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The hepatitis B virus (HBV) core promoter regulates the transcription of two related RNA products named
precore RNA and core RNA. Previous studies indicate that a double-nucleotide mutation that occurs frequently
during chronic HBV infection converts a nuclear receptor binding site in the core promoter to the binding site
of the transcription factor hepatocyte nuclear factor-1 (HNF-1) and specifically suppresses the transcription
of the precore RNA. This mutation also changes two codons in the overlapping X protein coding sequence. In
this report, we demonstrate that the X protein and its mutant Xmt can physically bind to HNF-1 both in vitro
and in vivo. Further analyses indicate that both X and Xmt can enhance the gene transactivation and the DNA
binding activities of HNF-1. This finding demonstrates for the first time that the X protein can stimulate the
DNA binding activity of a homeodomain transcription factor. Interestingly, while both X and Xmt can stimulate
the HNF-1 activities, they differ in their effects: a smaller amount of Xmt is needed to generate greater
transactivation and DNA binding activities of HNF-1. This functional difference between X and Xmt may have
important implications in HBV pathogenesis and is apparently why they have different effects on the core
promoter bearing the HNF-1 binding site.

Hepatitis B virus (HBV) is a liver-tropic virus. It can cause
acute and chronic hepatitis, liver cirrhosis, and hepatocellular
carcinoma. HBV is a DNA virus with a 3.2-kb, partially double-
stranded genome. This genome contains four genes, S, P, C,
and X. The S gene codes for the viral envelope proteins com-
monly known as surface antigens. The P gene codes for the
viral DNA polymerase that is also a reverse transcriptase. The
C gene codes for the precore protein and the core protein. The
precore protein is the precursor of the serum e-antigen, and
the core protein is the major protein constituent of the viral
core particle. The X gene codes for a 16.5-kDa protein that can
regulate the cellular signaling pathways (6, 12, 16, 17, 27),
enhance the DNA binding activities of the bZip transcription
factors (1, 3, 4, 22), and facilitate hepatocellular oncogenesis in
transgenic mice (15, 21). Due to its small genome size, these
four HBV genes overlap each other extensively, and every
nucleotide in the HBV genome has at least one coding func-
tion.

The transcription of the HBV genes is regulated by four
promoters and two enhancers (29). One of the promoters,
named the core promoter, regulates the transcription of pre-
core RNA and core RNA, which code for the precore protein
and the core protein, respectively. Both the precore RNA and
the core RNA are larger than the genome size, but only the
latter also serves as the mRNA for the synthesis of the viral
DNA polymerase (24, 25). In addition, the core RNA also
serves as the pregenomic RNA that is packaged by the core
protein to form the viral core particle. This pregenomic RNA

is subsequently converted to the viral DNA genome by the viral
DNA polymerase that is also packaged.

During chronic HBV infection, HBV mutants may be gen-
erated. One frequent double mutation that converts nucleotide
(nt) 1765 from A to T and nt 1767 from G to A is identified in
over 80% of the HBV genomes isolated from patients with
chronic hepatitis symptoms (8, 18). This double mutation re-
sides in the core promoter. Previous studies indicate that this
double mutation specifically suppresses the precore RNA tran-
scription without affecting the core RNA transcription (9, 10,
14). Further studies indicate that this double mutation converts
a nuclear receptor binding site to the binding site of the he-
patocyte nuclear factor-1 (HNF-1) (19). HNF-1 is a transcrip-
tion factor that regulates the expression of a large number of
genes in liver, kidney, the digestive tract, and pancreatic �-cells
(13). This transcription factor is 628 amino acids in length with
a relative molecular mass of approximately 80 to 90 kDa due to
posttranslational modification (2, 13). HNF-1 contains an ami-
no-terminal dimerization domain, an atypical homeodomain
for DNA binding, and a carboxy-terminal transactivation do-
main (5, 13).

Due to the sequence overlap, this double mutation also
resides in the X protein coding sequence and changes codons
130 and 131 of the X protein from Lys-Val to Met-Ile (19). Our
previous studies suggested that the specific suppression of the
precore RNA transcription was due to the interaction between
HNF-1 and the mutated X protein (19). In this report, we have
studied the molecular mechanisms that mediate the interaction
between the X protein and HNF-1 and the functional conse-
quences of this interaction. We demonstrate that both the
wild-type X protein and the mutated X protein (Xmt) can
physically bind to HNF-1 and enhance the DNA binding ac-
tivity of HNF-1. However, these two X proteins differ in their
activities, which results in their differential regulation of the
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core promoter and the observed suppression of the precore
RNA transcription.

