JOURNAL OF VIROLOGY, Mar. 2000, p. 2840-2846
0022-538X/00/$04.00+0

Vol. 74, No. 6

Hepatitis B Virus X Protein Colocalizes to Mitochondria with a
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Understanding the mechanism(s) of action of the hepatitis B virus (HBV)-encoded protein HBx is funda-
mental to elucidating the underlying mechanisms of chronic liver disease and hepatocellular carcinoma caused
by HBYV infection. In our continued attempts to identify cellular targets of HBx, we have previously reported
the identification of a novel cellular protein with the aid of a yeast two-hybrid assay. This cellular gene was
identified as a third member of the family of human genes that encode the voltage-dependent anion channel
(HVDAC3). In the present study, physical interaction between HBx and HVDAC3 was established by standard
in vitro and in vivo methods. Confocal laser microscopy of transfected cells with respective expression vectors
colocalized HVDAC3 and HBx to mitochondria. This novel, heretofore unreported subcellular distribution of
HBx in mitochondria implies a functional role of HBx in functions associated with mitochondria. Using a sta-
ble cationic fluorophore dye, CMXRos, we show that HBx expression in cultured human hepatoma cells leads
to alteration of mitochondrial transmembrane potential. Such functional roles of HBx in affecting mitochondrial
physiology have implications for HBV-induced liver injury and the development of hepatocellular carcinoma.

Human hepatitis B virus (HBV) is the leading causative
agent of chronic hepatitis. HBV infection has been strongly
associated with the development of hepatocellular carcinoma
(HCC) (2), but the mechanism(s) by which HBV induces
events leading to the genesis of HCC remains to be clearly
understood. One of the open reading frames encoded by the
HBYV genome is a regulatory protein termed HBX, consisting of
154 amino acids (~16.5 kDa). HBx was first identified as a
transcriptional activator (29, 32, 34), and the mechanism by
which it accomplished that function was shown to occur via
protein-protein interaction (19). HBx is predominantly local-
ized in the cytoplasm with a low level of nuclear distribution
(11, 30, 37). The activities of HBx which require its presence in
the cytoplasm include its participation in a whole host of cel-
lular signal transduction pathways, including Ras—Raf-mito-
gen-activated protein kinase, protein kinase C, and Src kinase
3,9, 13, 15). A common theme that emerges from recent
studies is the ability of HBx to deregulate cell growth (6, 16,
33). This property may be a two-edged sword; HBxX’s activi-
ties can either promote cellular proliferation or signal pro-
grammed cell death. In support of this view, two reports im-
plied that HBx has an indirect role in apoptosis (6, 33). These
and several other studies lend support to the notion that HBx
may play a pivotal role in the pathways associated with liver
oncogenesis.

We have recently identified a novel target of HBx during a
yeast two-hybrid screening. Isolation of a full-length cDNA re-
vealed a new member of the human voltage-dependent ion chan-
nel (VDAC) family, which was designated HVDAC3 (26).
Multiple isoforms of VDAC-encoding genes have been identi-
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fied in mammals. In humans, two isoforms of VDAC (HVDACI1
and HVDAC?2) genes have been cloned (4). VDAC proteins,
also known as mitochondrial porins, are small (ranging from
30 to 34 kDa), abundant proteins that form pores in the
outer membranes of mitochondria of all eukaryotic organisms
(31). VDAGC:s are presumed to act as pathways for ATP and
metabolites across the mitochondrial membrane (8, 18, 27).
Recent studies showed that VDAC is a part of the permeability
transition pore complex in the mitochondrial membrane which
regulates mitochondrial transmembrane potential and cyto-
chrome c release (12, 21).

One of the novel aspects revealed during the course of this
investigation is the subcellular distribution of HBx in mito-
chondria that has not been reported so far. We describe here
an interaction between HBx and HVDAC3 using standard in
vitro assays and cross-immunoprecipitation procedures. Dou-
ble immunofluorescence by confocal laser microscopy colocal-
ized HVDAC3 and HBx to mitochondria. We further show
that mitochondrial association of HBx leads to alteration of
mitochondrial transmembrane potential. This novel subcellu-
lar distribution of HBx and its association with VDAC provide
clues to its possible functions in infected hepatocytes in liver
disease pathogenesis associated with HBV infection.

