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Hepatitis B virus (HBV) X gene encodes a multifunctional protein that can regulate cellular signaling
pathways, interact with cellular transcription factors, and induce hepatocellular oncogenesis. In spite of its
diverse activities, the precise role of the X protein in the viral life cycle of HBV remains unclear. To investigate
this question, we have produced transgenic mice that carry either the wild-type HBV genome or a mutated HBV
genome incapable of expressing the 16.5-kDa X protein. Our results indicate that while the X protein is not
absolutely essential for HBV replication or its maturation in transgenic mice, it can enhance viral replication,
apparently by activating viral gene expression. These results demonstrate a transactivation role of the X
protein in HBV replication in transgenic mice.

Hepatitis B virus (HBV) is a human pathogen that can cause
acute and chronic hepatitis and also hepatocellular carcinoma.
This virus is a small DNA virus that belongs to the hepadna-
virus family. This family contains a group of closely related
viruses that infect primarily the livers of their respective animal
hosts. The HBV genome is a 3.2-kb DNA molecule that con-
tains four genes named C, S, P, and X (13). The C gene codes
for the core protein and the serum e antigen, the S gene codes
for three related viral envelope proteins known as surface
antigens, the P gene codes for the viral DNA polymerase, and
the X gene codes for a 16.5-kDa protein.

The HBV X protein has many activities in vitro (38). It can
enhance the expression of RNA polymerase I-, II-, and III-
dependent genes through multiple pathways (31, 33, 35, 36).
The X protein does not bind to DNA directly. However, it can
bind to different transcription factors, including AP1, AP2,
ATF-2, CREB, TBP, TFIIB, and TFIIH, to modify their ac-
tivities (2, 16, 21, 23, 26, 30). It also binds to RBP5, a subunit
of all three mammalian RNA polymerases (7, 21), to the pro-
teasome, p53, a DNA repair protein UV-DDB, and a member
of the human voltage-dependent ion channel family HVDAC3
(3, 12, 17, 27, 37). The X protein can also activate the ras–raf–
mitogen-activated protein kinase signaling pathway and the
NF-�B pathway (4, 9, 19, 22, 24, 34). These activities are
thought to be important for the X protein to induce oncogen-
esis and apoptosis in cell cultures and in transgenic mice (8, 10,
18, 25, 32).

In spite of its diverse activities in cultured cells, the role of
the X protein in the HBV life cycle remains a mystery. To
investigate its possible functions, we produced transgenic mice

that carried either the wild-type HBV genome or a mutated
HBV genome that expresses all viral proteins except the X
protein. The HBV genomic DNA fragment used for producing
the transgenic mice is illustrated in Fig. 1. This DNA fragment
starts from nucleotide (nt) 1043, which is located upstream of
the ENI enhancer and the X promoter, and terminates at nt
1987, which is located downstream of the unique poly(A) site.
This DNA fragment is approximately 1.3 times the size of the
HBV genome and has been used to generate transgenic mouse
lines that produce high HBV titers (14). To abolish the expres-
sion of the X protein, an A-to-C mutation was introduced at nt
1377 to remove the initiation codon of the X protein and a
C-to-T mutation was introduced at nt 1398 to introduce a
premature termination codon in the X coding sequence. Nei-
ther of these two mutations affects the coding sequence of the
overlapping polymerase gene. Due to the genomic structure of
HBV, the X gene was present in two copies in this DNA
fragment, and both copies were mutated to abolish the expres-
sion of the X protein. Both the wild-type and the mutant DNA
fragments inserted into the pUC19 vector were found to direct
the transcription of HBV RNAs and the replication of HBV
DNA with no significant difference in Huh7 cells, a well-dif-
ferentiated human hepatoma cell line (data not shown). These
results were consistent with previous reports (5, 40) which
indicated that the X gene had no effect on HBV replication in
Huh7 cells. These two HBV DNA fragments were then in-
jected into fertilized mouse embryos for the production of
transgenic mice.

