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Hepatitis B virus (HBV) X protein (HBx) plays an essential role in viral replication and in the development
of hepatocellular carcinoma. HBx has the ability to transactivate the expression of all HBV proteins, including
the viral core protein HBc. Consistent with its regulatory role, HBx is relatively unstable and is present at low
levels in the cell. We report here that the level of HBx was significantly reduced by the coexpression of HBc in
cultured human hepatoma cells, whereas the level of HBx mRNA was unaffected. The repression of HBx by HBc
was relieved by treating cells with the proteasome inhibitor MG132, indicating that HBc acts by stimulating
the proteasome-mediated degradation of HBx. Moreover, the inhibitory effect of HBc was specific to HBx and
did not affect other proteins, including p53, a known target of the proteasome. Although no direct physical
interaction between HBc and HBx could be demonstrated, mutational analysis indicated that the C-terminal
half of HBc is responsible for its inhibitory effect. These results suggest that HBc functions as a novel regulator
of the HBYV life cycle and of hepatocellular carcinogenesis through control of the HBx level via an inhibitory

feedback type of mechanism.

Hepatitis B virus (HBV) is a small, enveloped virus with a
3.2-kb-long, partially double-stranded circular DNA genome.
HBYV is a causative agent of chronic and acute hepatitis and is
associated with the development of hepatocellular carcinoma.
The HBV genome contains four viral promoters referred to as
the C, pre-S1, S, and X promoters, the activities of which are
regulated by two enhancer elements, Enl and EnlII (9, 13, 33,
41). HBx, a product of the X gene, transactivates the expres-
sion of all HBV proteins through these two enhancers (6, 32,
35, 40). In particular, HBx increases the expression of the viral
core protein HBc in vitro and in vivo by transactivating the C
promoter (26, 39).

HBx consists of 154 amino acids and has a molecular mass of
approximately 17 kDa. It is a multifunctional protein which is
known to affect gene transcription, intracellular signal trans-
duction, genotoxic stress response, protein degradation, cell
cycle control, apoptotic cell death, and carcinogenesis (23, 40).
With its gene conserved in all mammalian hepadnaviruses,
HBx is believed to be essential for viral replication, as wood-
chuck hepatitis virus HBx was shown to be required for natural
viral infection in woodchucks (5, 42). Several studies on HBx
transgenic mice have investigated the hepatocarcinogenic ef-
fects of HBx. Initial reports showed that mice harboring HBx
develop progressive features that are characteristic of the ma-
lignant transformation of liver cells (18, 36). However, not all
HBx transgenic mice develop hepatocellular carcinoma, and
some reports indicate that expression of HBx above a certain
threshold is necessary for hepatocyte transformation (19, 20).
Thus, the regulation of HBx level may be important in viral
replication and hepatocellular carcinoma development.

HBx is maintained at a very low intracellular level because it
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is rapidly degraded, with a half-life of about 30 min (29). The
instability at the protein level had been reported to be due to
rapid proteolysis by the ubiquitin-proteasome pathway (16).
The proteasome is the major cellular protease system for the
removal of damaged or abnormal proteins, for the regulation
of short-lived regulatory proteins, and for the processing of
immunogenic proteins (8). The associations between HBx and
proteasome components and the regulation of HBx transacti-
vation activity by rapid turnover have been reported previously
(10, 17, 31).

For many viruses, viral gene expression is sequentially reg-
ulated at the transcriptional level by gene products encoded in
its genome. Examples are provided by polyomaviruses, adeno-
viruses, herpesviruses, reoviruses, and the influenza viruses.
For example, gene expression in herpes simplex virus type
1-infected cells follows a series of inductions and repressions
which occur in three phases, referred to as alpha, beta, and
gamma. The alpha gene products induce the transcription of
beta genes, which inhibit the expression of alpha genes and
induce the transcription of gamma gene products, which in
turn inhibit the expression of beta genes (37). Such a regula-
tory mechanism has not been reported for HBV, although X
mRNA seems to disappear faster than the other viral mRNAs
in transiently transfected cells (38).

In this report, we show that the intracellular level of HBx can
be downregulated by HBc. We demonstrate that this regula-
tion is achieved via a novel mechanism involving the activation
of the proteasome-mediated degradation of HBx. We hypoth-
esize that HBx activates the synthesis of HBc during the early
stage of viral replication and that HBc in turn functions as an
effective downregulator of HBx in a feedback-type inhibitory
manner.

MATERIALS AND METHODS

Plasmid constructs. DNA coding for HBc and HBx was amplified by PCR
from the serum of a chronic hepatitis patient. Sequence analysis indicated that



VoL. 77, 2003

the amino acid sequence of the HBc used in this study was identical to that of the
published core sequence of the adw2 subtype (3). The sequence for HBx differed
only at the fifth and sixth amino acid residues, which were Met and Cys in our
HBx compared with Lys and Tyr in the adw2 sequence.

