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A natural hepatitis B virus (HBV) variant associated with seroconversion from HBeAg to anti-HBe antibody
contains two nucleotide substitutions (A1764T and G1766A) in the proximal nuclear hormone receptor binding
site in the nucleocapsid promoter. These nucleotide substitutions prevent the binding of the retinoid X receptor
� (RXR�)–peroxisome proliferator-activated receptor � (PPAR�) heterodimer without greatly altering the
efficiency of binding of hepatocyte nuclear factor 4 (HNF4) to this recognition sequence. In addition, these
nucleotide substitutions create a new binding site for HNF1. Analysis of HBV transcription and replication in
nonhepatoma cells indicates that RXR�-PPAR� heterodimers support higher levels of pregenomic RNA
transcription from the wild-type than from the variant nucleocapsid promoter, producing higher levels of wild-
type than of variant replication intermediates. In contrast, HNF4 supports higher levels of pregenomic RNA
transcription from the variant than from the wild-type nucleocapsid promoter, producing higher levels of vari-
ant than of wild-type replication intermediates. HNF1 can support variant virus replication at a low level but
is unable to support replication of the wild-type HBV genome. These observations indicate that the replication
of wild-type and variant viruses can be differentially regulated by the liver-specific transcription factors that
bind to the proximal nuclear hormone receptor binding site of the nucleocapsid promoter. Differential
regulation of viral replication may be important in the selection of specific viral variants as a result of an
antiviral immune response.

The hepatitis B virus (HBV) genome is a partially double-
stranded 3.2-kb DNA molecule (14, 30). The unusual structure
of the viral genome reflects the replication cycle of the hepad-
naviruses (30, 54). Nuclear covalently closed circular 3.2-kbp
HBV DNA is transcribed to produce a greater-than-genome-
length pregenomic 3.5-kb RNA that is reverse transcribed by
the HBV polymerase to generate encapsidated viral genomic
DNA (14, 30, 54). The core polypeptide and the viral polymer-
ase are both encoded by the HBV 3.5-kb transcripts (36).
Therefore, transcriptional regulation of the synthesis of the
HBV 3.5-kb RNAs also controls the level of viral DNA syn-
thesis.

The level of 3.5-kb HBV RNA synthesis is determined by the
rate of transcription from the nucleocapsid promoter. The
regulatory elements controlling transcription from the nucleo-
capsid promoter have been extensively characterized (17, 23,
26–28, 39, 58–61). Recently it was shown that nuclear hormone
receptors are a major determinant in regulating HBV 3.5-kb
RNA synthesis and viral replication (52). The most important
recognition element involved in controlling viral pregenomic
RNA synthesis and viral replication is the proximal nuclear
hormone receptor binding site in the nucleocapsid promoter
(52).

Viral variants containing two nucleotide substitutions (A1764T
and G1766A) in the proximal nuclear hormone receptor bind-
ing site in the nucleocapsid promoter are associated with se-

roconversion from HBeAg to anti-HBe antibody, suggesting
the variants have a selective advantage over the wild-type virus
during an antiviral immune response (35). It has been sug-
gested that variant viruses synthesize reduced levels of HBeAg
and therefore are less susceptible to elimination by an immune
response directed against nucleocapsid epitopes (2, 19, 35, 45).
This possibility was supported by the observation that variant
viruses synthesized a lower level of the precore 3.5-kb RNA
that encodes HBeAg (2, 19, 32).

In this study, the properties of the variant viral genome were
characterized further using a recently developed viral replica-
tion system with which the effects of individual liver-enriched
transcription factors can be investigated (52). The nucleotide
substitutions in the proximal nuclear hormone receptor bind-
ing site of the nucleocapsid promoter dramatically alter the
extent to which HBV replicates in response to hepatocyte
nuclear factor 4 (HNF4) and retinoid X receptor � (RXR�)–
peroxisome proliferator-activated receptor � (PPAR�) hetero-
dimers. The wild-type genome replicates to higher levels in re-
sponse to the ectopic expression of RXR�-PPAR�, whereas
the variant genome replicates to higher levels in response to
the ectopic expression of HNF4. These changes correlate with
the loss of RXR�-PPAR� binding to the proximal nuclear hor-
mone receptor recognition sequence in the nucleocapsid pro-
moter of the variant genome. These results indicate that the
replication of wild-type and variant viruses can be differentially
regulated by nuclear hormone receptors and suggest that the
presence of an antiviral immune response in the liver may
select specific viral variants in which pregenomic RNA synthe-
sis is preferentially responsive to specific nuclear hormone
receptors. Therefore, increased HNF4 activity or decreased
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RXR�-PPAR� activity due to the changes in the physiology of
hepatocytes during an immune response may contribute to the
selection of variants (A1764T and G1766A) with an altered
nuclear hormone receptor binding site.

MATERIALS AND METHODS

Plasmid constructions. The steps in the cloning of the plasmid constructions
used in the transfection experiments were performed by standard techniques
(43). HBV DNA sequences in these constructions were derived from plasmid
pCP10, which contains two copies of the HBV genome (subtype ayw) cloned into
the EcoRI site of pBR322 (9). The firefly luciferase (LUC) reporter gene in these
constructions was derived from plasmid p19DLUC (40). Plasmid CpLUC con-
tains 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 (40). Details of the construction of the nucleocapsid pro-
moter deletion plasmid Cp�1805-1374LUC have been described previously (60).

Plasmids CpTALUC and Cp�1805-1374TALUC, containing the A1764T and
G1766A nucleotide substitutions in the proximal nuclear hormone receptor
binding site of the core promoter, were generated using a Chameleon double-
stranded, site-directed mutagenesis kit (Stratagene Cloning Systems, La Jolla,
Calif.) according to the manufacturer’s instructions. Plasmids CpTALUC and
Cp�1805-1374TALUC are derivatives of the CpLUC and Cp�1805-1374LUC
constructs, respectively. The TA mutation converted the 13-nucleotide proximal
nuclear hormone receptor binding site sequence located between �28 and �16
(nucleotide coordinates 1757 and 1769) from AGGTTAAAGGTCT to AGGT
TAATGATCT (changes are shown in bold type). The sequences of the mutations
introduced into the nucleocapsid promoter constructs were verified by
dideoxynucleotide sequencing (44).