MATERIALS AND METHODS

DNA plasmids. pWTD contains the head-to-tail dimer of the wild-type HBV
genome of the adw2 subtype (19). pWTDX� is identical to pWTD with the
exception that it contains an A-to-C mutation at nucleotide (nt) 1377, which
removes the initiation codon of the X protein coding sequence, and a C-to-T
mutation at nt 1398, which creates a premature termination codon in the X
protein sequence. These two mutations abolished the expression of the 16.5-kDa
X protein (28a). pM1D is identical to pWTD except that it contains the nt 1765
A-to-T and nt 1767 G-to-A double mutation in the core promoter (9, 19).
pM1DX� is identical to pM1D with the exception that it contains the two
additional mutations at nt 1377 and nt 1398 that prevent the expression of the
16.5-kDa X protein. pCMV-HNF-1 has been described previously (19).

pECE-X is an X protein-expressing plasmid. In this plasmid, the expression of
the X protein is under the control of the simian virus 40 (SV40) early promoter
(26). pECE-Xmt is identical to pECE-X with the exception that it contains the nt
1765 A-to-T and nt 1767 G-to-A double mutation in its X protein coding se-
quence. pCMV-HAX contains the hemagglutinin (HA)-tagged X protein coding
sequence, which is under the expression control of the immediate-early promoter
of cytomegalovirus (CMV). To construct this DNA plasmid, a double-stranded
oligonucleotide, 5�-AGCTTCACCATGTACCCATACGACGTCCCAGACTA
CGCTTC-3�–3�-AGTGGTACATGGGTATGCTGCAGGGTCTGATGCGA
AGGTAC-5�, containing the coding sequence of the HA tag was synthesized.
This oligonucleotide contained a HindIII site at one end and an NcoI site at the
other end. This oligonucleotide was joined in frame to the X protein coding
sequence via the NcoI site located at the 5� end of the X protein coding sequence.
The fused HA-X sequence was then inserted into the HindIII and NotI (blunt-
ended) sites of the pRc/CMV vector (Invitrogen).

pCMV-HAXmt is identical to pCMV-HAX with the exception that it contains
the nt 1765 A-to-T and nt 1767 G-to-A double mutation. pECE-HAX contains
the HA-tagged X protein sequence. The HindIII/XbaI fragment that contains the
coding sequence of the HA-tagged X protein was isolated from pCMV-HAX and
then inserted into the HindIII and XbaI sites of the pECE-1 vector (26). pECE-
HAXmt is identical to pECE-HAX with the exception that it contains the nt 1765
A-to-T and nt 1767 G-to-A double mutation. pET-HAX was constructed by
inserting the HA-X coding sequence into the NdeI and BamHI sites of pET-3a
(Novagen). The HA-X sequence in this case was isolated by PCR with NdeI site
and BglII sites engineered at the 5� end and the 3� end, respectively. pET-HAXmt

is identical to pET-HAX except that it contains the nt 1765 A-to-T and nt 1767
G-to-A double mutation. pCpHNF1-Luc contains four copies of the HNF-1
binding site derived from nt 1750 to 1779 of the core promoter bearing the nt
1765 A-to-T and nt 1767 G-to-A double mutation. In this plasmid, the minimal
thymidine kinase (TK) promoter from pBLCAT-2 (11) was inserted into the
SmaI and XhoI sites of pGL3-Luc (Promega) to regulate the expression of the
luciferase reporter. The HNF-1 site was inserted upstream of the TK promoter.

Cell culture and DNA transfection. Huh7 hepatoma cells were maintained in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum. Cells
were plated in a 60-mm petri dish the day before transfection and transfected
when they were 80% confluent. Each plate of cells was transfected with 10 �g of
DNA with the calcium phosphate precipitation method. In all cases, pXGH5
(Nichols Diagnostics) was included in the transfection procedures to serve as an
internal control to monitor the transfection efficiency. pXGH5 contained the
human growth hormone reporter under the expression control of the mouse
metallothionein promoter. Cells were lysed 48 h after transfection for the lucif-
erase assay. The incubation medium was harvested for analyzing human growth
hormone activity with a radioimmunoassay kit (Nichols Diagnostics).

