNF4 (45) and to
contain COUP-TF1 (37). It also replicates in hepatoma cell
lines (44). To test for the presence of these nuclear receptors
in the human hepatoma cell lines HepG2 and Huh7, nuclear
extracts were prepared from them and the nonliver cell line
HeLa as a control. DNA-protein complexes were observed in
GMSAs performed with these extracts and radiolabeled DR1
probe (Fig. 3). Most of these complexes could be competed
away with unlabeled WT but not mutant DR1 oligonucleotide
(Fig. 3A, lanes 3 versus 4 and 9 versus 10; Fig. 3B, lane 3 versus

FIG. 2. Specific binding of nuclear receptors to the HBV DR1 HRE. (A) Autoradiogram of GMSA showing sequence-specific binding of recombinant HNF4 to
the 25-bp double-stranded DR1 HRE oligonucleotide indicated in Fig. 1. A 30-fold molar excess of unlabeled DR1 or DR12 oligonucleotide was included as competitor
in lane 3 or 4, respectively. Preimmune or HNF4-specific serum was included in lane 7 or 8, respectively. The position of the antibody-protein-DNA complex is indicated
by an asterisk. (B) Autoradiogram of GMSA showing sequence-specific binding of recombinant COUP-TF1 to the HBV DR1 HRE. The experiment was performed
as described for panel A except for the use of COUP-TF1 and a COUP-TF1-specific antiserum. Unlabeled DR1 oligonucleotide at 30- and 60-fold molar excesses was
included as a competitors in lanes 3 and 4. The position of the antibody-protein-DNA complex is indicated by an asterisk. (C) Autoradiogram of GMSA showing
sequence-specific binding of recombinant TR2. Included in lanes 3, 4, and 5 were 30-fold molar excesses of the competitor oligonucleotides DR1, DR12, and SV40
155, respectively. The latter oligonucleotide contains the previously identified TR2-binding site present within the SV40 major late promoter. (D) Autoradiogram of
GMSA showing that PPARa and PPARg bind to DR1 oligonucleotide as heterodimers with RXRa (lanes 5 and 8, respectively) but not as monomers or homodimers
(lanes 2 to 4). Included in lanes 6 and 9 and lanes 7 and 10 were 30-fold molar excesses of competitor oligonucleotides DR1 and DR12, respectively.

TABLE 1. Relative affinities of nuclear receptors for HBV HREs

Recombinant
receptor protein

Relative binding affinity of indicated binding
sitea

ENHI
HRE

ENHII
HRE

DR1
HRE

COUP-TF1 1 2 111
HNF4 1 111 111
TR2 1 2 11
PPARa-RXRa 1 2 11

a Determined by competition GMSAs as described in Materials and Methods.
2, no binding detected; 1, 11, and 111, binding with low, moderate, and high
affinity, respectively.

FIG. 3. Specific binding of nuclear receptors in nonliver and hepatoma cells
to the HBV DR1 HRE. (A) Autoradiogram showing GMSA with HeLa and
Huh7 nuclear extracts and radiolabeled DR1 oligonucleotide. For competition
GMSAs, a 30-fold molar excess of unlabeled DR1 or DR12 oligonucleotide was
included as the competitor in lanes 3, 4, 9, and 10 as indicated. For immunoshift
assays, preimmune, COUP-TF1-specific or HNF4-specific serum was included in
lanes 5 to 7 and 11 to 13 as indicated. The positions of the antibody-protein-DNA
complexes are indicated by asterisks to the immediate right in lanes 6, 12, and 13.
(B) Autoradiogram showing GMSA with HepG2 nuclear extract and DR1 oli-
gonucleotide. Competition GMSAs and immunoshift assays were performed as
described above. The positions of the antibody-protein-DNA complexes are
indicated by asterisks adjacent to lanes 6 and 7.
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4). Thus, these complexes are probably specific to the DR1
HRE.