The mouse litters produced were analyzed by genomic
Southern blotting for the identification of the transgenic mice.
The positive mice were further analyzed for the presence of
HBV virions in their sera by using the endogenous polymerase
assay (EPA). In all of the EPA reactions, the nonionic deter-
gent Nonidet P-40 (NP-40) was included in the reaction mix-
ture to remove the envelope from the HBV virion. Since the
omission of NP-40 generated negative EPA results (data not
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shown), the HBV signals detected by this assay could not be
due to the core particles released from injured hepatocytes.
Based on these screening procedures, 6 of the 12 litters were
found to carry the wild-type HBV genome (1.3HBVwt mice),
and among these 6 litters, 3 produced circulating HBV virions.
Also, 10 of the 15 litters screened were found to carry the
mutated HBV genome (1.3HBVmt mice), and among these 10
litters, 5 were found to produce circulating HBV virions. The
ability of five independent 1.3HBVmt F0 mice to produce
circulating HBV virions indicates that an intact X gene is not
essential for HBV replication and maturation in this mouse
model.

wtTg05 and wtTg08 are two different 1.3HBVwt mouse lines
established from two founder mice. The former has a higher
circulating HBV level than the latter when age- and sex-
matched mice of these two lines were compared. By perform-
ing the dot blot analysis with cloned HBV genomic DNA as the
standard, the homozygous wtTg05 mouse was found to carry
two copies of the HBV genome and the wtTg08 mouse was
found to carry six copies (data not shown). mtTg04 and mtTg14
are two different 1.3HBVmt transgenic mouse lines. The
former also has a higher circulating HBV level than the latter.
Similar dot blot analysis revealed that the homozygous mtTg04
mouse carried eight copies of the HBV genome and the
mtTg14 mouse carried four copies. The viral titers of 6- and
18-week-old mice of these representative transgenic mouse
lines are compared in Fig. 2A and B, and a more detailed
time-point analysis of the viral titers of the wtTg08 mouse line
is shown in Fig. 2C. The viral titers in all of the transgenic mice
were found to decrease, albeit to different degrees, in an age-
dependent manner (Fig. 2). This age-dependent reduction of
the viral titers may be due to the methylation of the HBV
transgene (1, 29) and/or by the development of anti-HBV
antibodies, although the latter possibility appears to be un-
likely, based on Northern blotting results (data not shown) (see
below). At 6 weeks of age, the circulating viral titers of mtTg04
and wtTg05 male mice were similar and, as determined by the
dot blot, were about 3 � 108 genome equivalents per ml of
serum. In these and all the subsequent experiments, two to

FIG. 2. EPA of circulating HBV virions in transgenic mice. One
microliter of mouse serum was mixed with 50 �l of EPA buffer (50 mM
Tris-HCl, pH 7.5, 40 mM NH4Cl, 20 mM MgCl2, 1% NP-40, and 0.3%
�-mercaptoethanol) containing 50 �Ci of [�-32P]dCTP (�3,000 Ci/
mmol; ICN) and 0.1 mM (each) dATP, dGTP, and dTTP. The EPA
reaction was carried out at 37°C for 2 h and chased with 0.1 mM
nonlabeled dCTP at the same temperature for 1 h. The reaction was
stopped by the addition of EDTA to a final concentration of 2.5 mM,
sodium dodecyl sulfate to 1%, proteinase K to 500 �g/ml, and 50 �g of
tRNA carrier. The sample was further incubated at 55°C for 2 h.
Afterwards, the HBV DNA was extracted with phenol, ethanol pre-
cipitated twice in the presence of 2 M ammonium acetate, resuspended
in Tris-EDTA, and electrophoresed on a 1% agarose gel followed by
autoradiography, which was analyzed by a PhosphorImager (Molecu-
lar Dynamics, Sunnyville, California). (A) wtTg05 and wtTg08 trans-
genic mouse lines that carried the 1.3HBVwt genome. (B) mtTg04 and
mtTg14 transgenic mouse lines that carried the 1.3HBVmt genome.
(C) Age-dependent reduction of viral titers in the wtTg08 mouse line.
Each set of serum samples was collected from the same mouse at the
ages indicated under the gels. Wks, weeks of age; RC, relaxed circular
form of the HBV genome; DL, double-stranded linear form of the
HBV genome. The DL DNA has an electrophoretic mobility similar to
that of the 3.2-kb HBV DNA fragment (compare with Fig. 5B).