MATERIALS AND METHODS

Plasmids. The full-length HVDAC3 cDNA was cloned into pPCMV4HA to
produce the plasmid pVDAC3 (pCMV4HA-VDAC3). The HBx-encoding gene
was cloned into pCMV4 with a Flag tag cassette at the C terminus of the gene
to produce the plasmid pCXF (pCMV4X-flag). The full-length HVDAC3 gene
was cloned in a bacterial glutathione S-transferase (GST) vector (pGEX-5T-1) in
frame with the GST-encoding gene to produce the plasmid pPGVDAC3.

Purification of GST fusion proteins. The GST-VDACS3 fusion protein was
purified by the following procedure. Briefly, a bacterial culture expressing the
GST-VDACS3 fusion protein was centrifuged and the pellet was resuspended in
STE buffer (10 mM Tris [pH 8.0], 1 M NaCl, 1 mM phenylmethylsulfonyl
fluoride, 1 mM EDTA) and treated with lysozyme (100 pg/ml) for 15 min on ice.
Dithiothreitol and Sarkosyl were added to final concentrations of 5 mM and
1.5%, respectively. After sonication, the lysates were centrifuged and Triton
X-100 was added to a final concentration of 4%. Supernatant was incubated with
glutathione-Sepharose beads for 30 min at 4°C. The beads were washed several
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times with STE buffer containing decreasing concentrations of NaCl. Washed
beads were equilibrated with buffer B (150 mM KCI, 6 mM MgCl,, 25 mM
HEPES [pH 7.9], 10% [vol/vol] glycerol, 0.1% NP-40, 1 mM ATP, 1 mM dithio-
threitol, 1 mM phenylmethylsulfonyl fluoride, leupeptin at 10 wg/ml, aprotinin at
9 wg/ml) at 4°C. The purification of GST-X has been reported previously (24).

In vitro binding assay. In vitro synthesis of HBx and HVDAC3 was carried out
by using the TNT coupled transcription-translation system (Promega). To elim-
inate nonspecific interactions, in vitro-translated proteins were precleared by
incubation with GST protein bound to glutathione-Sepharose beads. Precleared
proteins were allowed to bind GST or GST fusion proteins bound to glutathione-
Sepharose beads in buffer B at 4°C for 2 h in a 300-pl volume. The reaction
mixture was washed with buffer B several times, and bound proteins were eluted
and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and autoradiography.

In vivo interactions. The coimmunoprecipitation procedure used here is a
modified form of that of Xu and Reed (35). When pVDAC3 was transiently
cotransfected with pCXF into COS cells using Superfect reagent (Qiagen),
hemagglutinin (HA)-VDACS3 protein levels detected by enhanced chemilumi-
nescence (ECL) were about twofold lower (at ~5 min of exposure) than those
achieved by transfection with pCMV4 and pVDAC3 and detected by densito-
metric analysis (data not shown). Therefore, to compensate for differential levels
of HA-VDACS3 protein, one plate (100-mm diameter) of COS cells transfected
with pCMV4 and pVDAC3 and three plates of COS cells transfected with pCXF
and pVDACS3 were used for coimmunoprecipitation experiments. In a reciprocal
experiment, three plates of COS cells transfected with pPCMV4HA and pCXF
and three plates of cells transfected with pVDAC3 and pCXF were used. After
48 h of transfection, cells were washed with cold phosphate-buffered saline (PBS)
and incubated with H buffer (142.5 mM KCl, 5 mM MgCl,, 10 mM HEPES [pH
7.2], 1 mM EGTA, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride, leupeptin at
10 pg/ml, aprotinin at 9 pg/ml) on ice for 10 min. Cells were collected by scraping
and further incubated on ice for 20 min. Cell lysates were centrifuged for 10 min
in an Eppendorf microcentrifuge. To eliminate nonspecific binding, the super-
natant was preincubated with protein G-Sepharose for 30 min at 4°C. H buffer
without NP-40 was added to the precleared lysates to a final concentration of 0.6
or 0.8%. The incubation was continued with the indicated antibodies (Abs) for
2 h and for an additional hour with protein G-Sepharose at 4°C. The immune
complexes were washed three times with H buffer and analyzed by SDS-PAGE,
followed by Western blotting. The signal was detected with the ECL reagent
(Amersham).