Plasmids pHBVTATALUC, CpFL(3)TATALUC, CpFL(4)TATALUC,
CpFLTA(3)TATALUC, CpFLTA(4)TATALUC, and PS1pHNF1(1)TATALUC
were constructed by inserting synthetic double-stranded oligonucleotides into
sites in the polylinker of p19DLUC. pHBVTATALUC was constructed by in-
serting a double-stranded oligonucleotide containing the large surface antigen
promoter TATA-box element, produced by annealing the oligonucleotides CTA
TATTATATAAGAGAGAAGCT and TCTCTCTTATATAATATAGGTAC
(spanning HBV coordinates 2773 to 2791) into the SacI and KpnI sites of
p19DLUC in the same orientation as that in which the TATA-box element
occurs in the HBV genome (37). CpFL(3)TATALUC, CpFL(4)TATALUC,
CpFLTA(3)TATALUC, CpFLTA(4)TATALUC, and PS1pHNF1(1)TATA-
LUC were made by inserting one to four copies (as indicated in the construct
designations) of the HBV CpFL, CpFLTA, and PS1pHNF1 (37, 39) double-
stranded oligonucleotides into the unique HindIII site of pHBVTATALUC. The
oligonucleotide pairs used to generate the CpFL, CpFLTA, and PS1pHNF1
double-stranded oligonucleotides were TCGAGATTAGGTTAAAGGTCTTT
GTACTAG and TCGACTAGTACAAAGACCTTTAACCTAATC (oligonu-
cleotide CpFL; HBV coordinates 1751 to 1778), TCGAGATTAGGTTAATGA
TCTTTGTACTAG and TCGACTAGTACAAAGATCATTAACCTAATC
(oligonucleotide CpFLTA; HBV variant coordinates 1751 to 1778), and AGC
TAGTTAATCATTACTTC and AGCTGAAGTAATGATTAACT (oligonucle-
otide PS1pHNF1; HBV coordinates 2719 to 2734). The CpFL and CpFLTA
double-stranded oligonucleotides span the nucleocapsid promoter proximal nu-
clear hormone receptor binding site (39), and the PS1pHNF1 double-stranded
oligonucleotide spans the large surface antigen HNF1 binding site (38). The
sequence of each construct was verified by dideoxynucleotide sequencing (44).

The HBV DNA 4.1-kbp construct, which contains 1.3 copies of the HBV
genome, includes the viral sequence from nucleotide coordinates 1072 to 3182
plus 1 to 1990. This plasmid was constructed by cloning the NsiI/BglII HBV DNA
fragment (nucleotide coordinates 1072 to 1990) into pUC13, generating pHBV
(1072-1990). Subsequently, a complete copy of the 3.2-kbp viral genome linear-
ized at the NcoI site (nucleotide coordinates 1375 to 3182 plus 1 to 1374) was
cloned into the unique NcoI site (HBV nucleotide coordinate 1374) of pHBV
(1072-1990), generating the HBV DNA 4.1-kbp construct. The HBV DNA
3.9-kbp construct, which contains 1.2 copies of the HBV genome, includes the
viral sequence from nucleotide coordinates 1239 to 3182 plus 1 to 1990. This
plasmid was constructed by cloning the SphI/BglII HBV DNA fragment (nucle-
otide coordinates 1239 to 1990) into pUC13, generating pHBV(1239-1990).
Subsequently, a complete copy of the 3.2-kbp viral genome linearized at the NcoI
site (nucleotide coordinates 1375 to 3182 plus 1 to 1374) was cloned into the
unique NcoI site (HBV nucleotide coordinate 1374) of pHBV(1239-1990), gen-
erating the HBV DNA 3.9-kbp construct.

Plasmids 4.1TAmut and 3.9TAmut were derived by introducing the A1764T

and G1766A nucleotide substitutions into the proximal nuclear hormone recep-
tor binding site of the core promoter in the HBV DNA 4.1-kbp and 3.9-kbp
constructs, respectively, using the Chameleon double-stranded, site-directed mu-
tagenesis kit according to the manufacturer’s instructions. The nucleotide sub-
stitutions introduced into the nucleocapsid promoter constructs were verified by
dideoxynucleotide sequencing (44). Both nucleocapsid promoter regions in these
terminally redundant HBV constructs were mutated for this analysis.

The pMTHNF1�, pCMVHNF4, pRS-hRXR�, and pCMVPPAR�-G vectors
express HNF1�, HNF4, RXR�, and PPAR�-G (see below) polypeptides from
the rat HNF1�, rat HNF4, human RXR�, and mouse PPAR�-G cDNAs, re-
spectively, using the mouse metallothionein I promoter (pMT), the cytomegalo-
virus immediate-early promoter (pCMV), or the Rous sarcoma virus long ter-
minal repeat (pRS) (4, 29, 33, 38). The PPAR�-G polypeptide contains a
mutation in the PPAR� cDNA changing Glu282 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-
containing promoter (33) and was used in this study to demonstrate the perox-
isome proliferator-dependent transcriptional transactivation of the nucleocapsid
promoter. The pGEXHNF4, pGEXRXR�, and pGEXPPAR� vectors express in
Escherichia coli DH5� glutathione S-transferase (GST) fusion proteins which
include the complete HNF4, RXR�, and PPAR� polypeptide sequences (49).
Expression and subsequent affinity purification of the GST fusion proteins using
glutathione-agarose were performed as described previously (49).

Cells and transfections. The human hepatoma cell lines Huh7, HepG2, and
HepG2.1 and the mouse fibroblast cell line NIH 3T3 were grown in RPMI 1640
medium–10% fetal bovine serum at 37°C in 5% CO2–air. Transfections using
LUC reporter gene constructs were performed as previously described (15, 50),
except that six-well plates containing approximately 3 � 105 cells per well were
used. The transfected DNA mixture comprised 5 �g of a LUC plasmid and
0.25 �g of pCMV�, which served as an internal control for transfection effi-
ciency. pCMV� directs the expression of the E. coli �-galactosidase (�-gal) gene
using the cytomegalovirus immediate-early promoter (Clontech Laboratories,
Palo Alto, Calif.). When appropriate, the DNA mixture also included 0.5 �g
of the HNF1�, HNF4, RXR�, and PPAR�-G expression vectors, pMTHNF1�,
pCMVHNF4, pRS-hRXR�, and pCMVPPAR�-G, respectively, or the control
expression vectors, pMT, pCMV, and pRS. The DNA was removed 4 to 6 h after
transfection, and the cells were washed with 2 ml of medium. Fresh RPMI 1640
medium containing all-trans-retinoic acid and clofibric acid at final concentra-
tions of 1 �M and 1 mM, respectively, was added to the cells as required. Cell
extracts were prepared 40 to 48 h after transfection. Cells were lysed in 150 �l 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 LUC activ-
ity essentially as previously described (7) and for �-gal activity using a Galacto-
Light kit (Tropix, Inc.) as instructed by the manufacturer. The level of �-gal
activity observed was not specifically affected by any of the exogenously expressed
transcription factors. The LUC activities were normalized to the �-gal activity in
each transfection experiment.