The core protein expression plasmid pHBcHA was constructed in three steps.
First, the core gene was amplified by PCR with primers HBcF7 (5'-ATG GAC
ATT GAC CCG TAT) and HBcHA-R (5'-TCA GTA GTC GGG GAC GTC
GTA AGG CTC GAG ACA TTG AGA TTC). The latter primer contains
sequences for the influenza virus hemagglutinin (HA) epitope and an Xhol site
(italic). The 0.6-kb DNA amplified was initially inserted into the pT7Blue vector
(Novagen), and then the HBc gene sequence flanked by BamHI and Xbal sites
was subcloned into the BamHI and Xbal sites of the expression vector pcDNA3
(Invitrogen). To construct pHBxHA, the 0.6-kb DNA containing the X gene and
the sequence upstream was amplified with primers HBF3 (5'-TCA GTT ATA
TGG ATG ATG) and HBx-R (5'-GGG CTC GAG GGC AGA GGT GAA
AAA GTT GCA, Xhol site italic). After digestion of the amplified DNA with
Ncol near the initiation codon of X, treatment with Klenow enzyme, and diges-
tion with Xhol, the 0.45-kb DNA was inserted into the BamHI (blunted by the
Klenow enzyme) and Xhol sites of pHBcHA, replacing the HBc sequence. As a
result, HA epitope-tagged HBc and HBx were placed under the control of
promoters derived from cytomegalovirus and bacteriophage T7. To express HBx
without the HA tag, plasmid pHBx was constructed by PCR with primers HBF3
and HBR2 (5'-GTA TGT AAA TAA TGC CTA). After digestion of the am-
plified DNA with Ncol near the initiation codon of X, treatment with Klenow,
and digestion with Bg/II, the 0.45-kb DNA was inserted into the HindIII (blunted
by Klenow enzyme) and BamHI sites of pcDNA3.

The frameshift mutation pHBc-FS and substitution mutation pHBc-NIS were
constructed by site-directed mutagenesis with the Quick-change mutagenesis kit
(Stratagene) as instructed. Briefly, PCR was performed with pHBc as the tem-
plate and a primer pair carrying the intended sequence. An extra cytosine
nucleotide was inserted (TTCT) into the ninth codon for Phe (TTT) of wild-type
HBc with primers C-FS-F (5'-AT AAA GAA TTC TGG AGC TAC T) and
C-FS-R (5'-A GTA GCT CCA GAA TTC TTT AT). The PCR product was used
to transform Escherichia coli, and several colonies were screened by digestion of
the resultant plasmids with EcoRI, which would cut at the newly generated site
(the target sequence included in the PCR primer). The mutation was confirmed
by sequencing.

Substitution for the two initiation codons within HBc (at the 66th and 92nd
positions) was performed by a two-step PCR to make plasmid pHBc-NIS, which
had no internal start codon. First, the 66th codon (5'-ATG) was changed to Ile
(5'-ATA) with the PCR primers C-2mut-F (5'-GGG AAT TGA TAT CTC TAG
CTA C) and C-2mut-R (5'-GTA GCT AGA GAT ATC AAT TCC C). The Thr
codon (5'-ACT) at the 67th position was also changed to a Ser codon (5'-TCT)
in this process. Second, the initiation codon at the 92nd position was replaced
with a Pro codon (5'-CCG) by PCR with primers C-3mut-F (5'-TAA TAC TAA
CCC GGG TTT AAA G) and C-3mut-R (5'-CTT TAA ACC CGG GTT AGT
ATT A). Finally, the plasmid with all three mutations, pHBc-FS-NIS, was con-
structed likewise with pHBc-FS as the PCR template.

Deletion mutants were constructed by PCR and substituted for the wild-type
HBc sequence located between the BamHI and Xhol sites of pHBcHA. Primers
CN-F (5'-ACC GGA TCC ATG GAC ATT GAC CCT TAT) and CN-R
(5'-ACC CTC GAG TAA ACC CAT GTT AGT ATT) were used to construct
pHBc-N, which contained the amino-terminal 95 residues of HBc. To construct
pHBc-f2, which started at the second initiation codon (66th codon), primers C-f2
(5'-ACC GGA TCC ATG ACT CTA GCT ACC TGG) and CC-R (5'-ACC CTC
GAG ACA TTG AGA TTC CCG AGA) were used, and primers C-f3 (5'-ACC
GGA TCC ATG GGT TTA AAG ATC AGG) and CC-R were used to construct
pHBc-f3, which started from the third initiation codon (the 92nd codon) of HBc.

Expression of HBV proteins. The expression of HBc and HBx in cultured cells
was driven in most experiments by bacteriophage T7 RNA polymerase, supplied
in the recombinant vaccinia virus vIF7-3 (11). Huh7 human hepatoma or 143B
human osteosarcoma cells (ATCC CRL-8303) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). When cells had grown to 70 to 90% confluency, they were infected at a
multiplicity of infection of 3. The medium was aspirated after 1 h, and the cells
were incubated with 10 ml of DMEM containing 10% FBS. Three hours later,
cells were transfected with plasmid DNA by the standard calcium phosphate
method, and the medium was replaced with fresh DMEM containing 10% FBS
12 h after the transfection. The cells were then incubated for an additional 36 h,
collected, and analyzed. In some experiments, Lipofectamine Plus (Invitrogen)
was used to transfect cells with plasmid DNA without vaccinia virus infection.