FIG. 1. Illustration of the adw2 HBV genome used for the produc-
tion of transgenic mice. C, S, P, and X indicate the four different HBV
genes. The HBV DNA fragment, which starts from the EcoRV site at
nt 1043 and ends at the BglII site at nt 1987, contains all of the genomic
information of the HBV genome plus a terminal redundancy of nearly
1 kb. This fragment was isolated and inserted into the SmaI/BamHI
site of the pUC19 vector. The 4.2-kb PvuII fragment was then isolated
from the resulting DNA plasmid for microinjection for the production
of the transgenic mice. Asterisks indicate the locations of nt 1377 and
1398. These are the two nucleotides that were mutated to prevent the
expression of the 16.5-kDa X protein. The wild-type HBV sequence
and the mutated codons are also shown.
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three mice were analyzed per time point to ensure the repro-
ducibility of the results.

To ensure that the X protein was indeed expressed in
wtTg05 and wtTg08 mice and not in mtTg04 and mtTg14 mice,
we analyzed the expression of the X protein in the liver of
these mice by performing Western blot analysis. As shown in
Fig. 3A, the 16.5-kDa X protein band could clearly be detected
in the liver homogenates of wtTg05 and wtTg08 mice. This is
the first report in which the expression of X protein has been
confirmed in the livers of HBV full-genome transgenic mice. In
contrast, this X protein could not be detected in the liver
homogenates of mtTg04 and mtTg14 mice in the same exper-
iments, indicative of its lack of expression in these mice.

Overall, there is a large variation of circulating HBV titers
among different mouse lines carrying the same transgene, be it
the wild-type or the mutated HBV genome. This variation may
be caused by the number of HBV DNA copies that integrated
into the mouse chromosomes and/or by the locations of their
integration sites. Consequently, the effect of the X protein on
HBV replication cannot be determined by simply comparing
the serum viral titers between different transgenic mouse lines.

To take a different approach to investigate the possible func-
tions of the X gene in HBV replication, we performed
transcomplementation experiments. Kim et al. (18) previously

produced a transgenic mouse line that carried only the HBV X
gene. The expression of the X gene in their mouse line, named
T22, is under the control of its own promoter. This T22 mouse
line was crossed to the mtTg04 mouse line to generate cross-
bred mice that carried both the X gene and the 1.3HBVmt
genome. The expression of the X protein in the crossbred mice
was again analyzed by Western blotting. As shown in Fig. 3B,
although the X protein was not detected in the mtTg04 mice,
it was detected in the mtTg04/X crossbred mouse and the T22
X transgenic mouse. We had also performed the genomic
Southern blotting experiment. As shown in Fig. 4A, the cross-
ing of the T22 mouse line to the mtTg04 line generated the
mtTg04/X crossbred mice that carried the transgenes of both
parental mouse lines. Similar results were also obtained when
the T22 mouse line was crossed with the mtTg14 mouse line.
This successful expression of the X protein in the crossbred
mice allowed us to study the possible effects of the X protein
on HBV replication. HBV titers in the crossbred mice and
their respective age- and sex-matched X-negative mice were
then analyzed.

As shown in Fig. 4B, when mtTg04 and mtTg04/X mice were
analyzed, the mtTg04 mice had a slightly lower viral titer than
the mtTg04/X mice at the age of 6 weeks. mtTg04 mice had a
viral titer that was approximately fourfold lower than that of
mtTg04/X mice when the mice were 18 weeks old. This result
indicates that the X gene provided in trans can increase the
viral titer in mtTg04 mice at 18 weeks of age. As the T22 X
transgenic mouse line was derived from the CD1 mouse strain
and maintained in this genetic background, the mtTg04/X hy-
brid mice would contain a partial CD1 genetic background and
a partial B6D2F1 background. Thus, it is conceivable that the
observed increase in the viral amount in the hybrid mice was
caused by the CD1 genetic background and not by the X
protein. To rule out this possibility, we crossed nontransgenic
CD1 mice to mtTg04 mice and compared the viral titer in the
offspring mice with the mtTg04/X mice, which would now have
a similar contribution of the CD1 genetic background. As
shown in Fig. 4C, the mtTg04/X mice again had a three- to
fourfold-higher circulating viral titer than the mtTg04 mice
when the mice were 18 weeks old. Thus, the CD1 background
did not appear to play any significant role in HBV production
in transgenic mice.