Two or three major complexes were observed with the HeLa
nuclear extract (Fig. 3A, lane 2). Approximately 60% of the
predominant DNA-protein complex formed on the DR1 probe
was eliminated or altered in mobility by incubation with a
COUP-TF1-specific antiserum (Fig. 3A, lane 6). Therefore,
one of the major proteins present in HeLa cells that can bind
the DR1 HRE is COUP-TF1. On the other hand, incubation
with an HNF4-specific antiserum had little, if any, effect (Fig.
3A, lane 7). We also failed to detect HNF4 protein in HeLa
cell nuclear extract by immunoblotting (56). Therefore, as ex-
pected, HeLa cells are abundant in the ubiquitous receptor
COUP-TF1 but deficient in the liver-enriched receptor HNF4.

Immunoshift assays were also performed with nuclear ex-
tract prepared from Huh7 cells. Approximately 80% of one of
the bands in the GMSA was eliminated or altered in mobility
by incubation with the COUP-TF1-specific antiserum, indicat-
ing that it contained COUP-TF1 (Fig. 3A, lane 12). The
HNF4-specific antiserum immunoshifted approximately 20%
of the protein-DNA complex from the major band (Fig. 3A,
lane 13). Similar results were obtained with the HepG2 cell
nuclear extract (Fig. 3B). The protein-DNA complexes not
eliminated or altered in mobility by the COUP-TF1- and
HNF4-specific antisera probably included ones containing
other nuclear receptors such as the PPARs and RXRs (40).
Therefore, we conclude, as expected, that the nuclear recep-
tors COUP-TF1 and HNF4 are present in these hepatoma cell
lines and can specifically bind to the HBV DR1 HRE.

Repression of pre-C RNA synthesis. The effects on RNA
synthesis of the binding of nuclear receptors to the HBV DR1
HRE were examined with cell-free transcription systems de-
rived from nuclear extracts of HeLa and HepG2 cells. Whereas
synthesis of pregenomic RNAs was not significantly affected by
mutation of the DR1 HRE, synthesis of the pre-C RNAs
reproducibly increased three- to fivefold (Fig. 4A and B, lane
1 versus lane 4). Therefore, binding of nuclear receptors
present in these nuclear extracts to the DR1 HRE probably
represses transcription specifically from the pre-C promoter.

Since the DR1 HRE spans the TATA box-like sequence of
the pre-C promoter (55) (Fig. 1), an alternative hypothesis
consistent with these data is that the sequence alterations in
the DR12 mutant change the affinity of this basal element of
this promoter for a general transcription factor (e.g., TFIID).
To distinguish between these two hypotheses, we also per-
formed cell-free transcription assays in the presence of a 2,000-
fold molar excess of oligonucleotide DR1 or DR12. If the
difference in synthesis of the pre-C RNAs is due to binding of
nuclear receptors to the DR1 HRE, the presence of the WT
DR1 oligonucleotide would be expected to titrate them out of
the nuclear extracts, leading to derepression of the pre-C pro-
moter. On the other hand, the DR12 oligonucleotide, unable
to bind the nuclear receptors, would fail to do so. This is what
was found (Fig. 4A and B, lane 1 versus lanes 2 and 3). Addi-
tion of either oligonucleotide had no effect on synthesis of the
pre-C RNAs when plasmid pDR12 was used as the template
since the nuclear receptors were already unable to bind the
promoter efficiently (Fig. 4A and B, lanes 4 to 6). Therefore,
we conclude that repression of synthesis of pre-C RNA in the
cell-free transcription systems is due to binding of nuclear
receptors to the HBV DR1 HRE. However, since these ex-
tracts contain multiple nuclear receptors (Fig. 3), it is unclear
which ones are physiologically important in mediating this ob-
served effect.

To confirm the validity of this finding, similar experiments
were performed by transient transfection of various amounts of
WT and DR1 mutant plasmid DNA into the hepatoma cell
lines Huh7 and HepG2. When the plasmid DNAs were trans-
fected into either cell line at a low concentration (e.g., 1 mg of
plasmid DNA per 100-mm-diameter dish), the amount of the
pre-C RNA accumulated in the cells by 48 h posttransfection
with pWT was one-third to one-fourth of the amount accumu-
lated with pDR12 (Fig. 5, lane 5 versus lane 6 and lane 7 versus
lane 8). However, when the plasmid DNA concentration was