Immunoblotting. Cells were harvested and washed once with Dulbecco’s phos-
phate-buffered saline (PBS; 136.8 mM NaCl, 2.5 mM KCl, 0.8 mM Na,HPO,,
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1.47 mM KH,PO,, pH 7.4), lysed in 1X sample loading buffer (100 mM Tris-Cl
[pH 6.8], 2% sodium dodecyl sulfate [SDS], 10% glycerol, 0.02% bromophenol
blue, 5% B-mercaptoethanol) and boiled for 30 min. The proteins obtained from
about 10° cells were separated in a 12% polyacrylamide gel under denaturing
conditions and then electrically transferred to a nitrocellulose membrane at 250
mA for 3 h. The membrane was blocked with 5% skim milk in TNT buffer (10
mM Tris-Cl [pH 8.0], 150 mM NaCl, 0.05% Tween 20) for 5 h with gentle
agitation and incubated with anti-HA rabbit polyclonal antibody (Santa Cruz
Biotechnology) at 200 ng/ml for 5 h. Blots were probed with anti-HBc (Dako
Corp.) or anti-HBx (a generous gift from Y. Yun) rabbit serum or anti-p53
monoclonal antibody Ab-1 (Calbiochem). The membrane was then washed three
times for 10 min with TNT buffer, incubated with horseradish peroxidase-con-
jugated, donkey anti-rabbit immunoglobulin or sheep anti-mouse immunoglob-
ulin antibody (Amersham) diluted 1:3,000 with blocking solution for 30 min, and
finally washed three times with TNT. Bands were visualized on X-ray film with an
enhanced chemiluminescence system (ECL; Amersham) and quantified by den-
sitometry with TINA 2.10e (Raytest GmbH).

Semiquantitative RT-PCR. Total RNA from transfected cells was isolated with
Trizol LS reagent (Gibco-BRL) as instructed by the manufacturer. The amount
of RNA template and number of PCR cycles required to generate amplified
DNA within the proportional range were determined empirically as follows.
First, 50, 250, or 500 ng of total RNA from HBx-expressing cells was used as the
template for reverse transcription (RT). The RNA sample was mixed with 2
pmol of primer HBx-R, and cDNA was synthesized with the RNase H-negative
reverse transcriptase Superscript IT (Gibco-BRL) as instructed by the manufac-
turer. One tenth of the synthesized cDNA was used as a template for PCR with
HBF6 (5'-ACATAAGAGGACTCTTGG) and HBx-R as primers. To estimate
the amount of DNA amplified, an aliquot of the reaction was collected after
every fifth cycle and analyzed by electrophoresis in a 1% agarose gel. Based on
the intensity of ethidium bromide staining, a 0.2-kb-long DNA produced after 25
cycles appeared to be proportional in amount to the initially added total RNA.
A relative quantity of DNA was made from RNA ranging from 50 to 250 ng in
amount.

RNase protection assay. Stul-digested pHBXxHA DNA containing the 130-bp
3’-terminal sequence of the HBx gene under the control of the SP6 promoter was
used as a template for in vitro transcription of the antisense RNA. Digoxigenin
RNA labeling mix (Roche) and SP6 RNA polymerase (Ambion) were used as
instructed by the manufacturers. Five micrograms of total cellular RNA, as
described above, and 500 ng of the antisense probe RNA were coprecipitated
with ethanol and analyzed with an RNase protection kit (Roche), as instructed
by the manufacturer. Digestion products were subjected to electrophoresis on a
4% polyacrylamide-7 M urea gel in 1X TBE (90 mM Tris-borate, 1 mM EDTA,
pH 8.0) buffer and then transferred to a nylon membrane. The membrane was
incubated with alkaline phosphatase-conjugated antidigoxigenin antibody
(Roche), and the signal was visualized on X-ray film with CDP-star reagent
(Roche).

Detection of ubiquitinated HBx. Cells were cotransfected with pHBxHA and
another plasmid coding for hexahistidine-fused ubiquitin and then infected with
recombinant vaccinia virus vI'F7-3 as described above. The proteasome inhibitor
MG132 (Calbiochem) was added 48 h after transfection to a final concentration
of 25 uM. After further incubation for 6 h, the cells were collected, washed once
with PBS, resuspended in lysis buffer (50 mM Tris-Cl [pH 7.4], 150 mM NaCl,
0.5% Triton X-100, 1 pg of leupeptin per ml, 1 pg of aprotinin per ml, 1 mM
phenylmethylsulfonyl fluoride, 1 pM MG132) supplemented with 1% (wt/vol)
SDS and 1% (vol/vol) beta-mercaptoethanol, and then boiled for 30 min to
denature cellular proteins. The denatured lysate was diluted 1:5 with lysis buffer
and centrifuged at 12,000 X g for 10 min. Prewashed Talon resin (Clontech, 50%
in lysis buffer) was added to the supernatant and mixed for 30 min at room
temperature, and the resin was washed twice with lysis buffer. Bound proteins
were eluted with 50 wl of 0.1 M EDTA (pH 8.0), separated in a 12% polyacryl-
amide gel, and immunoblotted with anti-HA antibody.