Transfections for viral RNA and DNA analysis were performed as previous-
ly described (31) using 10-cm plates containing approximately 106 cells.
DNA and RNA isolation was performed 3 days posttransfection. The transfect-
ed DNA mixture was composed of 10 �g of HBV DNA (4.1 or 3.9 kbp) plus
1.5 �g of the liver-enriched transcription factor expression vectors pMTHNF1�,
pCMVHNF4, pRS-hRXR�, and pCMVPPAR�-G (39, 42). Controls were de-
rived from cells transfected with HBV DNA and the pCMV expression vector,
lacking a liver-enriched transcription factor cDNA insert (39). All-trans-retinoic
acid and clofibric acid at 1 �M and 1 mM, respectively, were used to activate the
nuclear hormone receptors RXR� and PPAR�.

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 (51), with minor modifications. For RNA isolation (5),
the cells were lysed in 1.8 ml of 25 mM sodium citrate (pH 7.0)–4 M
guanidinium isothiocyanate–0.5% (vol/vol) sarcosyl–0.1 M 2-mercaptoetha-
nol. After the 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 chloro-
form-isoamyl alcohol (49:1). After centrifugation for 30 min at 3,000 rpm in
a Sorval RT6000 apparatus, the aqueous layer was precipitated with 1.8 ml of
isopropanol. The precipitate was resuspended in 0.3 ml of 25 mM sodium
citrate (pH 7.0)–4 M guanidinium isothiocyanate–0.5% (vol/vol) sarcosyl–0.1
M 2-mercaptoethanol and precipitated with 0.6 ml of ethanol. After centrif-
ugation for 20 min at 14,000 rpm in a Eppendorf 5417C microcentrifuge, the
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precipitate was resuspended in 0.3 ml of 10 mM Tris HCl (pH 8.0)–5 mM
EDTA–0.1% (wt/vol) sodium lauryl sulfate and precipitated with 45 �l 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 HCl (pH 8.0)–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–200 �g of DNase I/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–1.6 mg of pronase/ml and in-
cubated for an additional 1 h at 37°C. The supernatant was extracted twice with
phenol, precipitated with 2 volumes of ethanol, and resuspended in 100 �l of 10
mM Tris HCl (pH 8.0)–1 mM EDTA. RNA (Northern) and DNA (Southern)
filter hybridization analyses were performed using 10 �g of total cellular RNA
and 30 �l of viral DNA replication intermediates, respectively, as described
previously (43).

RNase protection assays were performed using a Pharmingen Riboquant kit
and riboprobes were synthesized using an Ambion Maxiscript kit as described by
the manufacturers. Transcription initiation sites for the HBV 3.5-kb transcripts
were examined using 20 �g of total cellular RNA and a 333-nucleotide (HBV
coordinates 1990 to 1658) 32P-labeled HBV riboprobe. As an internal control for
the RNase protection analysis, a 32P-labeled mouse ribosomal protein L32 gene
riboprobe spanning 101 nucleotides of exon 3 was used (10). All riboprobes
contained additional flanking vector sequences of 40 to 90 nucleotides that were
not protected by HBV RNA.

Nuclear extracts and gel retardation analysis. Nuclear extracts were prepared
from Huh7 cells and mouse liver as described previously (8, 41, 48). Gel retar-
dation analysis was performed essentially as described previously (38). One
nanogram of 32P-labeled double-stranded oligonucleotide (described in the sec-
tion on plasmid constructions) was incubated with 9 �g of nuclear extract prior
to 4% polyacrylamide gel electrophoresis and autoradiography. When gel retar-
dation competition analysis was performed, the cell extract was preincubated
with 750 ng of cold double-stranded competitor oligonucleotide for 15 min prior
to the addition of the 32P-labeled double-stranded oligonucleotide. The control
double-stranded oligonucleotides derived from the nucleocapsid promoter,
CpHNF4 (HNF4 site 1) and CpE (HNF3 site 2), and the enhancer 1/X-gene
promoter, XpHNF4, have been described previously (23, 39).

RESULTS

Seroconversion from HBeAg- to anti-HBe antibody-positive
status is not always associated with clearance of HBV infec-
tion. In the absence of viral clearance, this serological change
is often associated with the selection of viral variants that
synthesize reduced levels of HBeAg (1, 18, 20, 35). The most
common variant contains a nucleotide substitution in codon 28
of the precore polypeptide that converts the tryptophan TGG
codon to the amber TAG stop codon. Termination of the
synthesis of the precore polypeptide at codon 28 results in a
viral variant that cannot synthesize HBeAg (1, 18, 34). Another
HBV variant associated with reduced HBeAg synthesis con-
tains two nucleotide substitutions (A1764T and G1766A) in
the proximal nuclear hormone receptor binding site in the
nucleocapsid promoter (18, 35). This variant produces reduced
levels of HBeAg because these nucleotide substitutions are
associated with reduced levels of precore RNA synthesis but
do not greatly affect pregenomic RNA synthesis and viral rep-
lication (2, 19, 32, 35). The mechanism by which the two nu-
cleotide substitutions (A1764T and G1766A) produce the al-
tered levels of the precore and pregenomic RNAs presumably
reflects changes in the binding of nuclear hormone receptors to
the nucleocapsid promoter.

Identification of the transcription factors binding to the
variant proximal nuclear hormone receptor binding site in the
nucleocapsid promoter. A previous study demonstrated that
HNF4, RXR�-PPAR� heterodimers, COUPTF1, and ARP1
bound to the proximal nuclear hormone receptor binding site

in the nucleocapsid promoter (39). Therefore, gel shift analysis
was performed to determine if these nuclear hormone recep-
tors bound to the variant proximal nuclear hormone receptor
binding site (Fig. 1, 2, and 3). Initially, the binding of the
purified recombinant HNF4, RXR�, and PPAR� polypeptides
to the wild-type and variant proximal nuclear hormone recep-
tor binding sites in the nucleocapsid promoters was examined
by gel shift analysis using the double-stranded oligonucleotides
CpFL and CpFLTA, respectively (Fig. 1 and 3). Purified re-
combinant HNF4 bound to both the wild-type and the variant
sites, although the variant site appeared to bind HNF4 to a
slightly lesser extent (Fig. 1, lane 2). A complex was observed
between the GST-RXR� or GST-PPAR� polypeptide prepa-
rations and the CpFL or CpFLTA double-stranded oligonu-
cleotides (marked with an asterisk in Fig. 1, lanes 4 to 7). A
complex migrating in this position has been observed with
several different affinity-purified GST fusion protein prepara-
tions. Unlike the RXR�-PPAR� heterodimer complex (Fig. 1,
lane 8), an antibody to RXR� fails to supershift this complex
(A. McLachlan, unpublished data), suggesting that it is a com-
plex formed with a contaminating E. coli protein. However,
as previously observed (39), in the presence of both the RXR�
and the PPAR� polypeptides, the RXR�-PPAR� heterodimer
complex appears as the predominant complex with CpFL, con-
firming that this heterodimeric nuclear hormone receptor