When mtTg14 and mtTg14/X mice were analyzed, there was
an approximately fivefold increase of the HBV titer in the
mtTg14/X crossbred mice when they were 6 weeks old (Fig.
4B). When the mice were 18 weeks old, the HBV titer was
undetectable in mtTg14 mice but was clearly detectable in
mtTg14/X mice. These results indicate that the X gene pro-
vided in trans could also increase the HBV titer in mtTg14
mice whether the mice were 6 or 18 weeks old.

Thus, the results shown in Fig. 4 indicate that the X gene
provided in trans could increase the serum viral titer in two
independent mouse lines carrying the 1.3HBVmt genome. The
lack of a significant induction of the HBV titer in mtTg04 mice
by the X gene at 6 weeks of age was probably due to the high
basal viral titer in mtTg04 mice at this age.

To understand how the X gene provided in trans increased
the circulating HBV titer, total liver RNA was isolated from
mtTg04 and mtTg14 mice and their respective crossbred prog-
eny and analyzed by Northern blotting. For simplicity, only

FIG. 3. Western blot analysis for the expression of the X protein in
transgenic mice. Tissue extracts were prepared by homogenizing liver
tissue in extraction buffer (50 mM Tris-HCl, pH 8.0; 100 mM NaCl;
and 1% NP-40). Immunoprecipitation and Western blot analysis were
used to verify expression of the X protein as described previously (30).
Briefly, following electrophoresis on 15% sodium dodecyl sulfate-poly-
acrylamide gels, the separated proteins were transferred to nitrocellu-
lose filters. The presence or absence of the HBV X protein was verified
using rabbit anti-HBx polyclonal serum, an avidin-biotin detection kit
(Vector Laboratories) and enhanced chemiluminescence (Amersham/
Pharmacia). (A) X protein immunoprecipitated from 2 mg of total
lysates. Lane 1, nontransgenic control; lane 2, mtTg04; lane 3, mtTg14;
lane 4, wtTg05; lane 5, wtTg08; lane 6, transgenic mice harboring the
X gene under the control of the human �-1-antitrypsin inhibitor reg-
ulatory region (20, 32). All of the mouse liver tissues were analyzed at
6 weeks of age except the tissue in lane 5, which was analyzed at 18
weeks of age. (B) X protein immunoprecipitated from 4 mg of total
lysates. Lane 1, T22 X; lane 2, mtTg04/X; lane 3, mtTg04; lane 4, blank;
lane 5, wtTg05. The migration of the 14.3-kDa molecular mass marker
is shown at the left, and the arrow at the right identifies the migration
of the X protein. The asterisk identifies a nonspecific cellular protein
seen in all samples in which 4 mg of protein was used for immunopre-
cipitation.
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18-week-old mice were analyzed because the increase of the
viral titer by the X gene was apparent for both mouse lines at
this age. As shown in Fig. 5A, the presence of the X gene
increases the level of the C gene transcripts approximately
threefold in mtTg04 mice. The X gene had no apparent effect
on the RNA level of the S gene in this mouse line. This might
be due to the higher basal level of the S RNA in this mouse line
as the X gene increased significantly both the C RNA and the
S RNA levels in the mtTg14 mouse line (Fig. 5A).

To further investigate the effect of the X gene on viral DNA
replication, Southern blotting was performed to analyze the
HBV DNA in the livers of the transgenic mice. As shown in
Fig. 5B, the X gene increased the level of the HBV replicative
intermediate (RI) DNA in mtTg04 mice approximately three-
fold. This level of increase was close to the level of increase of
the viral titers observed in the results shown in Fig. 4. For the
mtTg14 mice, the HBV RI DNA was almost undetectable
without the X gene but it was clearly detectable in the presence
of the X gene, again consistent with the viral titer results shown
in Fig. 4.