Determination of HBx half-life. Twenty-four hours after transfection, cells
were starved for 30 min in methionine-free DMEM. The cells were then labeled
for 20 min in methionine-free DMEM containing 0.2 mCi of [**S]methionine
(New England Nuclear). The labeling medium was replaced with regular
DMEM, and the cells were harvested after various chase periods. The cells were
washed once with PBS, resuspended in lysis buffer (50 mM Tris-Cl [pH 7.4], 150
mM NaCl, 0.5% Triton X-100, 1 pg of leupeptin per ml, 1 pg of aprotinin per ml,
1 mM phenylmethylsulfonyl fluoride, 1 uM MG132) supplemented with 1% SDS
and 1% beta-mercaptoethanol, and boiled for 30 min to denature the cellular
proteins. The denatured lysates were diluted 1:5 with lysis buffer and centrifuged
at 12,000 X g for 10 min. Cell lysates were incubated with anti-HA antibody for
12 h at 4°C, protein A-Sepharose (Pharmacia, 50% in lysis buffer) was added to
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FIG. 1. HBx attenuation upon HBc coexpression. (A) Expression plasmids for HBc and HBx containing the T7 promoter and the HA tag.
Numbering is that of the HBV genome according to convention (22), beginning at the unique EcoRI site. (B and C) HBc and HBx were
coexpressed in Huh-7 cells by infection with recombinant vaccinia virus carrying T7 RNA polymerase followed by DNA transfection. Proteins were
immunoblotted with anti-HA antibody 48 h after transfection. The amount of DNA used for transfection is indicated in micrograms above each
lane. Vp35 is a vaccinia virus protein used as a control. The relative intensities of HBx and Vp35 are indicated as percentages at the bottom.
(D) HBc and HBx were detected with an anti-HBc and an anti-HBx antibody, respectively. The two minor forms of HBc with asterisks are
described in the text. (E) HBx and HBc were coexpressed without vaccinia virus infection. Lipofectamine Plus was used for cell transfection.
Plasmid pcDNA3 was used to keep the total amount of transfected DNA constant. Immunoblots were probed with anti-HA antibody. (F) Quan-
tification of HBx mRNA by RT-PCR. The 0.2-kb amplified DNA was separated on a 1% agarose gel and visualized with ethidium bromide. Lanes
1 to 3, 25-cycle test run PCR performed with 50, 250, and 500 ng of total RNA derived from the HBx-expressing cells in B, lane 1. Lanes 4 to 6,
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the lysates, and the mixture was further incubated for 8 h at 4°C. The protein
A-Sepharose beads were separated by centrifugation, washed twice with lysis
buffer, and resuspended in the gel loading buffer. After boiling for 10 min, the
eluted proteins were separated by electrophoresis in a 12% polyacrylamide gel.
An autofluorograph obtained was scanned and quantified with a BAS phospho-
image analyzer (FujiXerox). Results are presented as percentages of the HBx
signal obtained at the beginning of the chase. The decay curve was drawn with
Sigmaplot 2000 (SPSS Science).

RESULTS

Coexpression of HBc reduces the intracellular level of HBx.
Studies with cultured cells suggested that HBx functions as a
transcriptional transactivator of a variety of genes, including
the HBV genes (7, 32). The ability of HBx to transactivate viral
core gene expression has also been demonstrated in transgenic
mice (26, 39). In herpesviruses, viral gene expression is tem-
porally regulated; i.e., expression of one gene class is induced
by gene products made in the preceding stage and inhibited by
gene products synthesized in the subsequent stage (37). Such a
regulatory mechanism has not been reported for HBV. To
determine the existence of a relationship between HBc and
HBx at the protein level, cultured human hepatoma Huh-7
cells were transfected with the two HBV genes under the
control of the T7 promoter. Their expression was driven by
infecting the cell with recombinant vaccinia virus carrying the
T7 RNA polymerase gene (Fig. 1A). Both HBV genes were
tagged with the HA epitope at their C termini to allow them to
be detected easily by immunoblotting. In some experiments,
HBx was expressed without the HA tag and detected with
anti-HBx antibody.