FIG. 4. Repression of pre-C RNA synthesis in cell-free transcription systems
directed by DR1 HRE-binding factor(s). Each reaction mixture contained 25 ng
of supercoiled pWT or pDR12 DNA and 8 ml of nuclear extract from HeLa (A)
or HepG2 (B) cells. A 2,000-fold molar excess of unlabeled, double-stranded
DR1 or DR12 oligonucleotide was included as the competitor where indicated.
The 59 ends of the resulting RNAs were determined by primer extension analysis.
Shown is an autoradiogram of the cDNA products electrophoresed in a 7 M
urea–8% polyacrylamide gel. The numbers at the bottom of this and subsequent
figures indicate the molar ratios of pre-C/pregenomic RNA present in each lane;
they were determined with a PhosphoImager and represent the means 6 stan-
dard error of the means from three experiments similar to the one shown in each
figure.

FIG. 5. Synthesis of pre-C RNA is repressed in transiently transfected hep-
atoma cells at low template concentrations. Huh7 (A) and HepG2 (B) cells were
transiently transfected with the indicated amounts of the indicated plasmid
DNAs. Forty-eight hours later, whole-cell mRNA was isolated. The 59 ends of
the pre-C and pregenomic RNAs were determined by primer extension, followed
by electrophoresis in a 7 M urea–8% polyacrylamide gel. One-third (A, lanes 1
to 4) or two-thirds (A, lanes 5 and 6; B, lanes 1 and 2) of the RNA from a
100-mm-diameter dish of cells was used in each primer extension reaction.
Shown are the resulting autoradiograms. Concurrent analysis of b-Gal synthe-
sized from the cotransfected plasmid pEQ176 served as an internal control.
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higher (e.g., 20 mg of plasmid DNA per 100-mm-diameter
dish), the effect of the mutation on accumulation of the pre-C
RNA was significantly diminished (Fig. 5, lanes 1 and 2).
Therefore, we conclude that sequence-specific repression of
the pre-C promoter by nuclear receptors can also be observed
in transiently transfected hepatoma cells when the template
copy number is low—i.e., under conditions in which most DR1
HRE sites are likely bound by nuclear receptors.

Selective repression of pre-C RNA synthesis by HNF4 and
TR2. To investigate the effects of individual members of the
nuclear receptor superfamily on synthesis of the pre-C and
pregenomic RNAs, Huh7 cells were cotransfected with tem-
plate DNA and various concentrations of plasmids encoding
nuclear receptors. The presence of the HNF4-encoding plas-
mid inhibited synthesis of the pre-C RNA approximately four-
fold and slightly activated synthesis of the pregenomic RNA
(Fig. 6A, lanes 1 to 4). On the other hand, overexpression of
HNF4 had only a twofold effect on synthesis of the pre-C and
pregenomic RNAs when plasmid pDR12 was used as the tem-
plate DNA (Fig. 6A, lanes 5 to 8). The twofold change ob-
served in the pre-C/pregenomic RNA ratio with pDR12 when
HNF4 was overexpressed was likely due to the binding of
HNF4 to the DR1 HRE being reduced but not completely
eliminated by the DR12 mutations (56) or the binding of
HNF4 to the ENHII HRE resulting in activation of synthesis
of pregenomic RNA (18). A fivefold reduction in synthesis of
the pre-C RNA was observed when the TR2-encoding plasmid
pSG5-TR2 was cotransfected with the WT but not the mutant
template DNA (Fig. 6B, lanes 1 to 3 versus lanes 4 to 6,
respectively). Therefore, we conclude that overexpression of
the nuclear receptors HNF4 and TR2 in Huh7 cells can selec-
tively repress synthesis of the pre-C RNAs via binding of nu-
clear receptors to the HBV DR1 HRE.

Selective activation of pregenomic RNA synthesis by
PPARg-RXRa. A similar cotransfection experiment was per-

formed to investigate the effects of PPARg-RXRa on synthesis
of the pre-C and pregenomic RNAs in Huh7 and HepG2 cells.
In this case, the expression of PPARg plus RXRa led to
increased synthesis of the pregenomic RNA by approximately
three-fold in Huh7 cells (Fig. 7, lane 1 versus lane 2) and four-
to five-fold in HepG2 cells (Fig. 7, lane 5 versus lane 6). On the
other hand, overexpression of PPARg-RXRa had little, if any,
effect on synthesis of pre-C RNA. When plasmid pDR12 was
used as the template in the cotransfection experiments, no
significant activation of synthesis of pregenomic RNA was ob-
served (Fig. 7, lane 4 versus lane 3 and lane 8 versus lane 7).
Therefore, we conclude that expression of PPARg-RXRa can
selectively activate synthesis of the pregenomic RNA via bind-
ing of the heterodimer to the HBV DR1 HRE.

