


meabilizing cells with Triton X-100. When immunofluores-
cence staining against the DIC was carried out, we observed a
spotty homogeneous distribution of DIC in Chang cells. On
the other hand, the DIC staining in ChangX-34 cells was
denser near the perinuclear region, where mitochondria were
clustered (Fig. 4A). These were consistently observed in three
separate experiments. Line scanning (from the plasma mem-

brane to the nuclear periphery) demonstrated that the fluores-
cence intensity of DIC was relatively homogeneous through
the cytoplasm of Chang cells, whereas it became stronger near
the nuclear periphery of ChangX-31 or ChangX-34 cells. These
results support our hypothesis that the dynein complex is in-
volved in HBx-induced mitochondrial transport toward the
MTOC.

FIG. 3. Microtubule-dependent mitochondrial clustering occurs in HBV-replicating Huh7 cells. (A) Subcellular localizations of HBx and
mitochondria in Huh7 and HBV-related SNU368 hepatoma cells were visualized by immunofluorescence staining using anti-HBx antibody (green)
and MitoTrackerRed (red) under a fluorescence microscope. The scale bar indicates 10 �m. (B) HBV DNA was extracted from isolated core
particles and analyzed by Southern blot analysis. Single- and double-stranded linear and partially double-stranded relaxed circular forms of HBV
DNA are marked SS, DL, and RC, respectively. An HBV plasmid construct (1 ng) was used as a control marker. (C) Mitochondrial staining in
Huh7 and HBV replicating Huh7-HBV cells. (D) Huh7 cells were transfected with a pHBV replicon (pHBV) or pHBV harboring a stop codon
right after the AUG of the HBx gene (pHBVX	) using the PEI method, and the subcellular localization of HBx (green) and mitochondria (red)
was visualized by immunofluorescence staining. The scale bar indicates 10 �m. (E) Microtubules were depolymerized by the addition of 3.3 �M
nocodazole (Noc) for 2 h and repolymerized by the removal of nocodazole by several washes with PBS. Mitochondria and �-tubulin were visualized
by MitoTrackerRed and immunofluorescence staining. A representative image of three independent experiments is shown.
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We next examined whether the inhibition of dynein activity
in HBx-expressing cells could interfere with HBx-induced mi-
tochondrial clustering. To test that, we used three different
approaches. Dynamitin (p50) is one subunit of the dynactin
complex, and overexpression of dynamitin in cells has been
shown to disrupt dynein-dependent transport (7). We tested
the role of dynein in HBx-induced mitochondrial clustering by
transfecting cells with the pCMV-HBx expression vector alone
or along with a dynamitin (p50) expression vector and deter-
mined the mitochondrial distribution after 48 h using parental
Chang and Huh7 cells in which mitochondrial aggregation had
been previously observed by HBx overexpression (39). Ectopic
expression of pCMV-HBx along with pEGFP in Chang cells
(Fig. 4B) and Huh7 cells (data not shown) induced the clus-
tering of mitochondria. The area occupied by mitochondria in
a cell was quantified using the LSM5 Image Browser according
to the criteria described in Materials and Methods. The area
occupied by mitochondria in control cells was determined to be
89% of the cytoplasmic area but was reduced to 53% upon
HBx expression (P 
 0.001, Student’s t test). Coexpression of
HBx and dynamitin, however, restored it back to the control
level (P 
 0.001, Student’s t test). Thus, mitochondrial reclus-
tering in HBx-expressing cells can be suppressed by the inhi-
bition of dynein activity. We further tested whether the micro-
injection of HBx-expressing cells with a neutralizing antibody
against dynein could reverse or suppress mitochondrial clus-
tering. We carried out microinjection using either control IgG
antibody or DIC-specific antibody with purified green fluores-
cent protein as an injection indicator (Fig. 4C). When the
mitochondrial distribution patterns in ChangX-34 cells were
examined 4 to 16 h after microinjection of the anti-DIC neu-
tralizing antibody, we were not able to detect significant dif-

