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Mitochondrial dysfunction induces EMT through
the TGF-f3/Smad/Snail signaling pathway in
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Abstract. Mitochondrial dysfunction has been found to be
associated with various pathological conditions, particularly
cancer. However, the mechanisms underlying tumor malignancy
induced by mitochondrial dysfunction are not fully understood.
In the present study, the effects of mitochondrial dysfunction
on epithelial-mesenchymal transition (EMT), were investigated
using mitochondrial-depleted @° cells derived from the Hep3B
hepatocarcinoma cell line. The Hep3B/g° cells displayed the
EMT phenotype with more aggressive migration and higher
invasiveness compared to their parental cells. The Hep3B/o°
cells also showed typical expression pattern of EMT markers
such as vimentin and E-cadherin. These phenotypes in Hep3B/
0’ cells were mediated by increased transforming growth
factor-p (TGF-fB) through the canonical Smad-dependent
signaling pathway. Additionally, TGF-f3 signaling was activated
via induction of c-Jun/AP-1 expression and activity. Therefore,
mitochondrial dysfunction induces EMT through TGF-f/
Smad/Snail signaling via c-Jun/AP-1 activation. These results
indicate that mitochondrial dysfunction plays an important role
in the EMT process and could be a novel therapeutic target for
malignant cancer therapy.

Introduction

Mitochondria are semi-autonomous intracellular organelles
that play decisive roles in energy metabolism, regulation
of programmed cell death, and free radical production (1).
Mitochondrial dysfunction occurs due to mitochondrial DNA
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(mtDNA) damage and mutation, and is associated with aging.
Recently, several studies have shown that mitochondrial
defects can play an important role in the progression of cancer
including hepatocellular carcinoma (HCC) (2-4). While there
are reports of these phenomena, the mechanisms responsible
for the initiation and evolution of mtDNA mutations, as well as
their roles in the development of cancer remain to be elucidated.

HCC originates in hepatocytes or even in liver progenitor
cells (5). In particular, epithelial hepatocytes are not prolif-
erative under physiological conditions and have highly diverse
functions. However, they have highly proliferative regeneration
in response to partial hepatectomies and chemical intoxica-
tion (6). Various complicated mechanisms have been reported
to cause abnormal proliferation and dedifferentiation of hepa-
tocytes in HCC pathogenesis, which leads to the subsequent
development of malignant tumors (7).

There is a critical point when epithelial cells exhibit pheno-
types with abnormal proliferation, invasion and migration
abilities, and drug resistance to malignant tumor treatment.
This point is called the epithelial-mesenchymal transition
(EMT). EMT represents the transition of epithelial cells to a
mesenchymal phenotype, and it features a loss of epithelial
cell markers (8). In adults, it has been revealed that EMT plays
an important role in tumor formation and progression to meta-
static carcinomas (9).

The mtDNA mutations leading to mitochondrial dysfunc-
tion are expected to play a substantial role in the EMT process.
However, the details and molecular mechanisms underlying
this phenomenon are still unclear. In the present study, Hep3B/
@ cells, which are mtDNA-depleted cells, were generated in
order to investigate the role of mitochondrial dysfunction and
its regulatory mechanisms in the EMT phenomenon. Using
Hep3B/g? cells, EMT properties and an associated signaling
pathway in cells with mitochondrial dysfunction were inves-
tigated.

Materials and methods

Materials and reagents. Dulbecco's modified Eagle's medium
(DMEM), fetal bovine serum (FBS), antibiotics (penicillin and
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streptomycin), 10 Trypsin/EDTA solution, and phosphate-buff-
ered saline (PBS) were purchased from Welgen, Inc. (Daegu,
Korea). Matrigel and 8-ym pored Transwell filter chambers
were purchased from Corning Inc. (Tewksbury, MA, USA).
All oligo primers were generated from Cosmo Genetech Co.,
Ltd. (Seoul, Korea). The antibodies were purchased from the
following suppliers: Cell Signaling Technology Inc. (Danvers,
MA, USA), Santa Cruz Biotechnology Inc. (Dallas, TX, USA),
and R&D Systems Inc. (Minneapolis, MN, USA). SB431542
and c-Jun peptide were purchased from Tocris Bioscience
(Ellisville, MO, USA). Alexa 488-conjugated secondary
antibody and Fluo-4/AM were obtained from Invitrogen
(Carlsbad, CA, USA).