In vitro coimmunoprecipitation of HNF-1 and X proteins. HNF-1, HA-X, and
HA-Xmt RNAs were synthesized in vitro from their respective DNA templates,
pCMV-HNF-1, pCMV-HAX, and pCMV-HAXmt, with the T7 RNA polymerase
(Promega). The protein translation reaction, which contained 0.5 �g of RNA, 10
�l of rabbit reticulocyte lysates (Promega), 0.5 �l of 1 mM amino acid mixture
minus methionine, and 10 �Ci of [35S]methionine, was carried out at 30°C for
1 h. For coimmunoprecipitation, 2 �l of HNF-1 translational mixture and 2 �l of
either HA-X or HA-Xmt translational mixture were mixed and incubated at
room temperature (RT) for 30 min prior to the addition of 0.5 ml of Tris-
buffered saline (TBS; 10 mM Tris-HCl, pH 7.0, 150 mM NaCl) containing 0.5%
Nonidet P-40 (NP-40). The sample was then mixed with 1 �l of monoclonal
anti-HA antibody (Roche Diagnostics) and further incubated at 4°C overnight.
The immunocomplex was then precipitated with Pansorbin (Calbiochem, La
Jolla, Calif.), subjected to sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) on a 12.5% gel, and then autoradiographed and analyzed
with a PhosphorImager (Molecular Dynamics, Sunnyville, Calif.).

In vivo coimmunoprecipitation of HNF-1 and X proteins. Huh7 cells in a
10-cm dish were cotransfected with 10 �g of pCMV-HNF-1 and 10 �g of either
pECE-HAX or pECE-HAXmt. Forty-eight hours after transfection, cells were
lysed by sonication on ice for 2 min in TBS containing 0.5% NP-40. The cell
debris was removed by a brief centrifugation in a microcentrifuge. The super-
natant was then immunoprecipitated with the mouse anti-HA antibody with the
same procedures described above. The immunocomplex precipitated with Pan-
sorbin was then analyzed by Western blotting with the rabbit anti-HNF-1 primary
antibody (19) and the horseradish peroxidase-conjugated goat anti-rabbit immu-
noglobulin secondary antibody. Alternatively, the cell lysates were first immu-
noprecipitated with 1 �l of rabbit anti-HNF-1 antibody, followed by Western
blotting with the anti-HA primary antibody and the horseradish peroxidase-
conjugated goat anti-mouse immunoglobulin secondary antibody.

Expression of HA-X and HA-Xmt in E. coli. Escherichia coli BL21(DE3) cells
were transformed with pET-HAX or pET-HAXmt for the expression of HA-X or
HA-Xmt, respectively, with our previous procedures (20). After the induction of
protein expression with 1 mM isopropylthiogalactopyranoside (IPTG), E. coli
cells were pelleted by centrifugation and lysed by sonication on ice. After cen-
trifugation, the pellet, which contained the insoluble HA-X or HA-Xmt, was
resuspended in 6 M guanidine hydrochloride. After a brief centrifugation to
remove the insoluble cell debris, the protein sample was dialyzed against phos-
phate-buffered saline (PBS). The dialysates were centrifuged for 2 min in a
microcentrifuge, and the pellet was resuspended by sonication in a solution
containing 37.5% urea and 5% acetic acid.

The HA-X or HA-Xmt protein was then purified on an acid-urea gel by the
published procedures with slight modifications (23). Briefly, methylene blue was
added to the sample to a final concentration of 0.1%. The HA-X or HA-Xmt

protein was then purified on a 12.5% polyacrylamide gel containing 37.5% urea
and 5% glacial acetic acid. The running buffer was 5% acetic acid. Prior to
loading the samples, the gel was run for 1.5 to 2 h at 10 V/cm. The samples were
then electrophoresed until the methylene blue dye was in the middle of the gel.
The gel pieces containing HAX or HAXmt were then isolated and soaked in 6 M
urea–5% acetic acid in a dialysis bag at 4°C overnight. The protein sample was
then electroeluted. The eluates were collected and first dialyzed against PBS and
then against 10 mM NH4HCO3 containing 0.005% NP-40. Protein samples were
lyophilized, dissolved in 50 �l of PBS, and stored at �80°C in small aliquots. A
blank gel piece was processed simultaneously to serve as a negative control. The
purity and the identity of the protein were determined by silver staining (Bio-Rad
Silver Stain Plus) and Western blotting.

Gel shift assay. The preparation of the Huh7 nuclear extracts and the gel shift
assay were described previously (9, 19). The oligonucleotide probe used for the
gel shift contained the sequence 5�-GAGGAGATTAGGTTAATGATCTTTG
TAT-3�–3� CTCTAATCCAATTACTAGAAACATAATC-5�. This sequence is
derived from the HBV core promoter with the nt 1765 A-to-T and nt 1767
G-to-A double mutation.

Primer extension analyses. Total cellular RNA was isolated from Huh7 cells
transfected with various HBV genomic DNA constructs and used for the primer
extension analysis. The sequence of the antisense primer used for primer exten-
sion for analyzing the C gene transcripts was 5�-GGTGAGCAATGCTCAGGA
GACTCTAAGG-3�, which corresponds to nt 2051 to 2024 of the HBV genome.
The antisense primer sequence used for analyzing the human growth hormone
transcript was 5�-GCCACTGCAGCTAGGTGAGCGTCC-3�. The primer ex-
tension reaction was carried out as previously described (19).