Repression of both pre-C and pregenomic RNA synthesis by
COUP-TF1. A similar cotransfection experiment was also per-
formed with a COUP-TF1-encoding plasmid. In this case,
overexpression of the nuclear receptor resulted in a 5- to 10-
fold reduction in synthesis of both the pre-C and pregenomic
RNAs from the WT template (Fig. 8A, lanes 1 to 4). This
COUP-TF1-mediated repression required binding to the DR1
HRE since no significant repression of RNA synthesis from
either promoter was observed when pDR12 was used as the
template (Fig. 8A, lanes 5 to 8). Therefore, as opposed to
HNF4, TR2, and PPAR-RXR, the binding of COUP-TF1 to
the DR1 HRE appears to coordinately affect transcription
from the pre-C and pregenomic promoters.

To confirm that the binding of COUP-TF1 is not simply
interfering with transcription initiated at these overlapping
promoters, we repeated this experiment with the template
pMinser, a variant of pWT containing a 15-bp insertion be-
tween the initiators of these two promoters. Synthesis of both
the pre-C and pregenomic RNAs was still repressed five- to
seven-fold by overexpression of COUP-TF1 (Fig. 8B, lanes 3 to
6). Therefore, we conclude that overexpression of COUP-TF1
in Huh7 cells coordinately represses synthesis of both the
pre-C and pregenomic RNAs via binding the DR1 HRE even
when the basal elements of the pregenomic promoter are not
overlapping those of the pre-C promoter.

FIG. 6. HNF4 and TR2 specifically repress synthesis of pre-C RNA in Huh7
cells. (A) Huh7 cells were cotransfected (5 mg per 100-mm-diameter dish) with
pWT (lanes 1 to 4) or pDR12 (lanes 5 to 8) as the template, the parental vector
plasmid pCDM8 (lanes 1 and 5), and the indicated amount of the HNF4-
encoding plasmid pCDMHNF4. Subsequently, the cells were incubated and their
mRNAs were harvested and analyzed as described for Fig. 5. One-third of a
100-mm-diameter dish of cells was used in each primer extension reaction. (B)
Huh7 cells were cotransfected with the template plasmid pWT (5 mg; lanes 1 to
3) or pDR12 (5 mg; lanes 4 to 6), the parental vector plasmid pSG5 (9 mg; lanes
1 and 4), and the indicated amounts of the TR2-encoding plasmid pSG5TR2 and
analyzed as described for panel A.

FIG. 7. PPARg-RXRa specifically activates synthesis of pregenomic RNA in
Huh7 and HepG2 cells. Cells were cotransfected with 6 mg per 100-mm-diameter
dish of pWT (lanes 1, 2, 5, and 6) or pDR12 (lanes 3, 4, 7, and 8) as template
DNA plus 2 mg of pSV-SPORT-PPARg2 and 0.5 mg of pSGhRXRa (lanes 2, 4,
6, and 8) or an equal amount of the parental plasmids (lanes 1, 3, 5, and 7). The
isolation and analysis of mRNAs were performed as described for Fig. 5. One-
third of a 100-mm-diameter dish of cells was used in each primer extension
reaction.
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Modulation by nuclear receptors in a cell-free transcription
system. To confirm the validity of our finding that the binding
of nuclear receptors to the DR1 HRE can affect transcription
from the pre-C and pregenomic promoters, we also performed
cell-free transcription assays in the presence of exogenous re-
combinant nuclear receptor proteins. As was observed with the
transfected cells, addition of recombinant COUP-TF1 to a
HeLa cell-derived cell-free transcription system resulted in a
coordinate 8- to 10-fold reduction in synthesis of both the
pre-C and pregenomic RNAs from the WT but not from the
DR1 HRE mutant template (Fig. 9, lanes 1 to 5). On the other
hand, addition of recombinant HNF4 to the cell-free transcrip-
tion system reduced synthesis primarily of the pre-C RNA (Fig.
9, lanes 6 to 8). These findings agree well with the ones ob-

tained with the transfected cells. In summary, we conclude that
overexpression of different nuclear receptors can exert distinct
effects on transcription from the pre-C and pregenomic pro-
moters via binding to the DR1 HRE.