FIG. 1. Gel retardation and complex inhibition analyses of the
HBV wild-type and variant nucleocapsid promoter CpFL and CpFLTA
regulatory elements with purified recombinant nuclear hormone re-
ceptors. 32P-labeled, double-stranded oligonucleotides CpFL (A) and
CpFLTA (B) and purified recombinant GST (GST control; lane 1),
GST-HNF4 (HNF4; lanes 2 and 3), GST-RXR� (RXR�; lanes 4 and
5), GST-PPAR� (PPAR�; lanes 6 and 7), and GST-RXR� plus GST-
PPAR� (RXR�/PPAR�; lanes 8 and 9) were used for these analyses.
Unlabeled, double-stranded oligonucleotides CpFL (A) and CpFLTA
(B) were used as competitor DNAs to demonstrate the specificity of
the observed complex (lanes 3, 5, 7, and 9). An asterisk indicates the
position of a complex observed with several different affinity-purified
GST fusion protein preparations, suggesting that it is a complex formed
with a contaminating E. coli protein.
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binds to this nucleocapsid regulatory element (Fig. 1A, lane 8).
In contrast, the RXR�-PPAR� heterodimer complex was not
formed with the CpFLTA double-stranded oligonucleotide,
indicating that the two nucleotide substitutions in the variant
sequence inhibit RXR�-PPAR� binding to the proximal nu-
clear hormone receptor binding site in the nucleocapsid pro-
moter (Fig. 1B, lane 8).

The analysis with the recombinant polypeptides does not indi-
cate the nature of all the factors that interact with the
wild-type and variant proximal nuclear hormone receptor
binding sites in the nucleocapsid promoters. In an attempt to
characterize further the members of the nuclear hormone re-
ceptor superfamily of transcription factors that can interact
with the CpFL and CpFLTA regulatory elements of the nu-
cleocapsid promoter, gel shift and complex inhibition analyses
were performed using Huh7 cell and mouse liver nuclear ex-

tracts (Fig. 2). Previously, it had been shown that COUPTF1,
ARP1, HNF4, and RXR�-PPAR� present in these extracts
bound to the CpFL double-stranded oligonucleotide (39). A
complex is formed with the CpFLTA double-stranded oligo-
nucleotide that migrates in the same manner as the complex
formed with the CpFL double-stranded oligonucleotide (Fig.
2). This result indicates that nuclear hormone receptors, most
likely COUPTF1 and ARP1, which represent the predominant
binding activities in Huh7 cells (39), can bind to the variant
binding site, although apparently with a slightly reduced effi-
ciency (Fig. 2). Complex inhibition analysis with nuclear hor-
mone receptor binding sites indicates the specificity of this
complex (Fig. 2, lanes 2, 4, 6, 8, and 10 to 13). The CpFLTA
double-stranded oligonucleotide forms an additional, slower-
migrating complex with the nuclear extracts (Fig. 2, lanes 5, 7,
9, 10, and 12 to 14). The formation of this complex is not

FIG. 2. Gel retardation and complex inhibition analyses of the HBV wild-type and variant nucleocapsid promoter CpFL and CpFLTA
regulatory elements with Huh7 cell and mouse liver nuclear extracts. 32P-labeled, double-stranded oligonucleotides CpFL (lanes 1 to 4) and
CpFLTA (lanes 5 to 15) were used for these analyses with a Huh7 cell nuclear extract (lanes 3, 4, 7, and 8) and a mouse liver nuclear extract
(MLNE; lanes 1, 2, 5, 6, and 9 to 15). Unlabeled, double-stranded oligonucleotides were used as competitor DNAs to demonstrate the specificity
of the observed complexes. CpFL (lanes 2, 4, and 10), wild-type nucleocapsid promoter nuclear hormone receptor binding site (39); CpFLTA
(lanes 6, 8, and 11), variant nucleocapsid promoter nuclear hormone receptor binding site; XpHNF4 (lane 12), enhancer 1/X-gene promoter
nuclear hormone receptor binding site (39); CpHNF4 (lane 13), nucleocapsid promoter HNF4 binding site 1 (39); CpE (lane 14), nucleocapsid
promoter HNF3 binding site 2 (23); HNF1, large surface antigen promoter HNF1 binding site (38). NHR, nuclear hormone receptor.
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FIG. 3. Functional analysis of the HBV wild-type and variant nucleocapsid promoters. (A) Nucleotide sequence of the HBV nucleocapsid
promoter region (subtype ayw) (13). The nucleotide coordinates are derived from the GenBank database, and their positions relative to a
predominant transcription initiation site (�1; nucleotide coordinate 1785) are shown (21, 22, 47, 53, 55). The underlined sequences represent the
Sp1 recognition sequences (61), the HNF3 recognition sequence (23), and the HNF4:RXR�-PPAR� nuclear hormone receptor recognition
sequence (39). The sequences of the HBV double-stranded oligonucleotides CpE and CpFL are indicated. The A1764T and G1766A nucleotide
substitutions in the nuclear hormone receptor binding site of the variant HBV genome are indicated above the wild-type HBV sequence. These
nucleotide substitutions change lysine at position 130 of the X-gene polypeptide to methionine (Lys130Met) and valine at position 131 to isoleucine
(Val131Ile). X-ORF, X-gene open reading frame; PC-ORF, precore open reading frame. (B) Diagrammatic representation of construct CpLUC.
Arrowheads indicate the positions and directions of transcription from the HBV large surface antigen (PSp), major surface antigen (Sp), enhancer
1/X-gene (Xp), and nucleocapsid or core (Cp) promoters. Boxes indicate the positions of the HBV enhancer 1 sequence (Eh), HBV polyade-
nylation sequence (pA), X-gene ORF (X), presurface antigen ORF (PS), surface antigen ORF (S), precore ORF (PC), core ORF (C), polymerase
ORF (P), and luciferase ORF (LUC). Below the diagram are shown relative activities of the wild-type and variant nucleocapsid promoters in
HepG2.1 cells, in the absence (�TF) or presence of ectopically expressed HNF4 (�HNF4) polypeptide, RXR�-PPAR� (�R/P) polypeptides, and
HNF1� (�HNF1) polypeptide, using the expression vectors pCMV, pCMVHNF4, pRS-hRXR�, pCMVPPAR�-G, and pMTHNF1�. All-trans-
retinoic acid and clofibric acid at 1 �M and 1 mM, respectively, were used to activate the nuclear hormone receptors RXR� and PPAR�. The
activities are reported relative to the activity of the full-length promoter construct, CpLUC, in the absence of ectopically expressed polypeptides.
The standard deviation for the mean is shown in parentheses. An asterisk indicates that the fold induction is statistically significant, as determined
by Student’s t test (P 	 0.05). The internal control used to correct for transfection efficiencies was pCMV�. The horizontal lines indicate the HBV
sequences present in the CpLUC plasmids. CpLUC contains the HBV sequences from nucleotide coordinates 1805 to 3182 and 1 to 1804
(nucleotide sequences are designated by using coordinates derived from the GenBank genetic sequence database). The HBV sequences deleted
from the various plasmids are designated by nucleotide coordinates. The locations of the A1764T and G1766A nucleotide substitutions in the
nuclear hormone receptor binding site of the variant HBV genome are indicated by solid boxes.
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inhibited by several double-stranded oligonucleotides that bind
nuclear hormone receptors (Fig. 2, lanes 10, 12, and 13) but is
inhibited by a double-stranded oligonucleotide that binds
HNF1 (Fig. 2, lane 15). This observation supports the previous
finding that the variant nuclear hormone receptor binding site
can also interact with the HNF1 transcription factor (25).