Immunoblotting indicated that HBc and HBx were success-
fully expressed in this system as proteins of the expected sizes
(21.5 and 17 kDa, respectively) (Fig. 1B, lanes 1 to 3). Inter-
estingly, the level of HBx was significantly reduced when co-
expressed with HBc, in a dose-dependent manner. The inhib-
itory effect of HBc was specific to HBx, as the vaccinia virus
protein Vp35 (25), unrelated to HBx or HBc, remained largely
unchanged by HBc coexpression (Fig. 1B, lanes 4 to 6). This
result also excludes the possibility that the reduction of HBx by
HBc was due to a shortage of the cellular protein synthesis
machinery. In contrast, the amount of HBc protein was not
significantly affected by cotransfection with increasing amount
of HBx DNA (Fig. 1C). Since the expression of both genes in
this system depends on the vaccinia virus-encoded T7 RNA
polymerase, the transactivation activity of HBx is not expected
to be operative in this system. We obtained similar results with
143B human osteosarcoma cells (data not shown).

To rule out the possibility that the HA tag might have caused
HBx downregulation, we repeated the experiment with an HBx
construct lacking the HA tag. Immunoblotting with anti-HBx
antibody showed that the expression of untagged HBx was also
reduced by HBc coexpression (Fig. 1D). An anti-HBc antibody
was used in this experiment to confirm the expression of HBc.
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In addition to the HBc, we noted the presence of two minor
proteins estimated to be 17 and 15 kDa (Fig. 1D, asterisk). The
nature of these proteins will be discussed later in this paper.

Although the attenuating effect of HBc on HBx was con-
vincing, the possibility of an artifactual effect due to the vac-
cinia virus on the expression of HBV proteins remained a
concern. Therefore, we repeated the experiment without vac-
cinia virus infection. Data compatible with those obtained with
the vaccinia virus-based expression were obtained by transfec-
tion of the cells with the plasmids alone (Fig. 1E), confirming
the validity of the data obtained with the vaccinia virus system.

Inhibitory effect of HBc on HBx occurs at the posttranscrip-
tional level. To understand the mechanism of HBc-induced
HBx attenuation, we first determined the HBx mRNA level by
semiquantitative RT-PCR and RNase protection methods. To-
tal RNA was isolated from cells prepared in the same way as
those used in the immunoblotting (Fig. 1B, lanes 1 to 3). The
number of PCR cycles required to produce DNA in an amount
proportional to the amount of RNA initially present in the
sample was determined empirically, as described in Materials
and Methods; 25 cycles appeared to be satisfactory (Fig. 1F,
lanes 1 to 3). With this assay, no discernible differences in the
amounts of RT-PCR products were found between cell prep-
arations that showed significant differences in HBx protein
level (Fig. 1F, lanes 4 to 6, corresponding to the cells in lanes
1 to 3, respectively, of Fig. 1B). A similar result was obtained
with the RNase protection assay (Fig. 1G). These results sug-
gest that the inhibition of HBx by HBc occurs at the posttran-
scriptional level.

HBc stimulates degradation of HBx. One interesting feature
of HBx is that it undergoes rapid turnover in cells (29). Since
our results showed that HBc reduces the intracellular level of
HBx at a posttranscriptional step, we questioned whether HBc
is involved in the regulation of HBx degradation. To address
this issue, we studied the stability of HBx by pulse-chase label-
ing. In agreement with the results reported by other research-
ers (16, 29), we observed rapid degradation of HBx, with an
estimated half-life of 40 min (Fig. 2A and 2B). More impor-
tantly, the coexpression of HBc shortened the half-life of HBx
to approximately 20 min, which indicates that HBc stimulates
the degradation of HBx. We noticed that in addition to the
change in the half-life, the amount of HBx at the beginning of
the chase was also reduced by about 50% in the presence of
HBc (Fig. 2A, compare lanes 1 and 5), indicating that the
facilitated degradation had already occurred during the pulse
period.

HBc protein, not its mRNA, is responsible for accelerated
degradation of HBx. To exclude the possibility of any regula-
tory role played by core mRNA, a frameshift mutation was
generated by introducing a cytidine nucleotide into the ninth
codon of HBc (Fig. 3A, upper panel). Contrary to expectation,
the frameshift mutant construct HBc-FS still stimulated HBx

250 ng of RNA from the cells cotransfected with HBc and HBx (B, lanes 1 to 3, respectively) was amplified under the same conditions. (G) RNase
protection assay. Total RNA was isolated from cells equivalent to those in panel B, lanes 1 to 3, except for the pHBcHA control. Five micrograms
of total RNA was hybridized with 500 ng of digoxigenin-labeled antisense RNA and treated according to the manufacturer’s instructions.
Denaturing gel electrophoresis and detection are described in Materials and Methods. Transfection efficiency, measured by cotransfection of the

reporter plasmid pCITEbetaGal (Novagen), is indicated.
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FIG. 2. Intracellular stability of HBx. (A) Cells expressing HBx with or without HBc were starved for 30 min in methionine-free medium,
labeled for 20 min with [**S]methionine, and chased for the indicated periods. HBx was immunoprecipitated with anti-HA antibody and separated
on a 12% polyacrylamide gel. An autofluorograph is shown. (B) The autofluorograph was scanned and quantified with a BAS phosphoimage
analyzer (FujiXerox), and results are presented as percentages of the signal obtained at the beginning of the chase. The decay curves, with (O) and

without (@) HBc, were drawn with Sigmaplot 2000 (SPSS Science).

degradation (Fig. 3B, lanes 4 to 6). Since there was no appar-
ent HBc expression by this construct, this finding initially sug-
gested regulation by core mRNA. However, longer exposure of
the immunoblot revealed two additional bands below HBx with
sizes estimated to be 17 and 15 kDa (Fig. 3B, right). According
to the core gene sequence, polypeptides of 157 or 131 amino
acids can be synthesized if translation initiates from either of
the two internal, in-frame start codons located at the 66th and
92nd codon positions. Such polypeptides would be similar in
size to the bands observed.