Cell culture. Human hepatocellular carcinoma cells (Hep3B)
were obtained from the Korean Cell Line Bank (Seoul,
Korea). Hep3B cells were grown in high-glucose-DMEM
supplemented with 10% FBS, 100 units/ml of penicillin, and
100 pug/ml of streptomycin in a 37°C incubator with a humidi-
fied atmosphere containing 5% CO,.

Generation of Hep3B/o° cells. To develop Hep3B/g® cells,
Hep3B was chronically exposed to 50 ng/ml of EtBr in media
supplemented with sodium pyruvate (100 mM) and uridine
(50 pg/ml). Subsequently, the Hep3B/g® cell line was selected
by treatment with media consisting of the mitochondrial
inhibitors rotenone (1 yg/ml) and antimycin-A (1 yg/ml). After
selection of the Hep3B/g® cell line, the cells were grown in
high glucose DMEM supplemented with 10% FBS, 50 pg/ml
of uridine and 100 mM of sodium pyruvate.

Reverse transcription-polymerase chain reaction. Total RNA
from the cells was isolated using TRIzol reagent (Invitrogen
Corp.). First-strand cDNA was synthesized by M-MLV
reverse transcriptase (Promega, Madison, WI, USA) with 1 ug
each of DNA-free total RNA sample and oligo-(dT)15 (Life
Technologies, Grand Island, NY, USA). Equal amounts of
cDNA were subsequently amplified by PCR in a 20-ul reaction
mixture containing 1X reaction buffer, ANTP mixture, i-Taq™
DNA polymerase (iNtRON Biotechnology, Seongnam, Korea),
and 10 uM of each specific primer. Amplification products
were electrophoresed on 1% agarose gel and visualized by
GelRed (Biotium Inc., Hayward, CA, USA) staining under
ultraviolet transillumination.

Electron microscopy. Cells grown on coverslips were fixed
with a solution of 2.5% glutaraldehyde and 2% formaldehyde
in 100 mM cacodylate buffer (pH 7.4) for 1.5 h at 4°C, washed
twice with cacodylate buffer, and were fixed with 2% osmium
tetroxide in 50 mM cacodylate buffer (pH 7.4). Specimens were
washed twice with distilled-water and stained overnight with
aqueous 0.5% uranyl acetate at 4°C. Cells were dehydrated and
flat embedded in Epon 812. Ultra-thin sections were analyzed
with a Bio-TEM (Tecnai G2 Spirit; FEI Co., Hillsboro, OR,
USA) at the Korea Basic Science Institute.

Assay for endogenous cellular oxygen consumption.
Exponentially growing cells (5x109) of wild-type and Hep3B/o°
cells were washed with TD (Tris-based, Mg**-, Ca**-deficient)
buffer (0.137 mM NaCl, 5 mM KCl, 0.7 mM Na,HPO,, and
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25 mM Tris-HCI, pH 7.4) and collected after trypsinization.
After resuspending the cells (5x10°) in 0.3 ml of a complete
medium without phenol red, the cells were transferred to a
Mitocell chamber equipped with a Clark oxygen electrode (782
Oxygen Meter; Strathkelvin Instruments, Co., Motherwell,
UK). Oxygen consumption rates were measured after adding
30 uM 2 4-dinitrophenol (DNP) to obtain a maximum respira-
tion rate, and its specificity for mitochondrial respiration was
confirmed by adding 5 mM of potassium cyanide (KCN).
Maximum cellular respiration rates are expressed as the ratio
of DNP-uncoupled O, consumption rate vs. KCN-inhibited O,
consumption rate.