RESULTS

Interaction between HNF-1 and the X protein and its mu-
tant in vitro. Our previous results suggested that Xmt, the X
protein with the Lys-Val to Met-Ile double mutation at amino
acids 130 and 131, could interact with HNF-1 to regulate HBV
C gene expression (19). To study this interaction, we examined
whether HNF-1 and Xmt could physically bind to each other.
Since the X protein reacts poorly with its antibodies, we had
fused the HA tag, an antigenic epitope derived from influenza
virus hemagglutinin, to the amino terminus of the X protein to
facilitate the analysis. HNF-1 and HA-tagged X and Xmt pro-
teins were synthesized in vitro with the rabbit reticulocyte
lysates and radiolabeled with [35S]methionine. As shown in
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Fig. 1, although HNF-1 could not be immunoprecipitated by
the anti-HA antibody, it could be precipitated by the anti-HA
antibody in the presence of either the HA-tagged X protein
(HA-X) or the HA-tagged Xmt protein (HA-Xmt). The ability
of HNF-1 to be coimmunoprecipitated with HA-X and HA-
Xmt indicated that HNF-1 could bind to either of these two
proteins.

Interaction between HNF-1 and the X proteins in vivo. To
investigate whether HNF-1 and the two X protein variants
could also bind to each other in vivo, we expressed HNF-1,
HA-X, and HA-Xmt either separately or together in Huh7
cells, a well-differentiated human hepatoma cell line. The cells
were lysed 48 h after transfection, and the cell lysates were
immunoprecipitated with the mouse monoclonal anti-HA an-
tibody. The immunoprecipitates were then analyzed by West-
ern blotting with the rabbit anti-HNF-1 antibody. As shown in
Fig. 2A, lane 2, the anti-HA antibody could not precipitate
HNF-1 if HNF-1 was expressed in the absence of the X pro-
tein. However, if HNF-1 was coexpressed with either HA-X or
HA-Xmt, its signal could clearly be detected by Western blot-
ting in the coimmunoprecipitation experiment (Fig. 2A, lanes
5 and 6). These results indicated that HNF-1 could also bind to
HA-X and HA-Xmt in Huh7 cells.

Note that Huh7 cells also expressed endogenous HNF-1.
However, the signal of endogenous HNF-1 was not apparent in
the coimmunoprecipitation assay when Huh7 cells were trans-
fected with only the HA-X- or HA-Xmt-expressing plasmid
(Fig. 2A, lanes 3 and 4). This lack of signal was likely due to its
low expression level and the sensitivity of the coimmunopre-
cipitation assay. A reciprocal immunoprecipitation with the
anti-HNF-1 antibody followed by Western blot analysis with

the anti-HA antibody was also conducted to demonstrate the
interaction between HNF-1 and the X protein and its mutant
Xmt. As shown in Fig. 2B, HA-X and HA-Xmt could also be
coprecipitated with HNF-1 by the anti-HNF-1 antibody.

Differential regulation of HNF-1 activity by X and Xmt. In
order to determine the possible effects of X and Xmt on the
activities of HNF-1, we created a luciferase reporter plasmid,
pCpHNF1-Luc. In this plasmid, the expression of luciferase is
under the control of the minimal TK promoter, which was
linked to four copies of the HNF-1 binding sites derived from
the core promoter that contained the nt 1765 A-to-T and nt
1767 G-to-A double mutation (Fig. 3A). Huh7 cells were co-
transfected with pCpHNF1-Luc or its control reporter lacking
the HNF-1 binding sites, the HNF-1-expressing plasmid
pCMV-HNF-1 or its control vector pR/cCMV, and pECE-X or
its control vector pECE-1. As shown in Fig. 3B, cotransfection
of the pCpHNF1-Luc reporter with the pR/cCMV control