Indirect immunofluorescence assay. Huh7 cells were maintained in Dulbecco
modified Eagle medium containing 10% fetal bovine serum. Indicated plasmids
were transfected with Superfect reagent in accordance with the manufacturer’s
(Qiagen) instructions. Transfected cells were fixed with 4% paraformaldehyde in
PBS for 20 min at room temperature, permeabilized with cold acetone (—20°C)
for 7 min at —20°C, and incubated with 10% fetal bovine serum-0.1% Triton
X-100 in PBS for 1 h at room temperature. For colocalization studies, cells were
incubated with a polyclonal Ab against HBx and a monoclonal Ab against HA
(12CAS5). For localization of HBx to mitochondria, cells were incubated with a
monoclonal Ab against cytochrome ¢ oxidase subunit I (Molecular Probes) and
a polyclonal Ab against HBx. For localization of the Golgi, cells transfected with
an HBx-Flag expression vector containing a single Flag tag were incubated with
a monoclonal Ab against Flag (Sigma) and tetramethyl rhodamine isocyanate
(TRITC)-wheat germ agglutinin (WGA) (Molecular Probes). For localization of
HA-VDACS3 to mitochondria, the monoclonal Ab against HA (12CAS) and a
polyclonal Ab against mitochondrial electron transfer flavoprotein (ETF) were
used. Fluorescein isothiocyanate (FITC)-coupled anti-mouse and TRITC-cou-
pled anti-rabbit Abs were used as secondary Abs. Stained cells were analyzed by
Olympus confocal microscopy and the Adobe Photoshop program.

Cell fractionation. The procedure used for cell fractionation was that of Yu
et al. (36). Briefly, COS-1 cells transfected with pCXF and pVDAC3 were
homogenized and fractionated into three different fractions by differential
centrifugation. Equal amounts of protein from the low-speed pellet, high-
speed pellet, and high-speed supernatant were analyzed by SDS-PAGE, fol-
lowed by Western blotting. The signal was detected with the ECL reagent
(Amersham).

CMXRos fluorescence. Huh7 cells were transfected with the indicated plas-
mids using Lipofectin (GIBCO Bethesda Research Laboratories). About 48 h
posttransfection, cells were incubated with medium containing CMXRos (Mo-
lecular Probes) at a concentration of 250 to about 375 nM for 45 min and fixed
for 30 min in 4% paraformaldehyde. Immunofluorescence assays of HBx and
HVDAC3 were done as described earlier using anti-Flag and anti-HA Abs,
respectively. Dye intensities were visually examined with Zeiss Axioplan 2 mi-
croscope within 12 to about 15 h. Cells expressing the indicated proteins were
randomly chosen. Cells which showed substantially or relatively decreased
CMXRos intensities compared to adjacent and/or surrounding cells were
counted and converted to the percentage of cells with decreased CMXRos
intensity. Cells with intensity too difficult to determine or in an area with very
weak overall intensity were not counted.
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FIG. 1. HBx interacts with HVDAC3 in vitro. (A) HBx was translated in
vitro with the TNT system (Promega) in the presence of [**S]methionine. Pre-
cleared, *S-labeled HBx was added to GST or the GST-VDACS3 fusion protein.
Bound proteins were washed with binding buffer (see Materials and Methods)
eluted, resolved by SDS-PAGE, and exposed to X-ray film. (B) HVDAC3 was
translated in vitro with the TNT system (Promega) in the presence of [**S]me-
thionine. The same amount of precleared, 35S-labeled HVDAC3 was added to
GST or the GST-X fusion protein. Bound proteins were washed with binding
buffer, eluted, resolved by SDS-PAGE, and visualized by exposure to X-ray film.
MW, '“C-labeled molecular size marker.

RESULTS

HBx interacts with HVDAC3 in vitro. We have recently
identified a human VDAC protein which specifically interacted
with HBx using the yeast two-hybrid assay (26). Herein, we
report further characterizations of that interaction using the
GST pull-down assay. **S-labeled, in vitro-translated HBx was
incubated with GST or a GST-VDACS3 fusion protein immo-
bilized on glutathione-Sepharose beads. Bound proteins were
washed with binding buffer, eluted, and analyzed by SDS-
PAGE and autoradiography. The results of this analysis are
shown in Fig. 1A. In vitro-translated HBx binds to GST-
VDACS3 but not to GST. We also performed a reciprocal
analysis in which HVADC3 was in vitro translated in the pres-
ence of [>*S]methionine and incubated with GST and GST-X.
The data shown in Fig. 1B demonstrate the specific interac-
tions between HVDACS3 and full-length HBx (Fig. 1B). To-
gether, these data demonstrate direct interaction between HBx
and HVDACS3 in vitro.