Although the existence of such proteins has not been re-
ported previously, the synthesis of minor amounts under phys-
iological conditions cannot be excluded. These two proteins
may have been produced at a detectable level by the vaccinia
virus-based expression system in this experiment. In fact, we
detected the two minor proteins with an anti-HBc antibody as
well as the anti-HA antibody (Fig. 1D, upper panel). In order
to prevent complicating effects from these minor proteins,
HBc-NIS with no internal start codon was constructed by sub-
stituting Ile and Pro for the two internal start codons at the
66th and 92nd positions, respectively (Fig. 3A, upper panel).
While HBc-NIS functioned like wild-type HBc in terms of
downregulating HBx expression (Fig. 3B, lanes 7 to 9), HBc-
FS-NIS, which contained all three mutations, showed no effect
on HBx expression (Fig. 3B, lanes 10 to 12). These results
indicate that the inhibitory effect of HBc resides in its protein
rather than in its mRNA.

C-terminal half of HBc is responsible for stimulatory effect.
As the data described above suggested that the C-terminal half
of HBc is responsible for HBx degradation, three more dele-
tion constructs of HBc were made to further confirm the result.
HBc-N contained the N-terminal half of HBc, and HBc-f2 and
HBc-f3 coded for the C-terminal portion starting from the
second (66th) and third (92th) start codons of the core gene,
respectively (Fig. 3A, lower panel). When tested for an effect
on HBx, all three constructs that contained the C-terminal half
(whole HBc, HBc-f2, and HBc-f3) stimulated HBx degradation
(Fig. 3C, lanes 1 to 3 and 7 to 12), whereas HBc-N had no
effect on HBx (Fig. 3C, lanes 4 to 6). These results, together
with those with the frameshift mutant described above, suggest
that the inhibitory effect of HBc on HBx resides in the C
terminus of HBc.

HBc stimulates proteasome-mediated degradation of HBx.
Hu and others (16) showed that the rapid turnover of HBx was
partially blocked by treatment with chemical proteasome in-
hibitors, such as MG132 and lactacystin. It was shown in the
same study that HBx is polyubiquitinated. Thus, if HBx is a
substrate of the cellular ubiquitin-proteasome pathway, we
presumed that the inhibitory effect of HBc on HBx was prob-
ably mediated via the ubiquitin-proteasome pathway. To ad-
dress this hypothesis, the effect of MG132 on HBx in the
presence of HBc was examined. Transfected cells were treated
with MG132, and proteins were analyzed by immunoblotting.
MG132 treatment blocked the inhibitory effect of HBc and led
to a greater than threefold increase in the HBx level (Fig. 4A).
Because MG132 had a similar effect in the absence of HBc
(Fig. 4B), we conclude that the effect of HBc on HBx can be
completely blocked by inhibiting proteasome activity.

Most cellular proteins degraded by proteasomes are co-
valently linked with multimers of ubiquitin. The attachment of
five or more ubiquitin moieties leads to recognition and hy-
drolysis by the cellular 26S proteasome (8). To confirm that the
HBx expressed in our system is ubiquitinated, as reported
previously (16), the gene coding for ubiquitin with a hexahis-
tidine tag and the HA-tagged X gene construct were used to
cotransfect Huh-7 cells to allow efficient detection of HBx
ubiquitination. After treating the transfected cells with
MG132, proteins conjugated with hexahistidine-tagged ubi-
quitin were isolated by affinity chromatography and analyzed
for HBx by immunoblotting with anti-HA antibody. Typically,
ubiquitinated proteins vary in size depending on the number of
conjugated ubiquitin units. Ubiquitinated HBx appeared as
multiple, differently sized bands (Fig. 5). The smallest band,
approximately 29 kDa in size, corresponded to the conjugation
of one ubiquitin moiety of 12 kDa to HBx. The sizes of other
bands varied in increments of 12 kDa, indicating that different
numbers of ubiquitin moieties were attached. Proteins larger
than 65 kDa were also observed as a smear in the blot, indi-
cating that they were probably conjugated to more than four
ubiquitin units. The ubiquitination of HBx, together with its
prolonged stability in the presence of MG132, demonstrated
that it is regulated by the proteasome-mediated degradation.