DISCUSSION

We have shown here that a DR1 HRE present within the
pre-C and pregenomic promoters of HBV can be bound se-
quence specifically by several members of the nuclear receptor
superfamily including COUP-TF1, HNF4, TR2, PPARa-
RXRa, and PPARg-RXRa (Fig. 2). COUP-TF1 and HNF4,
as present in nuclear extracts made from hepatoma cells, were
also shown to bind the DR1 HRE (Fig. 3). These findings
suggest that these interactions likely can take place during
infection of liver cells by HBV. Analysis in both a cell-free
transcription system (Fig. 4) and transiently transfected cells
(Fig. 5) indicated that transcription from the pre-C promoter
of HBV can be repressed by the sequence-specific binding of
some members of the nuclear receptor superfamily to the DR1
HRE. This repression can be relieved by titration with com-
petitor DNA (Fig. 4) or high template copy number (Fig. 5).
Overexpression of specific nuclear receptors in transfected
Huh7 cells showed that whereas some receptors can specifi-
cally repress synthesis of pre-C RNA (e.g., HNF4 and TR2)
(Fig. 6) or activate synthesis of pregenomic RNA (e.g.,
PPARg-RXRa) (Fig. 7), others (e.g., COUP-TF1) can coor-
dinately repress synthesis of both the pre-C and pregenomic
RNAs (Fig. 8). These effects were dependent on the integrity
of the DR1 HRE (Fig. 6 to 8). Similar results were observed
with the addition of recombinant receptor protein to a cell-free
transcription system (Fig. 9). Therefore, we conclude that
members of the nuclear receptor superfamily can differentially
regulate transcription from the pre-C and pregenomic promot-
ers via interactions with the DR1 HRE.

Recently, Raney et al. (40) also reported their independent
identification of this DR1 HRE, its binding by HNF4 and
PPARa-RXRa, and the effects of these receptors on transcrip-
tion from the pre-C/pregenomic promoter region of HBV.
Their binding data are in excellent agreement with the data
reported here. Unfortunately, the two sets of transcription data
cannot be compared directly: (i) their use of a luciferase re-
porter did not enable them to distinguish between synthesis of
pre-C and pregenomic RNAs, and (ii) they performed their
experiments with the dedifferentiated hepatoma cell line
HepG2.1, which is distinct from the well-differentiated hepa-
toma cell lines HepG2 and Huh7 used in the studies reported
here (39).

DR1 HRE is highly conserved in the HBV genome. We
examined the sequences of the 29 independent human HBV
isolates currently present in the DNA database of the Genetics
Computer Group (Madison, Wis.). Nineteen of these isolates
contain the DR1 HRE sequence 59-AGGTTAAAGGTCT-39.
These 19 belong to the HBV subtypes adr, ayw, adw, and ayr.
Seven of the remaining known HBV isolates contain only one
clear half-site sequence, 59-AGGTTA-39 or 59-AGGTCT-39;
the other potential half-site contains two or three differences
from the consensus half-site sequence 59-AGGTCA-39. These
“mutated” DR1 HREs may still allow for weak binding by
nuclear receptors. In only 3 of the 29 isolates was the sequence
variation different to the point that nuclear receptors are not
likely to bind to them. Thus, it appears that the presence of the
DR1 HRE is highly conserved in nature.

An alternative explanation for why the sequence in this
region of the HBV genome is highly constrained is that it also
functions to encode the X protein (Fig. 1). It has been reported

FIG. 8. Overexpression of COUP-TF1 leads to specific repression of synthe-
sis of both the pre-C and pregenomic RNAs in Huh7 cells. (A) Huh7 cells were
cotransfected with pWT (5 mg; lanes 1 to 4) or pDR12 (5 mg; lanes 5 to 8) as the
template and the indicated amounts of pRSV-COUP-TF1 (lanes 2 to 4 and 6 to
8) or its parental vector pRSV0 (5 mg; lanes 1 and 5). The cells were incubated
and their mRNAs were analyzed as described for Fig. 6. (B) Huh7 cells were
cotransfected with pWT (5 mg; lanes 1 and 2) or pMinser (5 mg; lanes 3 to 6) and
the indicated amounts of pRSV-COUP-TF1 (lanes 2 and 4 to 6) or its parental
vector pRSV0 (5 mg; lanes 1 and 3).