In vitro wounding migration assay. The cells were plated on
24-well plates (Nunc, Rochester, NY, USA) at 90% confluence
and left overnight. Cells were scratched with a P200 pipette-
tip. After wounding, the cultures were further incubated in
media supplemented with 1% FBS. The cells were allowed to
migrate for 16-24 h. Migration patterns were observed under a
phase contrast microscope and photographed.

In vitro Transwell invasion assay. The invasion capacity of
the cells was determined using a 24-well Transwell system.
The upper side of the Transwell membrane was coated with
1 mg/ml Matrigel using 10 ul/ well. The cells were seeded at
a density of 2x10* cells in 100 ul of serum-free media to the
upper compartment of the Transwell and the full medium was
added to the lower side. Cells were incubated for 16-24 h at
37°C in 5% CO,. Cells that did not penetrate the filter were
wiped off with cotton swabs, and cells that had invaded the
lower surface of the filter were fixed with methanol. The cells
were then stained with hematoxylin/eosin, observed under a
phase contrast microscope and photographed.

Immunofluorescence. Cells were plated with submerged
coverslips. The primary antibodies used were mouse anti-
E-cadherin antibody and mouse anti-vimentin monoclonal
antibody. The Alexa 488-conjugated secondary antibody was
used for visualization of the primary antibodies. The nuclei
were counterstained by 300 mM of 4,6-diamidino-2-phenyl-
indole (DAPI; Invitrogen). The coverslips were mounted onto
glass slides with Vectastain (Vector Laboratories). The images
were obtained with a fluorescence microscope (Nikon, Tokyo,
Japan) and laser-scanning confocal microscope (LSM510; Carl
Zeiss, Oberkochen, Germany) at x200 or x400 magnification.

Western blot analysis. Total cell lysates were prepared
using PRO-PREP protein extraction solution (iNtRON
Biotechnology), including 1 mM of sodium orthovanadate,
which is an inhibitor of serine/threonine protein phosphatase.
Equal amounts (30 pg) of samples were resolved by electro-
phoresis on 10% SDS-polyacrylamide gels, transferred to a
PVDF membrane, and sequentially probed with appropriate
antibodies. The primary antibodies were used at a dilution of
1:1,000 in 0.1% TBS-T. This signal was developed with the
enhanced chemiluminescence (ECL) detection system (GE
Healthcare, Uppsala, Sweden).

RNA interference. The cells were transfected with siRNA
specific for Snail-1 (Santa Cruz Biotechnology, Santa Cruz,
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Figure 1. mtDNA-depleted Hep3B/g® cells exhibit the EMT phenotypes. (A) Morphological changes in Hep3B/o® cells compared with parent Hep3B cells.
(B) The conformation of Hep3B/g" cells was determined by RT-PCR. The following mtDNA genes were used: COX1, cytochrome ¢ oxidase 1; COX2, cyto-
chrome c oxidase 2; COX3, cytochrome ¢ oxidase 3; ND1, NADH dehydrogenase 1; ND2, NADH dehydrogenase 2; ATP 6, ATPase 6; CYTB, cytochrome b
oxidase. (C) Ultrastructural investigation of wild-type and Hep3B/g° mitochondria by TEM. The lower panel images show higher magnifications of the boxed
areas. (D) Oxygen consumption rates (xM/5x10° cells/min) of wild-type and Hep3B/g" cells (mean + SD, n=7). (E) Cell motility was measured by wounding
migration assay. (F) In vitro invasion was measured using a Transwell coated with Matrigel. The invaded cells across the Transwell were stained. Changes in
cell morphology and activity were examined under a phase-contrast microscope and photographed (magnification, x100).

CA, USA) and control siRNA according to manufacturer's
instructions. After transfection, the cells were incubated
at 37°C for 48 h, and then used for western blot analysis or
in vitro wounding migration assay.