HNF4 but not RXR�-PPAR� transactivates expression from
the variant HBV nucleocapsid promoter. Ectopic expression of
HNF4 or RXR�-PPAR� activates transcription from the wild-
type nucleocapsid promoter approximately fourfold in con-
struct CpLUC, which contains the complete HBV genome lo-
cated upstream of the LUC reporter gene (Fig. 3B). In contrast,
in construct CpTALUC, HNF4 activates transcription from the
variant nucleocapsid promoter approximately fivefold, whereas
RXR�-PPAR� minimally increases transcription from the va-
riant nucleocapsid promoter (Fig. 3B). Similarly, HNF4 acti-
vates transcription from the nucleocapsid promoter in the
Cp�1805-1374LUC and Cp�1805-1374TALUC constructs two-
to threefold, indicating that the nucleotide substitutions in the
proximal nuclear hormone receptor binding site do not affect
promoter activity to a large extent. In contrast, the minimal
RXR�-PPAR�-mediated activation of transcription from the
nucleocapsid promoter observed with the Cp�1805-1374LUC
construct was not apparent when the Cp�1805-1374TALUC
construct was examined (Fig. 3B). These observations support
the suggestion that the proximal nuclear hormone receptor
binding site in the nucleocapsid promoter of the variant ge-
nome cannot bind RXR�-PPAR� and therefore is not respon-
sive to transcriptional modulation by these specific transcrip-
tion factors. In addition, the variant nucleocapsid promoter is
very modestly responsive to HNF1�, unlike the wild-type nu-
cleocapsid promoter (Fig. 3B). This effect does not involve the
HNF1 site in the large surface antigen promoter, as the nu-
cleocapsid promoter in the wild-type HBV genome is not ac-
tivated by HNF1�. In addition, deletion of the large surface
antigen promoter HNF1 binding site does not prevent the
increase in transcription from the nucleocapsid promoter in
the Cp�1805-1374TALUC construct caused by HNF1�. This
result indicates that HNF1� binding to the variant nucleocap-
sid promoter permits this transcription factor to modestly in-
crease transcription from this promoter.

The analysis of the nucleocapsid promoter indicated that the
variant nuclear hormone receptor binding site has altered tran-
scription factor binding properties relative to the wild-type site
and that these alterations have functional consequences for the
modulation of the level of transcription from the nucleocapsid
promoter by HNF4, RXR�-PPAR�, and HNF1�. To verify
further the functional properties of the wild-type and variant
nuclear hormone receptor binding sites, they were examined
for their capacity to mediate transcriptional activation by
HNF4, RXR�-PPAR�, and HNF1� in the context of a TATA-
box element. The CpFL and CpFLTA double-stranded oligo-
nucleotide synthetic promoter elements were cloned upstream
of a TATA-box element and the LUC open reading frame
(ORF) and were tested for their transcriptional activities in
HepG2.1 cells in the presence or absence of the HNF4,
RXR�-PPAR�, and HNF1� expression vectors (Fig. 4). In the
absence of the expression vectors, the constructs containing
the wild-type nuclear hormone receptor site [(constructs CpFL
(3)LUC and CpFL(4)LUC)] and the variant nuclear hormone

receptor site [constructs CpFLTA(3)LUC and CpFLTA(4)
LUC)] had very little transcriptional activity. The wild-type
nuclear hormone receptor sites supported transcription from
the minimal promoter constructs in response to HNF4 and
RXR�-PPAR� expression. The variant nuclear hormone re-
ceptor sites supported transcription from the minimal pro-
moter constructs in response to HNF4 expression but not in
response to RXR�-PPAR� expression. These results demon-
strate that the nucleotide substitutions in the variant nuclear
hormone receptor site prevent RXR�-PPAR� binding and
therefore prevent this heterodimer from activating transcrip-
tion from this element. In contrast, the variant nuclear hor-
mone receptor site binds HNF4 to a lesser extent than the
wild-type site, and this fact is reflected in the reduction in
HNF4-mediated activation of transcription from the minimal
promoter constructs (Fig. 4). Transcription from the large sur-
face antigen promoter HNF1 binding site (HNF1TATALUC)
was activated by the ectopic expression of the HNF1� tran-
scription factor, whereas the variant nuclear hormone receptor
site [constructs CpFLTA(3)LUC and CpFLTA(4)LUC] failed
to support HNF1�-dependent transcription from the minimal
promoter. These results suggest that the binding of HNF1� to

FIG. 4. Functional analysis of the HBV wild-type and variant nu-
cleocapsid promoter nuclear hormone receptor binding sites. The con-
structs examined contain the CpFL (wild-type nucleocapsid promoter
proximal nuclear hormone receptor binding site), CpFLTA (variant
nucleocapsid promoter proximal nuclear hormone receptor binding site),
and PS1pHNF1 (large surface antigen promoter HNF1 site) double-
stranded oligonucleotides cloned into the minimal promoter construct,
pHBVTATALUC. The number of copies of the oligonucleotide in the
construct is shown in parentheses in the construct name. Relative
activities of the constructs in HepG2.1 cells, in the absence (Control)
or presence of ectopically expressed HNF4 (�HNF4) polypeptide,
RXR�-PPAR�(�RXR/PPAR)polypeptides,andHNF1�(�HNF1)poly-
peptide, using the expression vectors pCMV, pCMVHNF4, pRS-
hRXR�, pCMVPPAR�-G, and pMTHNF1� are indicated. All-trans-
retinoic acid and clofibric acid at 1 �M and 1 mM, respectively, were
used to activate the nuclear hormone receptors RXR� and PPAR�.
The transcriptional activities are reported relative to that of plasmid
CpFL(3)LUC in the presence of the HNF4 expression vector; this
plasmid is designated as having a relative activity of 1.0. The standard
deviation of the mean is indicated by an error bar. An asterisk indicates
that the increase in relative activity is statistically significant, as deter-
mined by Student’s t test (P 	 0.05). The internal control used to
correct for transfection efficiencies was pCMV�.
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this site is relatively weak and that the importance of HNF1�
interacting with this site is apparent only in the context of the
nucleocapsid promoter.