Conjugation of ubiquitin to a protein substrate proceeds in
three steps. Initially, the common enzyme E1 activates ubi-
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FIG. 3. HBc protein is responsible for degradation of HBx. (A) Di-
agram of HBc mutants. Upper panel: HBc-FS had an additional nu-
cleotide in codon 9, as indicated by the asterisk, preventing the se-
quence downstream from translating in frame. In HBc-NIS, two
internal in-frame start codons at positions 66 and 92 were replaced by
codons for Ile and Pro, respectively, as indicated by the inverted
triangles. HBc-FS-NIS had a frameshift insertion and the two substi-
tutions. Lower panel: HBc-N contained the N-terminal part of HBc
from codons 1 to 95. HBc-f2 started with a Met codon at the 66th
position and ended at the C terminus. Another Met codon at the 92nd
position was not changed in this construct. HBc-f3 started with a Met
codon at the 92nd position and ended at the C terminus. All constructs
had an HA epitope at the C terminus. (B and C) Coexpression of HBx
with HBc mutant proteins. The amount of transfected DNAs is indi-
cated in micrograms above each lane. Lanes 4 to 6, longer exposure of
the autoradiograph shown in B, lanes 4 to 6. The two smaller forms of
HBc, very similar in size to HBx, are indicated by arrowheads.
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quitin. One of several ubiquitin-conjugating enzymes E2 then
transfers the activated ubiquitin moiety from E1 to a Lys res-
idue of the substrate that is specifically bound to a member of
the ubiquitin-protein ligase family, or E3. Thus, E3 serves as a
specific recognition factor of the system. To further explore the
inhibitory effect of HBc on proteasome-mediated degradation,
the effect of HBc on the well-known proteasome substrate p53
was tested (14, 21). Unlike HBx, the amount of p53 was unaf-
fected by HBc (Fig. 6), suggesting that the effect of HBc on
HBx is specific. Therefore, it appears that HBc has no influ-
ence on the common steps of ubiquitin-proteasome pathway,
such as ubiquitin activation by E1 or proteolysis by the 26S
proteasome.

DISCUSSION

We report here that the HBV core protein HBc stimulates
the proteasome-mediated degradation of the viral regulatory
protein HBx. In polyomaviruses, adenoviruses, herpesviruses,
reoviruses, influenza viruses, and other viruses, the expression
of viral genes is regulated by interactions among the viral gene
products. Our data suggest that such a feedback mechanism
also operates in HBV gene regulation (Fig. 7). According to
this model, HBx transactivates transcription from all four viral
promoters (C, pre-S1, S, and X promoters) at the early stage of
infection. When the viral proteins reach a level sufficient for
viral replication, HBc stimulates the degradation of HBx. As a
result, further frans-activation of the viral promoters by HBx
ceases. One example analogous to the proposed relationship
between HBx and HBc is provided by p53 and Mdm?2. The
short-lived p53 activates the expression of Mdm2, which in turn
promotes the rapid degradation of p53 through enhanced pro-
teasome-dependent proteolysis (14, 21).

Using a replication-competent, longer-than-genome-length
viral DNA, we attempted to confirm the attenuating effect of
HBc on HBx in the context of viral replication. However, we
were unable to detect HBx in this system, probably due to the
low level of expression and limitation in the analysis of the
untagged HBx. The use of the HA-tagged HBx construct along
with the replication-competent viral DNA also did not show
any effect on the HBx level (data not shown). We believe that
the negative result was due to the low level of HBc expressed
from the viral DNA, which may not have been sufficient to
have any significant effect on HBx provided in frans and in
quantity. In fact, in the immunoblot we could not detect any

MG132 - +
= s <HBx

(%) 100 4038

FIG. 4. Effect of MG132 on HBx in the presence (A) and absence (B) of HBc. Cells transfected with HBx or HBc were treated with MG132,
and proteins were analyzed by immunoblotting. The intensity of HBx bands is indicated at the bottom. The amount of transfected DNA is shown

in micrograms above each lane.



7172 KIM ET AL.

| pHis-Ub
pHis-Ub +
pHBxHA

kDa
200 —
150 —
l!]‘s—

— 65 (HBx+4Ub)
0— t 3 &hmm
37 <— 41 (HBx+2Ub)

<— 29 (HBx+1Ub)
25—

FIG. 5. Detection of ubiquitinated HBx. Cells were cotransfected
with plasmids coding for hexahistidine-tagged ubiquitin and HBx. Ubi-
quitinated proteins, isolated by affinity chromatography, were analyzed
for HBx by immunoblotting with anti-HA antibody. The estimated
number of ubiquitin moieties conjugated to HBx is shown on the right.
Shown on the left are size markers (in kilodaltons).

HBc protein expressed from the genomic construct, while in
the control experiment HBc protein encoded in the cytomeg-
alovirus promoter-based plasmid was clearly detected (and
thus the reduction in HBx). This result is consistent with what
we have shown repeatedly (Fig. 1B, 1D, 1E, 3B, and 3C), i.e.,
the effect of the core depends on the level of core protein and
the ratio of the two proteins is important in this molecular
interplay. We assume that in the real stage of viral replication,
HBc exists in a much higher level than HBx, while in the
experiment described above, this ratio was reversed.