Quantification of c-Jun/AP-1 activity. Activity of c-Jun/AP-1
was quantitatively measured by enzyme-linked immunosor-
bent assay (ELISA) by using commercially available TransAM
kits (Active Motif, Carlsbad, CA, USA) following the manu-
facturer's protocol. For the assay, 20 g of nuclear extract was
used. Activated c-Jun/AP-1 levels were specifically detected
and quantified using a TransAM AP-1 kit. Active protein-1
(AP-1) dimers in the nuclear extracts bind to specific oligo-
nucleotides containing TPA-responsive elements (TREs)
immobilized onto a 96-well plate. Incubation with a c-Jun
antibody followed by addition of a secondary antibody conju-
gated to horseradish peroxidase (HRP) provided sensitive
colorimetric readouts that were easily quantified by spectro-
photometry (Ausonm)-

Results

Hep3B/o® cells are mtDNA-depleted cell model with EMT
phenotypes. To investigate the effects of mitochondrial
dysfunction on the EMT process in liver cancer, @° cells were
first established using the Hep3B hepatocellular carcinoma
cell line. To construct @° cells, Hep3B cells were chroni-
cally exposed to ethidium bromide (EtBr) in media. EtBr
preferentially intercalates into mtDNA and leads to deple-
tion of mitochondrial DNA (10,11). mtDNA depletion was
first observed by morphological change (Fig. 1A) and was
monitored by RT-PCR for mitochondrial gene expression.
The mitochondrial gene expressions in Hep3B/g® cells were
substantially reduced, whereas those in parental Hep3B cells
amplified at the predicted size (Fig. 1B).

The morphological changes of the Hep3B/g® mitochondria
were confirmed by ultra-structural analysis. Cross-sections
through the mitochondrial reticulum in the parental Hep3B
cells showed distinct outer and inner membranes with an
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electron-dense matrix full of regularly arranged cristae struc-
tures (Fig. 1C; Hep3B). In contrast, the TEM images of the
mtDNA-depleted cells showed an apparent alteration of mito-
chondrial morphology (Fig. 1C; Hep3B/g"). The network was
degraded into single mitochondrial units, often with a swollen
appearance.

Subsequently, the absence of respiratory chain activity
in Hep3B/® cells was confirmed by measuring oxygen
consumption (Fig. 1D). The basal oxygen consumption rate
was low in Hep3B/g° cells (32.49+7.72 uM/5x10° cells/min,
n=7), with a mean that is ~59.3% less than that of Hep3B cells
(79.90£14.7 uM/5x10° cells/min, P<0.001). These data confirm
that mtDNA depletion in Hep3B/g® cells is associated with
depression of mitochondrial respiratory chain activity.

To examine the migration ability of Hep3B/o® cells,
wounding migration assay was performed. The Hep3B/g°
cells migrated substantially, whereas the wild-type cells did
not (Fig. 1E). Next, the invasion capacity of Hep3B/Q® cells
was examined using a Transwell based invasion assay. The
Hep3B/Q° cells were more invasive than the wild-type Hep3B
cells (Fig. 1F). These results indicate that mitochondrial
dysfunction induces the EMT phenotype by acquiring migra-
tion and invasion abilities in the Hep3B/Q® cells.

Hep3B/o" cells express mesenchymal markers mediated
by the TGF-B/Smad/Snail signaling pathway. Invasive cell
motility is a typical characteristic of mesenchymal cells (12).
Therefore, we speculate that Hep3B/° cells might have
acquired mesenchymal phenotypes. During the EMT process,
there is diminished expression of E-cadherin, a marker of
epithelial cells, and increased expression of vimentin, a
marker of mesenchymal cells (13). As expected, the expression
changes of vimentin and E-cadherin showed mesenchymal
features. Vimentin in Hep3B/g® cells was highly expressed and
E-cadherin was eliminated in both mRNA and protein levels
(Fig. 2A and B).