Nuclear hormone receptors differentially regulate wild-type
and variant HBV transcription and replication. Wild-type and
variant HBV DNAs are transcribed and replicated in the differ-
entiated hepatoma cell line, HepG2 (Fig. 5). The levels of HBV
3.5- and 2.1-kb transcripts are very similar for the wild-type and
variant HBV DNA 4.1-kbp constructs (Fig. 5A). The level of viral
replication intermediates synthesized from the variant HBV
DNA 4.1-kbp construct is less than twofold higher than that of the
replication intermediates synthesized from the wild-type HBV
DNA 4.1-kbp construct (Fig. 5B). This very modest increase in
replication may occur as a result of subtle alterations in the levels
of the precore and pregenomic RNAs transcribed from these
constructs. Consistent with previous observations (2, 19, 32, 35),
the variant construct supports a slightly lower level of transcrip-
tion from the precore RNA initiation site and a slightly higher
level of transcription from the pregenomic RNA initiation site
than the wild-type construct (Fig. 5C). The modest increase in the
level of pregenomic RNA synthesis can account for the slightly
higher level of replication observed with the variant construct in
HepG2 cells.

The role of specific liver-enriched transcription factors in reg-
ulating the relative level of synthesis of the precore and pregeno-
mic RNAs could not be analyzed with hepatoma cells, which

express a variety of endogenous liver-enriched transcription fac-
tors. In an attempt to determine the role of specific liver-enriched
transcription factors in controlling the level of synthesis of the
precore and pregenomic RNAs from the wild-type and variant
viral genomes, viral transcription and replication were examined
in mouse NIH 3T3 fibroblasts (Fig. 6). In this system, viral rep-
lication is dependent on the ectopic expression of nuclear hor-
mone receptors (52). Viral transcription and replication were
observed using both wild-type and variant HBV DNA 4.1- and
3.9-kbp constructs (Fig. 6). The level of the 3.5-kb HBV RNA
correlated with the level of viral replication when the wild-type
HBV DNA constructs were examined (Fig. 6, lanes 1 to 6).
However, the relative level of viral replication observed using the
variant HBV DNA 4.1-kbp construct and ectopic expression of
HNF4 was higher than expected based on the level of the HBV
3.5-kb RNA transcribed from this template (Fig. 6A and B, lanes
8 and 11). In addition, the relative level of viral replication ob-
served using the variant HBV DNA constructs and ectopic ex-
pression of RXR�-PPAR� was lower than expected based on the
level of the HBV 3.5-kb RNA transcribed from this template (Fig.
6, lanes 9 and 12). As a result of these differences between the
wild-type and variant HBV genomes, RXR�-PPAR� supports a
higher level of viral replication from the wild-type HBV DNA
constructs than from the variant HBV DNA constructs. In con-
trast, HNF4 supports a higher level of viral replication from the
variant HBV DNA constructs than from the wild-type HBV

FIG. 5. Transcription and replication of wild-type and variant HBV DNA 4.1-kbp constructs in the HepG2 cell line. Cells were transiently
transfected with the wild-type HBV DNA 4.1-kbp construct (4.1wt; lanes 1) and the variant HBV DNA 4.1-kbp construct (4.1TAmut; lanes 2). (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 intermediates. HBV RC
DNA, HBV relaxed circular DNA; HBV SS DNA, HBV single-stranded DNA. (C) RNase protection analysis 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 HBV RNAs that terminated at the HBV polyadenylation site. A riboprobe detecting the ribosomal gene L32 transcripts was
included as an internal control.
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DNA constructs (Fig. 6B and D). Therefore, alterations in the
relative activities of the HNF4 and RXR�-PPAR� transcription
factors due to changes in the physiological conditions in the liver
could result in the preferential amplification of a specific viral
genotype.

The reason that the variant HBV DNA constructs failed to
demonstrate a correlation between the level of the HBV 3.5-kb
RNA and viral replication was investigated further by examin-
ing the relative levels of the precore and pregenomic RNAs
(Fig. 7). The wild-type HBV DNA constructs transcribed the
precore and pregenomic RNAs at a ratio of approximately 0.9
when activated by the ectopic expression of either HNF4 or
RXR�-PPAR�. In contrast, the variant HBV DNA constructs
transcribed the precore and pregenomic RNAs at ratios of
approximately 0.4 and 1.5 when activated by the ectopic ex-
pression of HNF4 and RXR�-PPAR�, respectively. There-
fore, the variant genome is preferentially transcribed from the

pregenomic RNA initiation site by the ectopic expression of
HNF4 and preferentially transcribed from the precore RNA
initiation site by the ectopic expression of RXR�-PPAR�.
These observations may explain the higher level of replication
relative to the level of HBV 3.5-kb RNA detected when tran-
scription from the variant genome is activated by HNF4. Like-
wise, the lower level of replication relative to the level of HBV
3.5-kb RNA observed when transcription from the variant ge-
nome is activated by RXR�-PPAR� reflects the higher pro-
portion of precore RNA present in the 3.5-kb transcripts.