HBx interacts with HVDAC3 in vivo. To determine whether
HBx and HVDACS3 associate in vivo, epitope-tagged HBx-Flag
and HA-VDACS3 expression vectors were developed and a
transient-transfection scheme was employed. Previous studies
with epitope tagging of HBx have demonstrated that epitope
tagging does not interfere with the activities of HBx (11). COS
cells were transiently cotransfected with the indicated vectors,
and coimmunoprecipitation of transfected cell lysates, fol-
lowed by Western blotting, was performed. Extracts prepared
from transfected cells were immunoprecipitated with a mono-
clonal Ab against HBx, and the immunoprecipitates were sub-
jected to SDS-PAGE and Western blot analysis using a mono-
clonal Ab against HA (12CA5). As shown in Fig. 2A, lanes 3
and 4, HVDACS3 is present in cell extracts prepared from
either singly transfected or cotransfected COS cells. HVDAC3
was coimmunoprecipitated with HBx in cells expressing HBx
(Fig. 2A, lane 2) but not in cells expressing HVDAC3 alone
(Fig. 2A, lane 1). In a reciprocal experiment, COS cells were
cotransfected with pCMV4HA (parental vector) and pCXF
or pVDAC3 and pCXF. The transfected lysates were immu-
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FIG. 2. HBx associates with HVDAC3 in vivo. (A) COS cells were transiently
transfected with pVDAC3 and pCXF or with pVDAC3 and pCMV4. After 40 to
48 h of transfection, cell extracts were subjected to immunoprecipitation with a
monoclonal Ab against HBx, followed by SDS-PAGE and Western blotting using
a monoclonal Ab against HA (12CA5). The signal was detected by using the ECL
reagent (Amersham). The immunoblot was exposed for ~10 min. Shown are
immunoprecipitates (IP) from cells expressing HA-VDACS3 (lane 1), immuno-
precipitates from cells coexpressing HA-VDAC3 and HBx-Flag (lane 2), total
cell extracts (10 wg) from cells expressing HA-VDAC3 (lane 3), and total cell
extracts (10 pg) from cells coexpressing HA-VDAC3 and HBx-Flag (lane 4).
Signals from immunoglobulin G and two high-molecular-weight bands which are
also seen in untransfected COS cell extracts are not shown. (B) COS cells were
transfected with pPCMV4HA and pCXF or with pVDAC3 and pCXF. After ~48
h of transfection, cell extracts were subjected to immunoprecipitation with a
monoclonal Ab against HA (12CAS). The signal was detected by using the ECL
reagent (Amersham). Shown are immunoprecipitates from cells expressing HBx-
Flag (lane 1), immunoprecipitates from cells coexpressing HA-VDAC3 and
HBx-Flag (lane 2), total cell extracts (10 pg) from cells expressing HA-VDAC3
(lane 3), and total cell extracts (10 pg) from cells coexpressing HA-VDAC3 and
HBx-Flag (lane 4). Immunoglobulin G signals are not shown.

noprecipitated with a monoclonal Ab against HA (12CAS5) and
subjected to SDS-PAGE, followed by Western blot analysis
using a monoclonal Ab against Flag. As shown in Fig. 2B, lanes
3 and 4, transfected lysates contained HBx. In the experiment
in which lysates were immunoprecipitated with an Ab against
HA and Western blotted with an Ab against Flag, HBx and
HVDACS3 were coimmunoprecipitated, suggesting that these
proteins are in association in vivo (Fig. 2B, lane 2).

HBx and HVDACS3 colocalize to mitochondria. Based on the
observation that HBx and HVDACS3 interact with each other
in vitro and in vivo, cellular localization was investigated by
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indirect double immunofluorescence assay. To study the sub-
cellular localizations of HVDAC3 and HBx, Huh7 (human
hepatoma) cells were transiently transfected with HBx and
HVDACS3 expression vectors and analyzed by confocal micros-
copy. As shown in Fig. 3A, image 2, immunostaining of a cell
expressing HBx with a polyclonal Ab against HBx, followed by
a TRITC-conjugated secondary Ab, showed punctate cytoplas-
mic staining. Only transfected cells showed specific staining in
the cytoplasm with the Ab against HBx. When HVDAC3 ex-
pression was studied using the monoclonal Ab against HA
(12CA)5), followed by an FITC-conjugated secondary Ab (Fig.
3A, image 1), the pattern was again punctate staining in the
cytoplasm. Overlaying of two images indicates that HBx and
HVDACS3 colocalize in the cytoplasm of transfected Huh7
cells (Fig. 3A, image 3). Similar results were obtained with
transfected COS cells (data not shown).