The expression changes in these molecules were then
confirmed by immunofluorescence. Parental Hep3B cells
exhibited epithelial properties; E-cadherin was expressed on
the plasma membrane and there was low vimentin expression
(Fig. 2C and D). In contrast, the Hep3B/o® cells had mesen-
chymal properties, including increased vimentin in the cytosol
and absence of E-cadherin on the plasma membrane (Fig. 2C
and D). Because the Hep3B/g° cells originated from epithelial
cells, we are able to infer that the epithelial cells transitioned
to mesenchymal cells during the course of mitochondrial
dysfunction.

In malignant tumors, it is well known that EMT is trig-
gered by growth factors such as TGF-§ (14). In particular,
the EMT marker changes are mainly regulated by TGF-3
signaling (15). TGF-f elicits its cellular responses via TGF-RI
and TGF-BRII (16). Thus, we examined expression of TGF-
and its receptors in the Hep3B/g° cells. The result in Fig. 2E
shows increased expression of TGF-f and TGF-BRII, which
may indicate activation of TGF-p signaling in the Hep3B/Q°
cells. Upon TGF-B-induced heteromeric complex formation,
TGF-BRII phosphorylates TGF-fRI. The activated TGF-fRI
then initiates its intracellular canonical signaling pathway by
phosphorylating receptor-regulated Smads such as Smad2 and
Smad3 (17,18).
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Figure 2. Hep3B/o cells change expression of EMT markers and are operated
by the TGF-p/Smad/Snail signaling pathway. Total RNA and protein were
isolated, and vimentin and E-cadherin expression were examined using (A)
RT-PCR and (B) western blot analysis. Immunofluoresence of (C) vimentin
and (D) E-cadherin. The indicated cells were stained with anti-vimentin or
E-cadherin antibodies. The primary antibodies were visualized by Alexa
488-conjugated secondary antibody. The nuclei were counterstained with
DAPI. (E) Total protein was isolated and the expression of TGF-f/Smad/
Snail signaling molecules was detected.

To investigate the effect of increased TGF-f3 signaling
in the Hep3B/Q® cells, the phosphorylation of Smad2 and
Smad3 was examined by western blot analysis. Both Smad2
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Figure 3. Blockade of TGF-f3 by SB-431542 inhibits EMT phenotypes in Hep3B/g® cells. (A) Motility and (B) invasiveness of cells. After 24-h incubation
with or without 2 uM of SB-431542, total RNA and protein were isolated and vimentin and E-cadherin expression were examined using (C) RT-PCR and
(D) western blot analysis. (E) Inhibition of the TGF-f3/Smad/Snail signaling pathway was examined by western blot analysis. To confirm these results, addi-
tional experiments were conducted using small-interfering RNA. Hep3B/o? cells were transfected with control siRNA or snail-specific siRNA and incubated
for 48 h. (F) Total protein was isolated and the inhibition of Snail and vimentin expression was examined. (G) The transfected cells were seeded and examined
by wounding migration assay. Cell activity changes were examined under a phase-contrast microscope and photographed (magnification, x100).

and Smad3 were activated through phosphorylation in the
Hep3B/o° cells (Fig. 2E). These activated R-Smads then
upregulated the expression of their downstream gene, Snail-1,
which is a positive regulator of EMT and metastasis.

Blocking TGF-f3 signaling abolishes EMT phenotypes in
Hep3B/o’ cells. We then determined whether the induced
TGF-p signaling plays a role on the migration and invasive
abilities of the Hep3B/g? cells. SB-431542, a novel small mole-
cule ATP-mimetic inhibitor of kinase activity, was used to
inhibit TGF-f signaling (19). As expected, SB-431542 potently
inhibited the motility and invasiveness of the Hep3B/o° cells
(Fig. 3A and B).