FIG. 9. Effects of recombinant COUP-TF1 and HNF4 on synthesis of pre-C
and pregenomic RNAs in a cell-free transcription system. Each reaction mixture
of 25 ml contained 100 ng of the indicated DNA as template, 8 ml of HeLa cell
nuclear extract, and recombinant COUP-TF1 (lanes 2 and 5), unprogrammed
reticulocyte lysate (lane 3), recombinant HNF4 (lane 7), or lysate from WT
vaccinia virus-infected HeLa cells (lane 8). After incubation, the samples were
processed by phenol extraction and ethanol precipitation prior to primer exten-
sion analysis and polyacrylamide gel electrophoresis. The numbers at the bottom
are the pre-C/pregenomic RNA ratios from this experiment.
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that two regions of the amino acid sequence of the X protein
are highly conserved, and amino acid substitutions due to vari-
ations in the DR1 HRE sequence reduce dramatically the
activity of the X protein as a transactivator (41). The DR1
HRE also spans the TATA box-like sequence 59-TTAAA-39 of
the pre-C promoter (Fig. 1) (55), thus placing further con-
straint on this sequence. Nevertheless, even the three GC base
pairs within the DR1 HRE at nt 1759, 1765, and 1768 in which
alterations would not affect coding of the X protein or the
TATA box-like sequence of the pre-C promoter remain highly
conserved, with variations existing at one or more of these
positions in only seven of the isolates. Therefore, we conclude
that the DR1 HRE site is probably highly conserved in the
human HBV genome because the binding of nuclear receptors
is important for the life cycle of the virus (see also below).

DR1 HRE is a strong binding site for nuclear receptors
abundantly present in liver cells. We (Fig. 2) and others (40)
have identified several nuclear receptors that can specifically
bind DNA containing the DR1 HRE. Among these nuclear
receptors, COUP-TF1 is an orphan member that plays roles in
regulating embryonic development (37, 49). Immunoshift as-
says showed that COUP-TF1 is abundantly present in the hep-
atoma cell lines Huh7 and HepG2 as well as in HeLa cells (Fig.
3). Competition GMSAs showed that the affinity of COUP-
TF1 for the DR1 HRE is at least 10-fold higher than it is for
the previously identified HRE present in the enhancer I region
of the HBV genome (Table 1) (56). Transcription studies
showed that COUP-TF1 binding to this site coordinately reg-
ulates both promoters (Fig. 8 and 9). However, given our
finding that the DR1 HRE is involved in differential, not co-
ordinate, regulation of the pre-C and pregenomic promoters
(Fig. 4 and 5), the physiological significance, if any, of the
binding of COUP-TF1 to the DR1 HRE remains unclear.

HNF4 is a liver-enriched member of the nuclear receptor
superfamily whose ligand also remains unknown (45). It has
been shown to function as a transactivator of several liver-
specific promoters (5, 13, 19, 25, 27). Competition GMSAs
showed that the affinity of HNF4 for the DR1 HRE was similar
to its affinity for the previously reported HNF4-binding site in
enhancer II (18) and fivefold higher than its affinity for the
HRE in enhancer I (Table 1) (56). Although less abundant
than COUP-TF1 (Fig. 3), HNF4 is one member of the nuclear
receptor superfamily whose activities are consistent with its
playing physiological roles in regulation of HBV gene expres-
sion via the DR1 HRE (Fig. 4 and 5 versus Fig. 6A and 9).

TR2, another orphan member of the nuclear receptor su-
perfamily, is present in liver cells at approximately one-third of
its level in human testis (7). With only one other TR2-binding
site known to date (30, 57), we have not pursued further the
relevance of the binding of TR2 to the DR1 HRE beyond
noting its sequence-specific repression of pre-C RNA synthesis
(Fig. 6B).