The cellular compartment where HBx and HVDACS3 colo-
calize was investigated using antibodies against mitochondrial
marker proteins and double immunofluorescence analysis. To
examine whether HBx localizes to mitochondria, Huh7 cells
transfected with an HBx expression vector were immuno-
stained with a polyclonal HBx Ab (Fig. 3B, image 2) and a
monoclonal Ab against cytochrome ¢ oxidase subunit I (Fig.
3B, image 1), a mitochondrial inner membrane protein. As
shown in Fig. 3B, image 3, HBx colocalized with cytochrome ¢
oxidase subunit I. To examine whether HVDACS3 localizes to
mitochondria, cells expressing HVDAC3 were stained with the
monoclonal Ab against HA (12CA5) (Fig. 3B, image 4) and a
polyclonal Ab against ETF, a mitochondrial matrix protein
(Fig. 3B, image 5). Overlaying of two images indicates that
HVDACS3 colocalizes with ETF (Fig. 3B, image 6). Similar
results were obtained with transiently transfected COS cells
(data not shown). The localization of HVDAC3 or HBx to
mitochondria did not require coexpression of either protein.
Next, we employed a nonmitochondrial marker, WGA, to ex-
amine HBX’s localization to a nonmitochondrial organelle, the
Golgi. Huh7 cells transfected with an HBx expression vector
containing a single Flag were immunostained with monoclonal
Abs against Flag (Fig. 3B, image 7) and TRITC-WGA (Fig.
3B, image 8). Overlaying of two images (Fig. 3B, images 7 and
8) shows an absence of colocalization of HBx to Golgi (Fig. 3B,
image 9). Thus, these results clearly demonstrate the colocal-
ization of HBx to mitochondria.

Cellular localization of HBx and HVDAC3 was further stud-
ied by subcellular fractionation. COS cells transfected with
HBx and HVDACS3 expression vectors were lysed and fraction-
ated into mitochondrial, membrane, and supernatant fractions
by differential centrifugation using the procedure previously
described (36). Western blot analysis of different fractions in-
dicates that HBx and HVDACS3 are present mainly in a frac-
tion enriched in mitochondria (Fig. 4A and B). ETF was ob-
served in the supernatant, as well as in the mitochondrial
fraction (Fig. 4C), because the fractionation procedure used
here does permit modest leakage of soluble mitochondrial
proteins. Based on the analysis presented here, it appears that
HBx has a primary mitochondrial subcellular distribution and
that it colocalizes with HVDAC3.

HBx alters AW, . To investigate the functional relevance of
the observed association of HBx with mitochondrial VDAC,
we utilized a membrane potential-sensitive dye, CMXRos
(Molecular Probes), and examined the mitochondrial uptake
of the dye. CMXRos is a cationic fluorophore, a relatively
stable dye that is preserved during formaldehyde fixation (23)
and therefore facilitates efficient monitoring of the changes
in mitochondrial function(s). To examine the effects of HBx
on mitochondrial transmembrane potential (AW ,,), transiently
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FIG. 3. (A) HBx and HVDACS3 colocalize in vivo. Huh7 cells were transfected with pVDAC3 and pCXF and doubly immunostained with a polyclonal Ab against
HBx (image 2) and a monoclonal Ab against HA (12CAS) (image 1). Primary Abs were detected by using a TRITC-conjugated secondary Ab for HBx-Flag detection
and an FITC-conjugated secondary Ab for HA-VDAC3 detection. Image 3 is overlapping composite images of HBx-Flag (red) and HA-VDAC3 (green). The
overlapping regions appear orange or yellow. (B) HBx and HVDACS3 localize to mitochondria. Huh7 cells were transfected with either pCXF or pVDACS3. Cells
expressing HBx-Flag were doubly labeled with a polyclonal Ab against HBx, followed by a TRITC-conjugated secondary Ab (image 2) and a monoclonal Ab against
cytochrome ¢ oxidase subunit I, followed by an FITC-conjugated secondary Ab (image 1). Overlapping composite images of HBx-Flag (red) and cytochrome ¢ oxidase
subunit I (green) appear orange or yellow (image 3). Cells expressing HA-VDAC3 were doubly immunostained with a monoclonal Ab against HA (image 4) and a
polyclonal Ab against ETF (image 5). Two overlaid images appear orange or yellow (image 6). A cell expressing HBx-Flag was doubly labeled with a monoclonal Ab
against Flag (image 7) and WGA (image 8). Two overlaid images show an absence of colocalization (image 9).