SB-431542 also reversed the expression of mesenchymal
markers. The increased expression of vimentin in the
Hep3B/Q° cells was suppressed by SB-431542 in both mRNA
and protein levels. Unexpectedly, the expression of E-cadherin
was not restored by SB-431542 in either mRNA or protein
levels (Fig. 3C and D).

The expression of TGF-f3 and phosphorylation of Smad2
and Smad3 were blocked by SB-431542. Additionally,
increased expression of their target gene, Snail, was also
reduced (Fig. 3E). These data indicate that EMT phenotypes

in the Hep3B/g® cells are mediated by the TGF-3/Smad/Snail
signaling pathway.

The above data indicate that TGF-f promotes expres-
sion of Snail, which can regulate vimentin expression and
malignant phenotypes in the Hep3B/g® cells. To provide
additional evidence of the key role for Snail in the Hep3B/g°
cells, Snail was blocked with siRNA. The Hep3B/g° cells were
transfected with control or Snail siRNA and incubated for
48 h. Transfection of Snail siRNA significantly blocked Snail
expression in the Hep3B/@® cells, whereas transfection of
control siRNA had no effect (Fig. 3F). Moreover, vimentin
expression was also reduced by blocking Snail expression.

Additionally, to examine the effect of Snail downregulation
on the Hep3B/o® cell migration, Hep3B/o® cells were trans-
fected with Snail siRNA. After 48 h of incubation, an in vitro
wounding migration assay was performed with the siRNA-
transfected Hep3B/g® cells. Although the control siRNA had
no effect on migration, the migration activity was reduced in
the Hep3B/g° cells transfected with Snail siRNA (Fig. 3G).

c-Jun/AP-1 activation triggers the TGF-f/Smad/Snail signaling
pathway and EMT phenotypes in the Hep3B/o® cells. In
previous experiments, we confirmed that the EMT process
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Figure 4. Induction of the TGF-f3/Smad/Snail signaling pathway in Hep3B/g® cells mediates c-Jun/AP-1 activation. To examine the cause of TGF-f increase,
total RNA and protein were isolated, and expression of TGF-§ and c-Jun/AP-1 phosphorylation were examined using (A) RT-PCR and (B) western blot
analysis. After 24-h incubation, nuclear protein was isolated, and (C) c-Jun/AP-1 activity assay was determined. For blockade of c-Jun/AP-1, Hep3B/g® cells
were treated with or without 100 #M of c-Jun peptide. (D) c-Jun/AP-1 phosphorylation and (E) c-Jun/AP-1 activity were examined. Total protein was isolated
and analyzed using (F) western bolt analysis. Additionally, (G) motility and (H) invasiveness of the cells were confirmed. Changes in the cell activity were
examined under a phase-contrast microscope and photographed (magnification, x100).

induced by mitochondrial dysfunction occurs through examined the expression of c-Jun/AP-1 in order to determine
TGF-p/Smad/Snail signaling. Several studies have shown that ~ whether c-Jun/AP-1 is involved in the increased TGF-f expres-
TGF-B can be increased by c-Jun/AP-1 activation (20). We  sion by mitochondrial dysfunction in the Hep3B/g° cells. We
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observed that c-Jun/AP-1 expression was upregulated and
c-Jun phosphorylation was increased (Fig. 4A and B). In addi-
tion, when we measured the activity of c-Jun/AP-1, we found
that c-Jun/AP-1 activity in the Hep3B/@° cells was about two
times higher than that in parental cells (Fig. 4C).

We also examined the effect of c-Jun peptide on the
expression of c-Jun/AP-1 by adding c-Jun peptide directly to
the binding reaction. Phosphorylation of c-Jun was reduced by
the c-Jun peptide in the Hep3B/g? cells (Fig. 4D). To further
verify these results, we analyzed the effect of c-Jun peptide on
c-Jun/AP-1 activation by ELISA. As expected, the c-Jun/AP-1
activity in the Hep3B/o® cells was disturbed by the c-Jun
peptide (Fig. 4E).