ferences in the mitochondrial clustering pattern compared with
uninjected ChangX-34 cells (data not shown). We interpreted
these data to indicate that the inhibition of dynein activity is
not effective enough to reverse mitochondrial clustering that
had already occurred. Since mitochondrial reclustering was
induced rapidly following nocodazole release in HBx-express-
ing cells (Fig. 2 and 3), we asked whether anti-dynein antibody
can block/prevent reclustering following nocodazole treat-
ment. We carried out the microinjection experiment under
those experimental conditions. We incubated microinjected
cells (n � 300) for 6 h, treated them with 100 ng/ml nocodazole
for 2 h, and then washed the cells to remove the nocodazole.
One hour after nocodazole release, the digital images of 50 to
100 mitochondria in each group were analyzed. Typically, the
crescent pattern of mitochondrial reaggregation (mitochon-
drial area/cell of 
60%) was observed in 83% of ChangX-34
cells injected with anti-IgG antibody (Fig. 4C, top), and 17% of
cells didn’t show clear clustering. Meanwhile, mitochondrial
reclustering was suppressed in 72% of the cells injected with
the DIC-specific antibody (Fig. 4C, white arrowheads),
whereas neighboring noninjected ChangX-34 cells remained,
displaying the crescent-shaped mitochondrial aggregates (Fig.
4C, yellow arrows). On average, the area of mitochondria per
cell was increased to 85 to 90% when anti-DIC antibody was
injected in two independent experiments. Finally, the treat-
ment of ChangX-34 cells with 0.5 mM of EHNA, an inhibitor
of dynein ATPase, almost completely suppressed the perinu-
clear reclustering of mitochondria (Fig. 4D and data not
shown). Indeed, the reclustering of mitochondria was promi-
nent upon nocodazole release, whereas mitochondria at the tip
of the plasma membrane remained after EHNA treatment
(data not shown). Collectively, these results indicate that

FIG. 3—Continued.
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dynein motor activity is critically involved in HBx-induced
mitochondrial clustering.

The p38 MAPK pathway mediates HBx-induced mito-
chondrial transport. Recent work has shown that the dynein-
dependent motor activity can be modulated by the p38 MAPK
(10). HBx has also been shown to stimulate many different
signal transduction pathways in the cytoplasm, including the
p38 MAPK pathways (40). We therefore attempted to deter-
mine whether the activation of the p38 MAPK by HBx can
mediate mitochondrial clustering in our system. We found that
the phosphorylated form of p38 was induced at 24 h upon HBx
expression and became stronger at 48 h in Huh7 cells (Fig.
5A). Densitometric analysis revealed that the phosphorylated
p38 level was increased by 7.3-fold at 24 h and 18.9-fold at 48 h
compared to the total p38 protein level. Provided that the p38
MAPK pathway mediates the mitochondrial transport to the
MTOC in our system, the overexpression of MKK6, encoding
an upstream kinase of p38 MAPK, would be expected to mimic
the mitochondrial clustering. We observed that the phosphor-
ylated form of p38 was induced upon MKK6 overexpression
(Fig. 5B). In contrast, the overexpression of Raf-CA, a consti-
tutive active form of Raf, activated only the phosphorylated
ERK and not the phosphorylated p38 in these cells. Next, we
analyzed the MitoTrackerRed-stained cell images from cells
expressing HBx, Raf-CA, or MKK6 along with the pEGFP
expression vector in Huh7 cells using ImageArt software (Fig.

6A). The area occupied by mitochondria in a cell was calcu-
lated to be about 90% of the whole cytoplasmic area (Fig. 6A),
whereas it was calculated to be �50% (P 
 0.001, Student’s t
test), in HBx- or MKK6-transfected Huh7 cells (Fig. 6A). On
the other hand, Raf-CA overexpression did not alter the mi-
tochondrial distribution in Huh7 cells (Fig. 6A). Thus, our
results indicate that the activation of the p38 MAPK by HBx
may be involved in mitochondrial transport to the MTOC.

Finally, we utilized several different signaling inhibitors to
test the involvement of other signaling pathways in HBx-in-
duced mitochondrial clustering. SB203580 (0.5 �M) (inhibitor
of p38 MAPK), wortmannin (0.2 �M) (inhibitor of phospho-
inositide 3-kinase), and calphostin C (0.25 �M) (inhibitor of
protein kinase C) were separately applied to ChangX-34 cells
(n � 300) right after nocodazole release, and mitochondrial
reclustering was examined at 30 and 60 min. Mitochondrial
clustering was seen in 80 to 90% of ChangX-34 cells prior to
nocodazole treatment, which led to mitochondrial dispersal
throughout the cytoplasm by nocodazole treatment (Fig. 6B
and data not shown). At 30 min after nocodazole release,
mitochondrial aggregation was found in about 70% of control
ChangX-34 cells that did not receive any inhibitor treatment.
Interestingly, the inhibition of the p38 MAPK pathway by
treatment with 0.5 �M SB203580 significantly suppressed the
reclustering of mitochondria in ChangX-34 cells (P 
 0.001,
Student’s t test). Only 31% showed reclustering in ChangX-34