Examination of the ratio of precore to pregenomic RNAs
indicates that nuclear hormone receptors can influence the
synthesis of these two transcripts from the variant HBV ge-
nome and thus alter the level of viral replication. Viral repli-
cation is dependent on the level of pregenomic RNAs and also
may be modulated by HBeAg encoded by precore transcripts
(16, 46). To investigate the relative importance of these two

FIG. 6. Nuclear hormone receptors activate wild-type and variant HBV replication in the mouse fibroblast cell line NIH 3T3. Cells were
transiently transfected with the wild-type HBV DNA 4.1-kbp construct (4.1wt; A and B, lanes 1 to 6), the variant HBV DNA 4.1-kbp construct
(4.1TAmut; A and B, lanes 7 to 12), the wild-type HBV DNA 3.9-kbp construct (3.9wt; C and D, lanes 1 to 6), and the variant HBV DNA 3.9-kbp
construct (3.9TAmut; C and D, lanes 7 to 12) and liver-enriched transcription factor expression vectors as indicated. (A and C) 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 and D) 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 �M and 1 mM, respectively, were
used to activate the nuclear hormone receptors RXR� and PPAR� (�lig).
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FIG. 7. Effect of liver-enriched transcription factors on the initiation site of the HBV 3.5-kb RNA transcribed from the wild-type and variant
HBV genomes. Mouse NIH 3T3 fibroblasts were transiently transfected with the wild-type HBV DNA 4.1-kbp construct (4.1wt; lanes 1 to 6), the
variant HBV DNA 4.1-kbp construct (4.1TAmut; lanes 7 to 12), the wild-type HBV DNA 3.9-kbp construct (3.9wt; lanes 13 to 18), and the variant
HBV DNA 3.9-kbp construct (3.9TAmut; lanes 19 to 24) and liver-enriched transcription factor expression vectors as indicated. 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 HBV RNAs that terminated at the HBV polyadenylation site. The protected
fragment indicated with an asterisk was generated as a result of the cleavage of the pA protected fragment at the site of the discontinuity between
the wild-type probe and the variant HBV RNA. A riboprobe detecting the ribosomal L32 gene transcripts was included as an internal control.
All-trans-retinoic acid and clofibric acid at 1 �M and 1 mM, respectively, were used to activate the nuclear hormone receptors RXR� and PPAR�
(�lig).
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factors in determining the level of viral replication, the level of
viral replication relative to the level of pregenomic RNA syn-
thesis was examined (Fig. 6 and 7). The level of viral replica-
tion correlated with the level of pregenomic RNA synthesis,
except for the variant HBV DNA constructs activated with
RXR�-PPAR� (Fig. 6B and D, lanes 9 and 12, and Fig. 7,
lanes 9, 12, 21, and 24). In these instances, the level of viral
replication was lower than expected based on the abundance of
the pregenomic RNA. However, the level of the precore RNA
synthesized was also high, especially relative to that of the
pregenomic RNA, suggesting that the precore RNA or the
HBeAg that it encodes may be inhibiting viral replication.

As expected, HNF1 did not affect viral transcription or repli-
cation from the wild-type HBV DNA constructs. However, HNF1
can support low levels of synthesis of the HBV 3.5-kb RNA and
viral replication from the variant HBV DNA 4.1-kbp construct
(Fig. 6A and B, lane 10). These results suggest that binding of
HNF1 in the location of the nucleocapsid promoter proximal
nuclear hormone receptor binding site can support pregenomic
RNA synthesis and viral replication to a modest extent (Fig. 6B,
lane 10, and Fig. 7, lane 10). The variant HBV DNA 3.9-kbp
construct failed to support detectable HNF1-mediated pregeno-
mic RNA synthesis and viral replication (Fig. 6D, lane 10, and
Fig. 7, lane 22), presumably because the enhancer 1 region also
contributes to the observed level of transcription from the nu-
cleocapsid promoter in this system. However, it appears that
although HNF1 does not alter HNF4-mediated transcription and
replication from the variant HBV constructs (Fig. 6, lanes 8 and
11), HNF1 may act in synergy with RXR�-PPAR� to activate
viral replication (Fig. 6, lanes 9 and 12). The level of the HBV
3.5-kb RNA synthesized is not affected to a large extent by the
additional ectopic expression of HNF1 (Fig. 6A and C, lanes 9
and 12). However, HNF1 may subtly alter the ratio of precore to
pregenomic RNAs in favor of the pregenomic RNA (Fig. 7, lanes
9, 12, 21, and 24). This increase in the level of the template for
viral replication and the reduction in the level of HBeAg from the
precore RNA may account for the resulting increase in viral
replication (Fig. 6B and D, lanes 9 and 12). These results indicate
that the wild-type and variant HBV genomes are differentially
transcribed by the liver-enriched transcription factors HNF4,
RXR�-PPAR�, and HNF1, resulting in different levels of viral
replication in response to these factors. These results also suggest
that the physiological state of hepatocytes may differentially in-
fluence the rates of replication of wild-type and variant viral
genomes.

DISCUSSION

The mechanisms determining the emergence of viral variants
in response to immune selection may be important in considering
possible therapeutic interventions designed to prevent their
pathophysiological consequences. Several HBV variants with al-
tered amino acid sequences in immunodominant epitopes of the
major surface antigen have been identified and presumably es-
cape elimination because they are not recognized by the normal
antibody responses to the viral envelope proteins (18). Similarly,
viral variants that fail to express HBeAg may not be efficiently
cleared from patients in whom the immune response is primarily
directed against nucleocapsid antigens (1, 18, 34, 35). Consistent
with this suggestion, various viral variants have been obtained

from patients who have seroconverted from HBeAg-positive to
anti-HBe antibody-positive status. The most common mutations
observed in these viral variants contain in the precore coding
region a stop codon that prevents the synthesis of HBeAg (1, 18,
34). A second mutation that is also associated with seroconversion
to anti-HBe antibody-positive status is a double nucleotide sub-
stitution (A1764T and G1766A) in the proximal nuclear hormone
receptor binding site of the nucleocapsid promoter (Fig. 3). This
mutation has been reported to reduce HBeAg synthesis by inhib-
iting the synthesis of the precore RNA without greatly affecting
the level of the pregenomic RNA or HBV DNA synthesis (2, 19,
32, 35). Interestingly, this double nucleotide substitution is often
found associated with the precore stop codon mutation (1), sug-
gesting that alterations in the nuclear hormone receptor binding
site may regulate HBV transcription and replication by mecha-
nisms more complex than simple reduction of precore RNA and
HBeAg syntheses.

The effects of the nucleotide substitutions in the proximal
nuclear hormone receptor binding site of the nucleocapsid
promoter on transcription factor binding were initially charac-
terized by gel shift analysis (Fig. 1 and 2). This analysis dem-
onstrated that HNF4 bound both wild-type and variant rec-
ognition elements, whereas the RXR�-PPAR� heterodimer
bound only the wild-type sequence. Gel shift analysis with
Huh7 cell and mouse liver nuclear extracts also indicates that
COUPTF1 and ARP1 bind to both wild-type and variant nu-
clear hormone receptor binding sites. These observations are
distinct from previous results suggesting that the variant rec-
ognition site could not bind nuclear hormone receptors (3, 25).
The reasons for these differences are unclear. However, this
analysis did indicate that the variant recognition site binds
HNF1 (Fig. 2), as previously described (25).