FIG. 1. Coimmunoprecipitation of HNF-1 with X and Xmt proteins
in vitro. HNF-1, HA-X, and HA-Xmt were labeled with [35S]methi-
onine and synthesized in vitro with rabbit reticulocyte lysates. Details
of the procedures are described in Materials and Methods. They were
then subjected to gel electrophoresis without immunoprecipitation
(lanes 1 to 3) or after immunoprecipitation (lanes 4 to 8) with the
anti-HA antibody. Lane 1, HNF-1 without immunoprecipitation; lane
2, HA-X without immunoprecipitation; lane 3, HA-Xmt without im-
munoprecipitation; lane 4, HNF-1 with immunoprecipitation with the
anti-HA antibody; lane 5, HA-X with immunoprecipitation; lane 6,
HA-Xmt with immunoprecipitation; lane 7, HA-X and HNF-1 immu-
noprecipitated with the anti-HA antibody; and lane 8, HA-Xmt and
HNF-1 immunoprecipitated with the anti-HA antibody. The arrows
mark the locations of the HNF-1, HA-X, and HA-Xmt bands. In lane
1, protein bands smaller than the size of HNF-1 were also detected.
The nature of these bands is unclear. They might be degraded HNF-1
or N-terminally truncated HNF-1 synthesized from the internal ATG
codons. Sizes are shown on the left in kilodaltons.

FIG. 2. Coimmunoprecipitation of HNF-1 with X and Xmt ex-
pressed in Huh7 cells. (A) Coimmunoprecipitation with anti-HA an-
tibody as the primary antibody. Huh7 cells were transfected with the
control pRc/CMV vector alone (lane 1), pCMV-HNF-1 (lanes 2 and
7), pCMV-HAX (lane 3), pCMV-HAXmt (lane 4), pCMV-HNF-1 and
pCMV-HAX (lane 5), or pCMV-HNF-1 and pCMV-HAXmt (lane 6).
Two days after transfection, cells were lysed, immunoprecipitated with
the mouse anti-HA antibody, and then analyzed by Western blotting
with the rabbit anti-HNF-1 antibody (lanes 1 to 6). In lane 7, the
lysates of cells transfected by pCMV-HNF-1 were analyzed directly by
Western blotting without immunoprecipitation. This lane served as a
positive control for identifying the HNF-1 protein band. The arrow
marks the location of a background band. (B) Coimmunoprecipitation
with the anti-HNF-1 antibody as the primary antibody. The coimmu-
noprecipitation procedures were the same as in panel A except that the
rabbit anti-HNF-1 antibody was used for immunoprecipitation, fol-
lowed by Western blotting with the anti-HA antibody. Lane 1, HA-
tagged X protein purified from E. coli, which served as a marker; lane
2, Huh7 cells transfected with pRc/CMV control vector; lane 3, Huh7
cells transfected with pCMV-HNF-1; lane 4, Huh7 cells transfected
with pCMV-HNF-1 and pCMV-HAX; lane 5, cells transfected with
pCMV-HNF-1 and pCMV-HAXmt; lane 6, cell lysates prepared from
cells transfected with pCMV-HAX without immunoprecipitation with
the anti-HNF-1 antibody.
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expression vector generated a low luciferase activity similar to
that produced by the control reporter lacking the HNF-1 bind-
ing site, indicating that the low endogenous HNF-1 level in
Huh7 cells was insufficient to enhance the luciferase expression
from pCpHNF1-Luc.

In contrast, the cotransfection of pCpHNF1-Luc with the
HNF-1-expressing plasmid pCMV-HNF-1 increased the lucif-
erase activity more than 30-fold. This transactivation activity of
HNF-1 was further increased by the X protein-expressing plas-
mid pECE-X in a dose-dependent manner in the cotransfec-
tion experiments. The maximal activity was achieved at 50 ng
of pECE-X. This activity then gradually decreased when the
amount of pECE-X used for the cotransfection was further

increased. Since the luciferase activity expressed from the
pCpHNF1-Luc reporter in the absence of the HNF-1-express-
ing plasmid was not affected by pECE-X, the regulatory effect
of the X protein on the reporter expression was apparently
mediated by HNF-1.

The ability of Xmt to stimulate HNF-1-mediated transcrip-
tion was also tested. A similar dose-dependent activation of the
luciferase activity by the Xmt protein in the presence of pCMV-
HNF-1 was also observed, with the luciferase activity reaching
the peak of an approximately fourfold stimulation when 5 ng of
pECE-Xmt was used for cotransfection. The luciferase activity
then gradually decreased when the pECE-Xmt amount was
further increased. As with X, Xmt was not able to stimulate
reporter expression in the absence of the HNF-1-expressing
plasmid pCMV-HNF-1 (data not shown). Thus, both X and
Xmt could stimulate the activity of HNF-1, although they dif-
fered in their effects: a smaller amount of Xmt was needed to
generate a greater stimulatory effect on the HNF-1 activity.

The difference between the twofold stimulation and the
fourfold stimulation of HNF-1 activity by X and Xmt (Fig. 3B
and 3C, respectively) was reproducible and significant (P �
0.01). This difference was not due to the different stabilities of
X and Xmt in Huh7 cells, as the Western blot analysis of the
Huh7 cell lysates with the anti-HA antibody revealed no dif-
ference in their expression levels (data not shown).