FIG. 4. Perinuclear clustering of mitochondria occurs in a dynein-dependent manner. (A) Cells were stained with MitoTrackerRed and
permeabilized with 0.075% Triton X-100 in PHEM before fixation, and the distribution of the DIC was determined. The fluorescence image was
acquired after Z-stack scanning. The arrows indicate line scanning (10 �m) starting from the side of the plasma membrane. The lower panel shows
the corresponding scanning data. Representative data from three independent experiments are shown. (B) Chang cells were cotransfected with
pCDNA3 (control), pMyc-HBx, and/or p50 (dynamitin) expression vectors along with plasmid pEGFP for the identification of transfected cells.
The area occupied by mitochondria was quantified according to criteria described in Materials and Methods. Data shown on the right are the
means � standard deviations from two to four separate experiments (��P 
 0.001 by Student’s t test). (C) A neutralizing antibody (Ab) against
DIC or control mouse IgG mixed with green fluorescent protein (GFP) was microinjected into cells (n � 300) using an automatic micromanip-
ulator. Four hours later, cells were treated with 3.3 �M nocodazole for 2 h, washed, and examined for the subcellular localization of the
mitochondria using confocal microscopy. White arrowheads indicate cells microinjected with the anti-DIC antibody, and yellow arrows represent
neighboring noninjected ChangX-34 cells with clustered mitochondria. Two separate experiments were carried out. (D) ChangX-34 cells were
pretreated with 0.5 mM EHNA for 0.5 h, which was followed by the addition of 3.3 �M nocodazole (Noc) for 2 h. Microtubules were repolymerized
by the removal of nocodazole, and 0.5 mM EHNA was resupplied for 0.5 h. Mitochondria and �-tubulin (green) were visualized.

FIG. 5. HBx activates p38 MAPK. (A) Huh7 cells were transfected with the expression vector of HBx (pMyc-HBx) using PEI, and whole-cell
lysates were obtained at 24 and 48 h after transfection. Expression levels of the phosphorylated form of p38 (p-p38), total p38, and HBx were
determined by Western blotting and quantified using densitometry. The �-actin level indicates the normalization of protein levels in each lane.
(B) Huh7 cells were transfected with the expression vector of pCDNA3 or Raf-CA or MKK6 expression vectors, and inductions of the
phosphorylated ERK and p38 were determined by Western blotting at 24 h after transfection.
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FIG. 6. Activation of p38 MAPK mediates mitochondrial clustering induced by HBx. (A) Huh7 cells were transfected with the expression
vectors of HBx, Raf-CA, or MKK6 along with pEGFP, and the images of MitoTrackerRed-stained cell were obtained after 48 h. The area occupied
by mitochondria in a cell was determined according to the criteria described in Materials and Methods. Data shown on the right are the means �
standard deviations from three independent experiments (**P 
 0.001 by Student’s t test). (B) The specific inhibitor SB203580 (0.5 �M),
wortmannin (0.2 �M), or calphostin C (0.25 �M) was applied to ChangX-34 cells right after nocodazole release, and mitochondrial reclustering
was examined at 30 and 60 min by MitoTrackerRed staining (data not shown). When the percentage of mitochondrial area per cell was 
60%,
it was considered to be aggregated cells, and those with 75% were considered to be nonaggregated cells. The bar represents means � standard
deviations from three separate experiments (*P 
 0.01 and **P 
 0.001 by Student’s t test). Con, control.
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cells (Fig. 6B) and ChangX-31 cells (data not shown), whereas
none of the other signaling inhibitors exerted significant effects
on mitochondrial reclustering in these cells. Higher concentra-
tions of signaling inhibitors, up to 1 to 5 �M, yielded results
similar to those shown in Fig. 6B (data not shown). At 60 min
after nocodazole release, the reclustering of mitochondria in
control ChangX-34 cells reached up to 84%, while only 48% of
cells treated with SB203580 exhibited mitochondrial recluster-
ing (P 
 0.01, Student’s t test). At this time point, 73% of
wortmannin-treated ChangX-34 cells showed mitochondrial
aggregation, as did 63% of calphostin C-treated ChangX-34
cells. Thus, our results indicate that the p38 MAPK in HBx-
expressing cells is actively, but not exclusively, involved in mi-
tochondrial transport to the MTOC. Collectively, these results
indicate that the activation of p38 MAPK by HBx plays a
critical role in the alteration of intracellular motility, resulting
in mitochondrial clustering.

DISCUSSION

The data reported here show a novel HBx function in the
regulation of intracellular motility. We showed that HBx acti-
vation of the p38 MAPK contributed to the increase in the
microtubule-dependent dynein activity, which is attributed to
mitochondrial aggregation.