We also showed here that PPARa and PPARg as het-
erodimers with RXRa, but not by themselves, can also bind the
DR1 HRE with high affinity (Fig. 2D; Table 1). The PPARs
are members of the nuclear receptor superfamily that play
important roles in adipogenesis and lipid metabolism (2, 23).
The effects on transcription of the binding of the receptors to
the DR1 HRE (Fig. 7) are also consistent with these receptors
playing physiological roles in regulating expression of HBV.

Which of these multiple nuclear receptors are actually of
physiological importance in the regulation of HBV gene ex-
pression via the DR1 HRE remains unknown. We speculate
that several members of this huge superfamily, including ones
yet to be identified, play roles by competing for binding to the
DR1 HRE. Which receptors bind and what effects they have

are likely dependent on numerous factors, including the phys-
iological state of the cell, the amount of HBV DNA present in
the cell and the presence or absence of the ligands to these
various relevant receptors.

Regulation of the pre-C promoter by nuclear receptors.
When either the DR1 HRE was mutated (Fig. 4, 6, 7, and 8) or
the template copy number was high (Fig. 5), the pre-C and
pregenomic RNAs were synthesized at similar levels. On the
other hand, pre-C RNA synthesis was repressed while pre-
genomic RNA synthesis was unaffected or activated when tran-
scription occurred from the WT template at low copy number
with the nuclear receptors present at their normal physiologi-
cal concentrations either in transiently transfected cells (Fig. 5)
or in the cell-free assay systems used here (Fig. 4). Likewise,
Farza et al. (11) have reported that pre-C and pregenomic
RNA levels are similar in most organs of HBV transgenic mice
except the liver, where the amount of pre-C RNA is low. The
pre-C RNA level is also low in the liver of HBV-infected
chimpanzees (11). Thus, HNF4 and other endogenous HNF4-
like receptors present in limited amounts are likely the physi-
ologically relevant players involved in regulation of the pre-C
and pregenomic promoters via this DR1 HRE rather than
abundant nuclear receptors such as COUP-TF1 (Fig. 3).

We directly demonstrated the involvement of HNF4 in re-
pression of transcription from the pre-C promoter by both
overexpression (Fig. 6A) and addition (Fig. 9) of HNF4 pro-
tein. Since this DR1 HRE site spans the TATA box-like se-
quence of this promoter, the mechanism of repression may
involve passive interference with the formation of functional
preinitiation complexes. However, the binding of PPARg-
RXRa to this site activates transcription from the pregenomic
promoter without affecting transcription from the pre-C pro-
moter (Fig. 7). Thus, the mechanism of repression by HNF4 is
probably an active one, e.g., one involving competition with
upstream-binding coactivators for binding to general transcrip-
tion factors.

Regulation of the pregenomic promoter by nuclear recep-
tors. The binding of PPARg-RXRa to the DR1 HRE leads to
differential activation of pregenomic RNA synthesis. Overex-
pression of PPARg and RXRa in transiently transfected Huh7
and HepG2 cells led to a three- to fivefold increase of synthesis
of pregenomic RNA (Fig. 7). Similar results were observed
when only PPARg was overexpressed but not when only
RXRa was overexpressed (56). This finding suggests that the
abundance of RXRa is likely high, while that of PPARg is
likely relatively low in the hepatoma cells used in this study.
Consistent with this suggestion is the fact that the level of
RXRa mRNA is much higher than that of PPARg mRNA in
mouse liver (47).

The natural ligand of PPARg, 15-deoxy-D12,14-prostaglandin
J2 (15d-PGJ2), has been recently identified and shown to play
a role in the activation of transcription from promoters con-
taining PPAR HREs (12, 26). The level of its precursor, D12-
PGJ2, is 2- to 10-fold higher in males than in females (20).
Possibly, this gender difference in the level of PGJ2 contributes
to the male’s higher incidence of persistent HBV infection,
liver cirrhosis, and HCC (1, 46). Thus, it will be of considerable
interest to determine the effects of 15d-PGJ2 and other ligands
of PPARg on the synthesis of the pre-C and pregenomic
RNAs.