Functional analysis using reporter gene constructs con-
firmed that HNF4 and RXR�-PPAR� activate transcription
by binding to the wild-type proximal nuclear hormone receptor
recognition sequence, whereas HNF4 but not RXR�-PPAR�
activates transcription by binding to the variant recognition
sequence (Fig. 3 and 4). HNF1 also activates transcription to a
limited extent from the variant nucleocapsid promoter (Fig. 3),
although it is not able to activate transcription from the variant
recognition sequence in the context of a minimal promoter
(Fig. 4). These observations suggest that HNF1 interacts weak-
ly with the variant recognition sequence.

The consequences of the nucleotide substitutions in the prox-
imal nuclear hormone receptor recognition sequence for HBV
transcription and replication in human hepatoma cells have been
somewhat variable (2, 19, 32, 35). However, the majority of the
results suggest that HBV transcription is affected to a limited
extent. The level of the precore RNA is somewhat decreased,
whereas the level of the pregenomic RNA is relatively unchanged
or is slightly increased (Fig. 5). As a consequence of these subtle
alterations, viral replication is modestly increased (Fig. 5). A pos-
sible explanation for the reported differences is suggested by the
effect of specific nuclear hormone receptors on precore and pre-
genomic RNA syntheses and viral replication (Fig. 6 and 7).
Analysis performed under slightly different conditions, even with
the same hepatoma cell line, may lead to different levels of activ-
ities of the HNF4 and RXR�-PPAR� transcription factors that
could affect both the levels of precore and pregenomic RNAs and
consequently viral replication.
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Analysis of the HBV genome in a nonhepatoma cell line
permits the effects of individual liver-enriched transcription
factors on the regulation of viral transcription and replication
to be analyzed (52). Using this approach, it has been possible
to establish the relative importance of various transcription
factors to the regulation of wild-type and variant viral tran-
scription and replication (Fig. 6 and 7). Most importantly, it is
apparent that replication of the wild-type and variant viruses is
differentially regulated by HNF4 and RXR�-PPAR� (Fig. 6).
RXR�-PPAR� preferentially activates wild-type viral repli-
cation, whereas HNF4 preferentially activates variant viral
replication. Therefore, under circumstances in which RXR�-
PPAR� is more active than HNF4 in regulating HBV tran-
scription, the wild-type virus might be expected to predominate
over the variant virus. In contrast, when HNF4 is more active
than RXR�-PPAR� in regulating HBV transcription, the vari-
ant virus might be expected to be predominant relative to the
wild-type virus. If the activities of these factors are important
in the selection of the variant virus, it might be expected that
HNF4 activity would increase relative to RXR�-PPAR� activ-
ity in the liver during an anti-HBV immune response.

Nuclear hormone receptors regulate viral replication by mod-
ulating both the absolute level of transcription from the nucleo-
capsid promoter and the relative levels of precore and pregeno-
mic RNAs (Fig. 6 and 7). RXR�-PPAR� activates HBV 3.5-kb
RNA synthesis to a greater extent than does HNF4. For the
wild-type HBV genome, these nuclear hormone receptors do not
alter the relative levels of the precore and pregenomic RNAs
synthesized. In contrast, HNF4 preferentially activates tran-
scription from the pregenomic RNA initiation site and RXR�-
PPAR� preferentially activates transcription from the precore
RNA initiation site of the variant HBV genome (Fig. 7). These
data account for the higher level of variant replication sup-
ported by the ectopic expression of HNF4 compared with
RXR�-PPAR�. In addition, these observations support the
suggestion that the binding of HNF4 or RXR�-PPAR� to the
proximal nuclear hormone receptor binding site may inhibit
the formation of a preinitiation transcription complex in this
region of the nucleocapsid promoter and therefore restrict
transcription from the precore RNA initiation site (57). In
contrast, the binding of a preinitiation transcription complex
to this region may mediate RNA synthesis from the precore
RNA initiation site (56). As the proximal nuclear hormone
receptor binding site of the nucleocapsid promoter of the
variant viral genome cannot bind RXR�-PPAR�, the preini-
tiation transcription complex may have more direct access to
this site, resulting in preferential transcription from the pre-
core initiation site. This situation would generate the observed
higher relative level of precore RNA than of pregenomic RNA
(Fig. 7).

It appears unlikely that the amino acid differences in the X-
gene polypeptides (Lys130Met and Val131Ile) encoded by the
wild-type and variant HBV genomes contribute to the differences
in the levels of replication of these viral genomes in response to
the nuclear hormone receptors. The levels of the HBV 3.5-kb
RNA synthesized from the wild-type and variant HBV genomes
are similar when transcription is activated by HNF4 (Fig. 6). A
similar result is observed when transcription is activated by
RXR�-PPAR� (Fig. 6). These findings suggest that if the wild-
type and variant X-gene polypeptides modulate the level of tran-

scription from the nucleocapsid promoter, their effects are simi-
lar. In addition, the relative levels of precore and pregenomic
RNAs transcribed from the wild-type HBV genome in response
to HNF4 and RXR�-PPAR� are similar (Fig. 7). This result
indicates that the wild-type X-gene polypeptide does not modu-
late the relative utilization of the transcription initiation sites
when HBV 3.5-kb RNA synthesis is activated by different nu-
clear hormone receptors. Consequently, it appears unlikely
that the variant X-gene polypeptide is responsible for tran-
scription mediated by HNF4 initiating preferentially at the
pregenomic RNA initiation site and transcription mediated by
RXR�-PPAR� initiating preferentially at the precore RNA
initiation site of the variant HBV genome (Fig. 7).

The observation that wild-type and variant viral replication
is differentially regulated by ligand-dependent nuclear hor-
mone receptors suggests that the transcriptional regulation of
these viruses may have an important role in the observed
emergence of the variant virus during an immune response
directed against viral antigens. Activated Kupffer cells secrete
a variety of cytokines and lipid mediators of the immune re-
sponse, including leukotrienes and prostaglandins, putative
physiological ligands of PPAR� and PPAR
 (6, 11, 12, 24).
Therefore, it is possible that extracellular stimuli generated
during an antiviral immune response alter the physiology of the
hepatocytes in a manner modulating the relative activities of
transcription factors, including HNF1, HNF4, RXR�, and
PPAR�. These changes may differentially modulate wild-type
and variant HBV replication, contributing to the immune se-
lection of the HBV variant with the double nucleotide substi-
tution (A1764T and G1766A) in the proximal nuclear hor-
mone receptor binding site of the nucleocapsid promoter.
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27. López-Cabrera, M., J. Letovsky, K.-Q. Hu, and A. Siddiqui. 1990. Multiple
liver-specific factors bind to the hepatitis B virus core/pregenomic promoter:
trans-activation and repression by CCAAT/enhancer binding protein. Proc.
Natl. Acad. Sci. USA 87:5069–5073.
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