Initially, mitochondrial aggregation by HBx was found in
cells undergoing cell death. It is believed that cells expressing
high levels of HBx were prone to apoptosis (22, 35, 39), and
high levels of HBx expression, but not moderate or low levels
of HBx, were shown to induce abnormal mitochondrion distri-
bution (16). In our experimental systems, however, ChangX-31
and ChangX-34 sublines express moderate levels of HBx. In
these cells, HBx was transcribed from the Tet-on promoter
without doxycycline stimulus (45, 46). Moreover, the HBx level
in HBV-Huh7 cells is controlled by the endogenous HBV
promoter and was beyond the limit of detection by Western
blotting. In both cases, apparent mitochondrial clustering was
induced, indicating that mitochondrial aggregation can be in-
duced under moderate or low physiological levels of HBx.
These results differ from those of the a previous report by
Henkler et al. (16), which can be partly explained by the ex-
perimental systems. Those authors used only transient trans-
fection systems in which they observed cells for short periods.
Using the transient transfection system, we observed perinu-
clear aggregation of mitochondria, but the extent was weaker.
Collectively, the mitochondrial clustering at the nuclear pe-
riphery was not limited to the cells that were constructed to
express high levels of HBx but can occur broadly in HBV-
related liver cells during chronic viral infection. Moreover,
mitochondrial aggregation in liver cells may represent a cellu-
lar process that underlies the pathogenic disease progression
during chronic viral infection.

We have further demonstrated that mitochondrial clustering
occurs in a microtubule-dependent manner and that HBx mod-
ulates the microtubule-dependent dynein activity. First, the
dynein concentration was high at the nuclear periphery where
mitochondria aggregated. Second, HBx-induced perinuclear
mitochondrial clustering was inhibited by the coexpression of
HBx and dynamitin, which disrupts the proper assembly of the
dynein complex (7). Third, microinjection of a neutralizing

anti-DIC antibody suppressed the reclustering of mitochondria
in HBx-expressing cells. Finally, the inhibition of dynein
ATPase activity by EHNA almost completely prevents mito-
chondrial reclustering. All our results collectively indicate that
the dynein minus-end motor likely plays an active role in trans-
porting mitochondria toward the MTOC in HBx-expressing
cells. Theoretically, however, perinuclear mitochondrial clus-
tering could occur through either strong minus-end motor ac-
tivity or weak plus-end motor activity. At present, our experi-
ments do not allow us to completely exclude the possibility that
kinesin-dependent plus-end motor activity is somehow in-
volved in mitochondrial clustering in HBx-expressing cells.

So far, the role of the intracellular transport machinery
during HBV replication has never been studied, and to our
knowledge, the data here are the first indication that HBx is
capable of modulating intracellular motility. During HBV in-
fection, HBV enters hepatocytes by endocytosis, and the nu-
cleocapsid must enter the nucleus for the establishment of viral
replication. Progeny HBV particles are assembled in the cy-
tosol and can be released out of hepatocytes or are thought to
reenter to the nucleus for another cycle of viral replication. It
seems logical that the microtubule cytoskeleton can be tightly
associated with HBV pathogenesis. Given the HBx function in
the microtubule-dependent dynein activity, HBx may also
modulate intracellular transport and the assembly of progeny
particles. This can be supported by other viral pathogens of
adenovirus for which nuclear targeting was affected by micro-
tubule-dependent intracellular motilities (38). In addition, dif-
ferent kinds of viral proteins such as HSV-1 nuclear and capsid
proteins or retroviral Gag protein directly interacted with
dynein (13, 31) or kinesin (1).

Whether the mitochondrion-associated HBx mediates the
intracellular motility remains to be analyzed. We have shown
that the dynein-dependent motor activity causing mitochon-
drial reaggregation is mediated by p38 MAPK activity. HBx
was shown to interact directly with the mitochondrial protein
VDAC3, and HBx itself also seemed to contain a transmem-
brane region that targets the mitochondrial membrane (19,
33). HBx at the mitochondria most affected the mitochondrial
dysfunction by lowering the mitochondrial membrane poten-
tial and elevating the ROS level (33, 35, 39, 42). It is possible
that the p38 MAPK can be activated downstream of the ele-
vated ROS (18) initiated by the mitochondrion-associated
HBx. Alternatively, the activation of the p38 MAPK in general
can be mediated by the upstream cytoplasmic signaling cas-
cades (14, 15). HBx was shown to induce multiple cytoplasmic
signaling pathways (5, 8, 12, 23, 26), and therefore, cytoplasmic
HBx may stimulate the upstream signaling activators of p38
MAPK. It is of note that calcium signaling is important in
microtubule organization and vesicle transport (44), and cyto-
solic calcium can be mobilized by HBx (4, 5). Therefore, to-
gether, our data raise a possibility that both calcium signaling
and the p38 MAPK activated by HBx may cooperate to regu-
late the efficiency of movement of the subviral HBV particles.

In summary, we herein demonstrated that (i) HBx induces
perinuclear clustering of mitochondria in a microtubule-de-
pendent manner and (ii) functional blockage of dynein and p38
MAPK suppressed mitochondrial movement. These data sug-
gest that HBx plays a novel regulatory role in subcellular trans-
port systems, perhaps facilitating the process of maturation
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and/or assembly of progeny particles during HBV replication.
Furthermore, mitochondrial aggregation induced by HBx may
represent a cellular process that underlies disease progression
during chronic viral infection.
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