As opposed to HNF4 and PPARg-RXRa, the binding of
COUP-TF1 was found to repress transcription from the pre-
genomic promoter (Fig. 8A; Fig. 9). Our finding that repres-
sion still occurred in the 15-bp insertion mutant pMinser (Fig.
8B) suggests that repression of the pregenomic promoter by
COUP-TF1 is an active process (32). In further support of this
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hypothesis is our finding that COUP-TF1 fails to repress either
pre-C or pregenomic RNA synthesis in transiently transfected
Huh7 cells when the upstream regulatory region (nt 1403 to
1729) is deleted (56).

Thus, we conclude that various liver-enriched members of
the nuclear receptor superfamily can differentially regulate the
pre-C and pregenomic promoters of HBV under the experi-
mental assay conditions used here. However, it remains to be
determined which receptors and ligands are truly the ones
responsible for regulation of these HBV promoters under
physiological conditions in vivo.

Effects of receptor binding on the life cycle of HBV. Pre-C
RNA encodes precore protein which is proteolytically cleaved
to yield e antigen. Thus, repression of pre-C RNA synthesis
should result in reduced synthesis of both the precore and e
proteins. The precore protein has been shown to inhibit HBV
replication both in the liver of transgenic mice (17) and in
transiently transfected hepatoma cells (28) by exerting a dom-
inant negative effect, probably at the level of nucleocapsid
particle maturation or stability. Thus, we speculate that repres-
sion of synthesis of pre-C RNA could be advantageous to the
virus early in infection because a low level of precore protein
in liver cells would enable viral DNA synthesis to occur effi-
ciently. HBV DNA synthesized in the nucleocapsids could then
enter the nucleus, thereby increasing the copy number of co-
valently closed circular DNA that can function as template for
further RNA synthesis. Once the template copy number in the
nucleus is sufficiently high, repression of the pre-C promoter
might diminish due to partial titration of nuclear receptors,
thereby leading to more efficient synthesis of pre-C RNA and
precore protein and regulated production of mature virion
particles. Low-level synthesis of e antigen early in infection
might also be important to the viral life cycle. In this case, it
might delay the onset of the host immune response against the
viral infection until after the infection has become established.

Synthesis of the pregenomic RNA is also a pivotal step in the
replicative cycle of HBV because it both encodes the proteins
C and P, which are essential for the formation of nucleocap-
sids, and serves as the template for viral DNA synthesis. Thus,
the pregenomic and pre-C RNAs exert opposite effects on viral
replication. Therefore, to maintain different levels of viral rep-
lication in acute and chronic HBV infections and in asymp-
tomatic HBV carriers, the virus must have mechanisms for the
temporal and differential regulation of synthesis of the pre-C
and pregenomic RNAs from these overlapping promoters. The
data presented here suggest that this regulation can be
achieved, at least in part, through interactions of various nu-
clear receptors with the DR1 HRE.

HBV variants with mutations in the DR1 HRE have been
isolated from patients with chronic and fulminant hepatitis B
(36, 42). These mutations, which alter both the DR1 HRE and
the TATA box-like sequence of the pre-C promoter, mainly
affect synthesis of the pre-C RNA. Recently, Buckwold et al.
(3) analyzed the effects of the mutations in one of these nat-
urally occurring variants (A to T at nt 1764; G to A at nt 1766)
on the synthesis of the viral RNAs and viral replication in
transiently transfected hepatoma cells. They found that this
double mutation significantly reduced synthesis of pre-C RNA,
but not pregenomic RNA, leading to increased production of
virion particles. Combining their findings with our own, we
predict that the binding of nuclear receptors such as HNF4 to
the WT DR1 HRE would, likewise, result in more efficient
virion production with low e antigen synthesis.

In summary, we conclude that various nuclear receptors
naturally abundant in liver cells can differentially modulate
synthesis of the pre-C and pregenomic RNAs through binding

to the DR1 HRE site present in the pre-C/pregenomic pro-
moter region. We speculate that the natural ligands to nuclear
receptors and analogs of them may be useful as therapeutic
agents in the treatment of HBV infections. For example, one
ligand which represses synthesis of the pregenomic RNA may
be useful in the treatment of fulminant hepatitis B, while
another ligand which activates synthesis of pre-C RNA may be
helpful in curtailing HBV virion production and eliciting an
earlier immune response in acutely infected patients.
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