Enhancement of the DNA binding activity of HNF-1 by X
and Xmt. To further understand how X and Xmt might regulate
the HNF-1 activity, we also performed gel shift assays to ex-
amine whether the DNA binding activity of HNF-1 was af-
fected by X and Xmt. An oligonucleotide containing the HNF-1
binding sequence derived from the core promoter with the nt
1765 A-to-T and nt 1767 G-to-A double mutation was used as
the probe. The HA-X and HA-Xmt proteins were expressed in
E. coli and subsequently purified. The purity of these two
proteins was analyzed by silver staining, and the identity was
verified by Western blotting (Fig. 4). Based on silver staining,
the purity of these two X proteins was estimated to be at least
80%.

As shown in Fig. 5, in agreement with our previous results,
the addition of Huh7 nuclear extracts resulted in the genera-
tion of the HNF-1 band shift (19) (also see below). The signal
of this band shift could be enhanced by the X protein in a

FIG. 3. Effects of X and Xmt on the transactivation activities of
HNF-1. (A) Illustration of the HNF-1 reporter construct. The lucif-
erase reporter is boxed, and the HNF-1 binding sequence is shown in
boldface letters and underlined. A minimal thymidine kinase (tk) pro-
moter controlled the expression of the luciferase reporter. (B) Histo-
gram of the transactivation activities of X and HNF-1. Shaded box,
cotransfection of pCpHNF1-Luc and pCMV-HNF-1; solid box, trans-
fection of pCpHNF1-Luc with pRc/CMV; empty box, transfection of
the control reporter lacking the HNF-1 binding site. (C) Histogram of
the transactivation activities of Xmt and HNF-1. In both B and C, 3 �g
of pCMV-HNF-1 or pRc/CMV was used for the cotransfection with 4
�g of pCpHNF1-Luc or the control reporter ptk-Luc. The amount of
pECE-X or pECE-Xmt used for the transfection is indicated at the
bottom of the chart. In all cases, 40 ng of pXGH5, a plasmid that
expressed the human growth hormone, was also used for cotransfec-
tion to monitor the transfection efficiency. All the luciferase activities
expressed were normalized against the luciferase activity derived from
the cotransfection of pCMV-HNF-1, pCpHNF1-Luc, and pECE-1.
The results represent the averages of at least three independent ex-
periments.

FIG. 4. HA-X and HA-Xmt proteins expressed in E. coli. The pro-
cedures for the expression of HA-X and HA-Xmt in E. coli and their
subsequent purifications are described in Materials and Methods.
Lanes 1 and 2, silver staining of HA-X (lane 1) and HA-Xmt (lane 2)
purified from E. coli. Lanes 3 and 4, Western blot analysis of HA-X
(lane 3) and HA-Xmt (lane 4) with the anti-HA antibody. The arrow
marks the locations of HA-X and HA-Xmt. Sizes are shown in kilo-
daltons.
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dose-dependent manner. The addition of 0.2 ng, 20 ng, and 100
ng of HA-X protein resulted in successive increases in the
DNA binding activity of HNF-1. The HA-Xmt protein was also
able to stimulate the DNA binding activity of HNF-1 in the
same assay. However, 0.2 ng of HA-Xmt was sufficient to stim-
ulate the DNA binding activity of HNF-1 to about the same
degree as 100 ng of HA-X did. Further increase of the HA-Xmt

amount in the gel shift assay resulted in reduction of the
HNF-1 DNA binding activity, and when 100 ng of HA-Xmt was
used in the binding reaction, the HNF-1 DNA binding activity
was reduced to a level similar to that when no HA-Xmt was
used. Thus, as in the luciferase reporter assay, although both
HA-Xmt and HA-X could stimulate the DNA binding activity
of HNF-1, they differed in their effects.

Since the X protein could bind to HNF-1, we decided to
examine whether HA-X and HA-Xmt were part of the HNF-
1-DNA complex by performing the supershift assay with the
anti-HA antibody. As shown in Fig. 6, addition of the anti-
HNF-1 antibody in the binding reaction resulted in the re-
moval of the band shift signal (lane 3), confirming that the
band shift was indeed caused by HNF-1. The inclusion of 1 ng
of HA-X or HA-Xmt in the binding reaction stimulated the
DNA binding activity of HNF-1 roughly twofold (lanes 4 to 9),
indicating that HA-X and HA-Xmt at this amount had similar
stimulatory effects on HNF-1. Since the addition of the an-
ti-HA antibody could not supershift or reduce the band shift
signal of HNF-1, HA-X or HA-Xmt was apparently not part of
the HNF-1-DNA complex in this assay.