transfected Huh7 cells with various expression vectors were immunofluorescence using Flag and HA Abs, respectively.
incubated with CMXRos. The fluorescence intensities of the Since certain cells did not express HBx but showed relatively
dye in the mitochondria correlate with the changes in AWV, (21, weak CMXRos intensities, USO9GFP-expressing cells were in-
23). The expression of HBx and HVDAC3 was detected by cluded as a negative control. US9GFP is a pseudorabies virus
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FIG. 4. Subcellular fractionation of HBx and HVDACS3. Subcellular frac-
tionation of COS cells transfected with pCXF and pVDAC3 was used to detect
the distribution of HBx-Flag and HA-VDACS3 in the cytoplasm. The cytoplasm
was separated into three different fractions by differential centrifugation. Equal
amounts of proteins (5 ug) from each fraction were subjected to SDS-PAGE,
transferred to nitrocellulose membrane, and incubated with Abs against Flag
(A), HA (12CAS5) (B), or ETF (two subunits of 26 and 32 kDa) (C). The signal
was detected by using the ECL reagent (Amersham). Lanes: 1, high-speed
supernatant; 2, high-speed pellet; 3, low-speed pellet enriched in mitochondria.

protein fused to green fluorescent protein, which localizes to
the Golgi apparatus (5). The CMXRos intensities of HBx-,
HVDACS3-, or US9GFP-expressing cells were visually exam-
ined, and cells with relatively weak dye intensities in compar-
ison to the surrounding or adjacent cells were counted and
expressed as the percentage of cells with decreased fluores-
cence (Fig. 5SA and B). A higher percentage of HBx-expressing
cells exhibited decreased fluorescence intensities than those
expressing either HVDAC3 or US9GFP (Fig. 5A). This de-
creased fluorescence intensity caused by HBx correlates with a
decrease of mitochondrial AV, (Fig. 5B). Although we were
not able to examine a cumulative increase of the loss of mito-
chondrial AW in cells coexpressing HBx and HVDAC3, our
data clearly demonstrate that HBx, by itself, is capable of
altering mitochondrial AWV ,,..

DISCUSSION

HBx is a pleiotropic viral regulatory protein which has been
the subject of intense investigation since its identification as an
HBV-encoded gene product. The functional role(s) of this
rather elusive protein has been shown to occur via a wide
variety of cellular targets in both the nucleus and cytoplasm.
To better understand the role and mechanism(s) of action of
HBx, we have carried out yeast two-hybrid screening to identify
the relevant cellular target(s) of HBx. A partial cDNA encod-
ing an open reading frame showing homology to the human
VDAC family was identified as an HBx-interacting protein
during this search (26). The subsequent analysis to confirm the
binding affinity of HBx for HVDAC3 obtained via the yeast
two-hybrid expression system is presented in this communica-
tion. This analysis first revealed a heretofore unreported sub-
cellular distribution of HBx in mitochondria. Further, the data
clearly indicate that HBx and HVDAC3 colocalize to mito-
chondria and that the association of HBx with mitochondria
functionally leads to alteration of AW ,.

The subcellular localization of HBx has been previously ad-
dressed by several investigators, including ourselves, with the
conclusion that it is localized predominantly in the cytoplasm
with a low level of nuclear distribution (11, 30, 37). Although
punctate cytoplasmic staining of HBx has been previously re-
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ported (11), none of these studies characterized the organellar
distribution of HBx. Using double immunofluorescence and
confocal microscopic analysis, we demonstrate here that HBx
and HVDACS3 colocalize mainly to mitochondria in trans-
fected Huh7 cells. This result is further supported by subcel-
lular fractionation results. The localization of HVDAC3 to
mitochondria is correlated with a previous report that iso-
forms of the human VDAC family, HVDAC1, HVDAC2, and
HVDAC2', localized exclusively to mitochondria in trans-
fected COS cells and rat astrocytes (36). The association of
HBx with mitochondria seems to be an intrinsic property of the
viral protein rather than an artifact of overexpression. It is
believed that the level of HBx expression achieved by using the
cytomegalovirus promoter-enhancer in Huh7 cells is within the
range found in HBV- and woodchuck hepatitis virus-infected
cells (10, 33). Analysis of the HBx amino acid sequence using
the PSORT program, an algorithm that recognizes mitochon-
drial targeting signals, predicts mitochondrial localization of
the protein. This suggests that a mitochondrial targeting signal
may reside within the primary structure of HBx.