Thus, the results shown in Fig. 5 indicate that the HBV X
gene can increase the HBV RNA and RI DNA levels. The
magnitude of this increase is sufficient to explain the observed
increase of the circulating viral titers.

In the absence of a convenient animal model system for
studying HBV replication, the transgenic mouse provides an
alternative choice. By using this system, we found that the X
protein is not absolutely essential for HBV replication, but
replication is significantly decreased in the absence of X pro-
tein. By providing the X gene in trans to the 1.3HBVmt mice,
we found that the X protein could increase the viral RNA and
DNA levels in liver tissues and the amount of HBV in the
serum. Reifenberg et al. (28) found that the X gene provided
in trans could stimulate the expression of the C gene when they
studied transgenic mice carrying subgenomic HBV DNA. Our
results are consistent with these findings and further extend
them by showing the activation of HBV gene expression and
replication in the context of the entire viral genome. Our
results also indicate that, in the context of the whole genome,
the X gene can stimulate not only the expression of the C gene
but also the expression of the S gene.

The finding that the X protein is not essential for HBV
replication in transgenic mice is consistent with the finding that
HBV mutants incapable of producing the intact X protein
could be isolated from HBV patients (11, 15). However, wood-
chuck hepatitis virus (WHV) with mutations that abolished the
expression of the X gene failed to initiate infection in wood-
chucks when the DNA was introduced into the animals (6, 40).
It is possible that WHV is different from HBV or the mouse
provides a factor that may partially replace the function of the
X protein. Alternatively, it is tempting to speculate that theFIG. 4. Transcomplementation of the 1.3HBVmt genome with the

X gene in transgenic mice. (A) Genomic Southern blotting of the
transgenic mice. Tails were cut from 6-week-old mice and digested
with proteinase K (500 �g/ml) at 55°C overnight in a buffer containing
20 mM Tris-HCl, pH 7.5, 0.5% sodium dodecyl sulfate, 2 mM EDTA,
and 400 mM NaCl. The reaction was stopped by phenol extraction, and
the genomic DNA was precipitated by ethanol. The DNA was resus-
pended in Tris-EDTA (10 mM Tris-HCl, pH 7.0, 1 mM EDTA),
digested with BamHI, and Southern blotted with the 32P-labeled 3.2-kb
HBV genomic DNA as the probe. Lane 1, T22 mouse line that con-
tains the X gene; lane 2, the mtTg14 mouse line; lane 3, the mtTg04/X
crossbred mouse; and lane 4, the mtTg14/X crossbred mouse. The

arrow denotes the location of the X gene from the T22 mouse line.
(B and C) EPA of the circulating HBV virions. (B) Lanes 1 and 2,
mtTg04; lanes 3 and 4, mtTg04/X crossbred mice; lanes 5 and 6,
mtTg14; lanes 7 and 8, mtTg14/X crossbred mice. (C) Lanes 1 and 2,
mtTg04 mice produced by crossing mtTg04 in the B6D2F1 background
to CD1 nontransgenic mice; lanes 3 and 4, mtTg04/X mice. The ages
of the mice in weeks (wks) are indicated below the gels. The EPA was
conducted as described in the legend to Fig. 2.
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apparent inability of the X-negative WHV DNA to initiate
infection in woodchucks is due to its lower replication rate.
During the natural infection in animals, even a modest differ-
ence in the replication rate may be amplified by multiple
rounds of infection to generate a profound difference in the

amount of progeny viral particles produced. This may cause
the X-negative WHV to be eliminated rapidly by the immune
system. This speculation is supported by a recent observation
of Z. Zhang and colleagues, who found that WHV defective in
the X gene may replicate at a low level in vivo (39). Neverthe-
less, it should be noted that the transgenic mouse model is an
imperfect model system and does not allow us to examine the
initial infection step of the viral life cycle. Thus, it remains a
possibility that the X protein may also be needed for initiating
infection.
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