Regulation of HBV C gene transcription by HNF-1, X, and
Xmt. To further investigate how HNF-1, X, and Xmt might
interact with each other to regulate the expression of the HBV
C gene, we introduced an A-to-C mutation at nt 1377 and a
C-to-T mutation at nt 1398 in the HBV genome (Fig. 7A). The
former removed the initiation codon for the translation of the
X protein, and the latter created a premature termination
codon in the X protein coding sequence. Both mutations would
prevent the expression of the 16.5-kDa X protein. These two

mutations were introduced into both the wild-type HBV ge-
nome and the HBV genome that contained the nt 1765 A-to-T
and nt 1767 G-to-A double mutation (the M1 mutant). HBV
genomic dimers with or without the ability to express the X
protein were then transfected into Huh7 cells. The cellular
RNA was then isolated and analyzed for transcription of HBV
precore RNA and core RNA by primer extension.

As shown in Fig. 7B, the two mutations that abolished the
expression of the X protein from the wild-type genome did not
affect the transcription of the precore RNA and the core RNA
in Huh7 cells. This was consistent with the previous reports (7,
30), which indicated that the X protein did not play a role in
HBV replication in Huh7 cells. Also in agreement with the
previous reports, the nt 1765 A-to-T and nt 1767 G-to-A dou-
ble mutation, which created the M1 genome, reduced the pre-
core RNA level by 70% without significantly affecting the core
RNA level. The additional double mutation that abolished the
expression of the Xmt protein from the M1 genome reduced
the transcription level of the core RNA by nearly 50% without
further reducing the precore RNA level. The quantitation re-
sults are shown in Fig. 7C. These results indicated that Xmt was
a weak transactivator and could increase the transcriptional
efficiency of the core RNA.

DISCUSSION

Our previous studies indicated that a frequent double nu-
cleotide mutation in the HBV core promoter converted a nu-
clear receptor binding site to an HNF-1 binding site and mu-
tated two codons in the X protein sequence (9, 19). Further
analysis indicated a suppression of the precore RNA transcrip-

FIG. 5. Enhancement of the DNA binding activity of HNF-1 by
HA-X and HA-Xmt. The procedures for the gel shift experiment are
described in Materials and Methods. Lane 1, free DNA probe; lane 2,
free DNA probe mixed with the Huh7 nuclear extracts; lanes 3 to 5, the
addition of 0.2 ng, 20 ng, and 100 ng of HA-X, respectively, into the
binding reaction mixture; lanes 6 to 8, the addition of 0.2 ng, 20 ng, and
100 ng of HA-Xmt, respectively, into the binding reaction mixture. The
location of the HNF-1 band shift is indicated by an arrow.

FIG. 6. Absence of HA-X and HA-Xmt in the HNF-1 band shift.
The supershift assay was conducted as described in Materials and
Methods. Lane 1, free DNA probe; lane 2, DNA probe incubated with
Huh7 nuclear extract (NE); lane 3, Huh7 nuclear extract plus 1 ng of
X protein; lane 4, the same as lane 3 but with the addition of a control
mouse antibody; lane 5, the same as lane 4 but with the addition of the
anti-HA antibody; lane 6, nuclear extracts plus 1 ng of HA-Xmt pro-
tein; lane 7, the same as lane 6 but with the addition of a control mouse
antibody; lanes 8, the same as lane 7 but with the addition of the
anti-HA antibody. The location of the HNF-1 band shifts is indicated
by an arrow.
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tion, possibly due to the interaction between HNF-1 and the
mutated X protein (9, 19).

In this report, we have investigated this possible interaction
between HNF-1 and the X protein. Our coimmunoprecipita-
tion studies indicated that HNF-1 could physically bind to the
X protein and its mutant Xmt both in vitro and in vivo (Fig. 1
and 2). This interaction is likely the reason why the activities of
HNF-1 could be stimulated by both X and Xmt in a dose-
dependent manner (Fig. 3). Although X and Xmt could both
stimulate the gene transactivation activity of HNF-1, they were
different in their activities. A smaller amount of Xmt than of X
was needed to stimulate greater HNF-1 activity. The ability of
X and Xmt to stimulate the gene transactivation activity of
HNF-1 suggested that these two proteins might interact with
HNF-1 in the nucleus to enhance its activity. Indeed, linking

the nuclear localization signal of the SV40 T antigen to the X
protein to suppress its cytoplasmic localization did not impair
its ability to stimulate the gene transactivation activity of
HNF-1 (data not shown).