The mitochondrion is a key organelle which generates cel-
lular energy and controls apoptosis by releasing death-promot-
ing proteins into the cytoplasm. The association of HBx with
mitochondria and HVDACS3 suggests that HBx is capable of
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FIG. 5. (A) Analysis of CMXRos fluorescence. HBx-, HVDAC3-, and
US9GFP-positive cells were scored for decreased CMXRos fluorescence, and
the data are presented as the percentage of cells with weak intensities (number
of cells with weak intensities/total number of indicated protein-positive cells X
100). The data are averages of values from five different experiments. (B) De-
creased CMXRos fluorescence in HBx-expressing cells. Huh7 cells transfected
with an HBx expression vector were stained with CMXRos (b), and HBx expres-
sion was detected by using an Ab against Flag, followed by an FITC-conjugated
secondary Ab (a). The arrowhead indicates an HBx-expressing cell showing
relatively weaker CMXRos staining than adjacent cells.
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influencing mitochondrial functions. Some of the bcl2 family
members localize in mitochondria or translocate from the cy-
toplasm to mitochondria and regulate key events of apoptosis,
such as cytochrome c release and alteration of AW, (22, 28). A
recent study suggests that regulation of cytochrome c release
and alteration of AW, are due to interaction of these proteins
with VDAC and to modulation of the opening state of VDAC
(28). Due to the nature of the assay employed, we were not
able to examine whether cells coexpressing HBx and HVDAC3
have a synergistic effect on the decrease in AW, . We examined
the HBx-expressing transfected cells by double immunofluo-
rescence assay and failed to observe an immediate effect of
HBx expression causing cytochrome ¢ release (data not shown).
This result indicates that while HBx expression can lead to
alteration of AW, it is unable to induce cytochrome c release,
unlike proapoptotic proteins such as Bax. It remains to be
determined whether HBx association with mitochondria alters
other mitochondrial functions in conjunction with VDAC or
other mitochondrial proteins.

While HBx may not be directly apoptotic or antiapoptotic, it
certainly can participate in these pathways, as evidenced by
previous reports (6, 14, 33), including the fact that apoptotic
death of HBV-infected hepatocytes driven by the cell-medi-
ated immune response occurs during viral infection (7). HBx
can certainly be a significant player in this process. In light of
these observations, it must be pointed out that the fate of
HBx-expressing hepatocytes is determined by the predomi-
nance of either apoptotic or antiapoptotic stimuli within the
cellular environment, which may reflect the state of chronicity,
the state of cell growth, and perhaps the status of HBV gene
expression. Inappropriate apoptosis has been implicated in
many human diseases, including several forms of cancer (25).
In principle, the expression of an oncogene that deregulates
the cell cycle can either induce apoptosis or sensitize cells to
proapoptotic stimuli. Therefore, in the final analysis, it is the
balance between proapoptotic activities and antiapoptotic sur-
vival signals that dictates whether a cell proliferates or dies.

In summary, we present evidence that a member of the
human VDAC family, HVDACS3, identified in a yeast two-
hybrid search interacts with HBx in vitro and associates with it
in vivo. Further, these proteins localize to mitochondria and
HBx expression is associated with decreased AV, .. Based on
our data, we hypothesize that HBx alters mitochondrial func-
tion by association with VDAC. Mitochondrial dysfunction
and structural changes have been associated with chronic liver
disease and oncogenic processes (1, 17). Future investigations
will focus on the identification of HVDAC3 properties and
functional consequences of HBx’s interaction with HVDAC
and probably with other mitochondrial proteins. Future inquir-
ies in this area may pave the way for investigation of possible
mechanisms leading to chronic infection and subsequent pro-
gression to HCC in the context of mitochondrial association of
HBx.
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