Currently, we do not understand the mechanism by which
HBc stimulates HBx degradation. Since the well-known pro-
teasome substrate p53 was unaffected by HBc, we believe that
HBc does not affect the total proteolytic activity of protea-
somes. Coimmunoprecipitation and yeast two-hybrid experi-
ments did not show any evidence of a direct interaction be-
tween HBc and HBx (data not shown). Thus, HBc may interact
with an as yet unidentified HBx-specific ubiquitin ligase (E3)
or with ancillary proteins involved in the proteolysis of HBx.
Alternatively, HBc may counteract the effect of any HBx-sta-
bilizing protein. One such target protein may be the DDBI1
subunit of the UV-damaged DNA-binding protein complex,
which was shown recently to bind and protect HBx and wood-
chuck hepatitis virus X protein from proteasome-mediated
degradation (2).

Although we have shown in this study that the minor forms
of HBc can be as effective as full-size HBc in the inhibition of
HBx, there is no evidence that these proteins exist under phys-
iological conditions. Rather, these results suggest that the ef-
fective domain of HBc resides at its carboxyl terminus. The
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—— < P53

FIG. 6. HBc has no effect on p53. Cells cotransfected with HBc and
p53 were analyzed by immunoblotting with anti-HA (for HBc) or
anti-p53 antibodies. The amount of transfected DNA is indicated in
micrograms above each lane.
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FIG. 7. Schematic diagram of a feedback inhibition model. During
the early stage of infection, HBx transactivates the transcription of the
four major transcripts through Enl and EnIl. When the viral proteins
reach a threshold levels, HBc stimulates proteasome-mediated HBx
degradation.

effect of minor forms is intriguing, however, as our results show
that a very small amount of the minor forms has an effect
similar to that of full-length HBc. One postulation is that the
effect of HBc is mediated by another protein, as discussed
above, and if such a protein is present in limited amounts, the
inhibitory effect of HBc may not be directly proportional to its
amount.

The importance of proteasome activity on the regulation of
HBYV replication has also recently been addressed in a study on
the antiviral activity of interferons (27). This study showed that
proteasome activity is required for the cytokines to effectively
inhibit HBV replication. Although a number of events could
explain the proteasome dependence of the interferon-medi-
ated inhibition of HBV replication, one possible mechanism is
that interferon stimulates proteolytic degradation of a key reg-
ulatory protein, such as HBx, which is critical for viral replica-
tion. It remains to be seen whether interferon affects the en-
hanced degradation of HBx by HBc.

Chronic HBV infection is a major cofactor in the develop-
ment of hepatocellular carcinoma, and chronic HBV carriers
have a risk of developing liver cancer that is 100 times greater
than normal. Several mechanisms of HBV-related tumorigen-
esis have been proposed, including viral genome integration,
gene mutation, transcriptional activation of growth-regulatory
genes by viral proteins, and the effects of viral proteins on cell
apoptosis, cell signaling, and DNA repair (1). HBV DNA
integration into the genome of hepatocytes has been detected
in a high portion of HBV-related hepatocellular carcinomas (4,
30, 34). Because the integration of the hepadnaviral DNA into
the host genome is not an orderly event, intact and complete
viral genomic DNA has seldom been demonstrated in the
integrants; deletion of at least some viral sequences has usually
been found, and no two HBV integrants described are the
same. In this regard, our result also points to a possible mech-
anism of HBV-related hepatocellular carcinoma. Integration
of an incomplete viral genome may result in deletion or trun-
cation of the structural or regulatory sequence for HBc. In
such a situation, HBc may not be expressed sufficiently. As a
result, HBx would be maintained at levels far above the normal
level, leading to cellular transformation. For example, the ex-
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pression of HBx but not HBc was observed in a nude mouse
tumor experimentally induced by HBV DNA (15).

Proteasomes degrade ubiquitinated proteins. Nevertheless,
examples of ubiquitin-independent proteolysis by the 26S pro-
teasome have also been reported. One such example was pro-
vided by ornithine decarboxylase, the rate-limiting enzyme in
the polyamine synthesis pathway (24). When ornithine decar-
boxylase binds to a second protein called the antizyme, it
becomes a good substrate for proteasomes. HsN3 has also
been shown to be involved in targeting of the p105 NF-«B
subunit for proteasome processing (28). Furthermore, both
ubiquitin-dependent and ubiquitin-independent proteasome
pathways have been suggested in the degradation of Smadl
(12). Although HBx has been shown to be efficiently ubiquiti-
nated, the possibility of a ubiquitin-independent pathway in
HBx degradation and on HBc stimulation, through a member
of such a pathway, cannot be excluded.

In conclusion, our study establishes a novel aspect of HBc
function in the HBV life cycle and possibly in the development
of liver cancer through the regulation of HBx levels. Future
study will be directed toward identifying the molecular mech-
anism and understanding its implications.
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