The molecular mechanisms by which the X protein might
regulate the HNF-1 activity were also studied. The results
shown in Fig. 5 indicated that X and Xmt could stimulate the
DNA binding activity of HNF-1. However, in spite of their
abilities to bind to HNF-1 directly, X and Xmt did not appear
to stably associate with HNF-1 under our assay conditions (Fig.
6). Previous studies indicated that the X protein could stimu-
late the DNA binding activities of bZip transcription factors (1,
3, 4, 22, 28). Similarly, X was not observed to be part of the
protein-DNA complex in those studies (3, 4, 22, 28). Thus, our
finding was consistent with the previous observations. Al-

FIG. 7. Effects of X and Xmt on transcription of precore and core RNAs. (A) Illustration of the HBV genome with the mutations that abolished
the expression of the Xmt protein. The locations of the nt 1376 A to C and nt 1397 C to U double mutations that abolished the expression of the
Xmt protein are indicated. The HNF-1 binding sequence in the M1 genome is also shown. The rightward arrow marks the locations of precore RNA
and core RNA transcription initiation sites. (B) Primer extension analysis of precore RNA and core RNA transcribed from various HBV genomic
DNA constructs. Huh7 cells transfected with various HBV genomic dimers were lysed 2 days after transfection. The total cellular RNA was then
extracted and used for the primer extension analysis. Lane 1, cells transfected with the control pUC19 vector; lane 2, cells transfected with the
wild-type HBV genome (pWTD); lane 3, cells transfected with the wild-type HBV genome with mutations that abolished the expression of the X
protein (pWTDX�); lane 4, the M1 HBV genome (pM1D); lane 5, the M1 genome with mutations that abolished Xmt protein expression
(pM1DX�). In all cases, pXGH5, a plasmid that expresses the human growth hormone (hGH), was used for cotransfection to serve as the internal
transfection control. The locations of the precore RNA and the core RNA as well as the internal control human growth hormone RNA are
indicated by arrows. The procedures for the primer extension analysis are described in Materials and Methods. (C) Quantitation analysis of the
results shown in panel B. The signals of the precore (PC) RNA and the core (C) RNA bands were measured by densitometry and calculated based
on the equation [(Xa � B)/(XWTD � B)]/[TEa/TEWTD], where Xa is the precore RNA (or the core RNA) signal of sample a, XWTD is the precore
RNA (or the core RNA) signal expressed by pWTD, B is the background signal from a randomly selected area of the gel, TEa is the transfection
efficiency of sample a as determined by the human growth hormone RNA internal control, and TEWTD is the transfection efficiency of pWTD. The
results represent the averages of three independent experiments.
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though both X and Xmt could stimulate the DNA binding
activity of HNF-1, similar to the reporter studies shown in Fig.
3, they again differed in their activities: a smaller amount of
Xmt than of X could generate a higher DNA binding activity of
HNF-1 (Fig. 5).

The studies of the roles of X and Xmt in HBV C gene
regulation in the context of the entire HBV genome also sug-
gested that these proteins were functionally different. While
abolishing X protein expression had no effect on transcription
of the precore RNA and the core RNA from the wild-type
HBV genome (Fig. 7) (7, 30), abolishing the expression of Xmt

reduced the expression level of the core RNA from the M1
genome (Fig. 7). It is interesting that the double codon muta-
tion in Xmt is located in a sequence that is highly conserved
among mammalian hepadnavirus X proteins (16). Thus, it is
conceivable that this double mutation affects the activity of the
Xmt protein and/or its interaction with the transcriptional co-
factors.

In conclusion, we have demonstrated that X and Xmt phys-
ically interact with HNF-1 and stimulate its DNA binding ac-
tivity. Our finding thus expanded the transcription factors ac-
tivated by X beyond the bZip family to include the
homeodomain protein HNF-1. We have addressed the rele-
vance of the interaction on core RNA and precore RNA tran-
scription in the context of the entire HBV genome. The double
mutation, which converted nt 1765 from A to T and nt 1767
from G to A in the HBV genome, is highly specific. Based on
our previous results and the current studies, it is clear that this
specificity is due in part to the need to create the HNF-1
binding site and in part to the need to create Xmt that is
functionally similar to the wild-type X protein but yet distinct
from it. As the creation of the HNF-1 site in the core promoter
by the frequent double mutation would inevitably lead to the
production of Xmt, it is unlikely that X would interact with
HNF-1 during natural HBV infection to regulate the transcrip-
tion of the C gene.

The HBV X protein has been shown to enhance hepatocel-
lular oncogenesis in transgenic mice (15, 21). It will be inter-
esting to determine whether Xmt also possesses the same or
enhanced activity in similar studies.
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