Then we examined the effect of blocking c-Jun/AP-1
activation by the c-Jun peptide on the TGF-f/Smad/Snail
signaling and EMT phenotypes in the Hep3B/g° cells.
Expression of the TGF-p was reduced by treatment with the
c-Jun peptide. Phosphorylation of Smad2 and Smad3 and
expression of Snail was also reduced (Fig. 4F). Additionally,
blocking of c-Jun/AP-1 activation reduced migration and inva-
siveness (Fig. 4G and H). Taken together, these results suggest
that induction of EMT phenotypes by the TGF-/Smad/Snail
signaling pathway is dependent on c-Jun/AP-1 activation in the
Hep3B/Q° cells.

Discussion

Cancer cells mainly depend on glycolysis for production of
energy they need. Otto Warburg defined the phenotype as
‘aerobic glycolysis’ and proposed that the glycolytic pheno-
type of cancer cells could be the result of mitochondrial
defects. Recent reports showed point mutations and deletions
in mtDNA from a wide range of tumor cells (21-24). In partic-
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Figure 5. Schematic outline of molecular mechanism on the EMT induction by mitochondrial dysfunction in the Hep3B/g® cells.

ular, the frequency of mtDNA mutations markedly increased
in both non-cancerous and cancerous liver specimens from
patients with HCC compared to control liver tissues (2). It
was, however, unclear whether these mutations are simply the
consequence of increased oxidative stress, known to occur
during tumor progression, or they have any direct role in the
progression of cancer.

EMT is a mechanism in which epithelial cells differentiate
into mesenchymal cells, and it plays an important role in tumor
formation and progression to metastatic carcinomas (25,26).
During EMT events, epithelial cells lose cell polarity and
show spindle-like morphology (27). The EMT process
produces distinct features, including disruption of epithelial
cell markers, which contain E-cadherin and -catenin (28).
Furthermore, EMT increases the expression of various mesen-
chymal markers such as vimentin, N-cadherin, and elevates
cell invasion and metastasis (29).

Natio et al (30) reported that mitochondrial depletion
could induce EMT by c-Raf/MEK/Erk signaling in breast
cancer cells. Thus, we constructed a mitochondrial-depleted
cell model with Hep3B to determine the relationship between
mitochondrial dysfunction and EMT. In contrast to the
parental cells, Hep3B/g® cells are highly migratory and inva-
sive (Fig. 1E and F). The expression pattern of E-cadherin and
vimentin also indicates EMT features of the Hep3B/g° cells
(Fig. 2A and B).

The TGF-f signaling pathway is emerging as an attrac-
tive target for cancer treatment (31). Blockade of TGF-3
signaling may thus be a promising target of therapeutic strate-
gies for advanced cancers. Many studies have demonstrated
that blocking of TGF-f3 action by SB-431542 inhibits tumor
migration and metastasis (32). The EMT features mediated
by TGF-f3 signaling in the Hep3B/@® cells were confirmed
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with SB-431542 treatment. The migration and invasion
were inhibited by SB-431542 (Fig. 3A and B). Additionally,
increased vimentin expression was reversed by treatment with
SB-431542 in the Hep3B/o® cells. During EMT, the expres-
sion of E-cadherin is known to be controlled by Snail (33).
Thus, we expected that the expression of E-cadherin would be
restored by SB-431542. However, contrary to our expectation,
the expression of E-cadherin was not restored by SB-431542.
As yet, we do not know why the E-cadherin expression was
not restored by SB-431542. Other factors in addition to the
TGF-p/Smad signaling may also be responsible for the reduced
expression of E-cadherin in the Hep3B/g? cells.

AP-1 has also been implicated in playing a pivotal role
during development and carcinogenesis (34,35). The critical
role of the c-Jun/AP-1 in the regulation of TGF-f expression
has been demonstrated in various cells (36). Expression of the
c-Jun/AP-1 was reported to be amplified by TGF-f§ during
carcinogenesis (37). As shown in Fig. 4, the EMT induction by
TGF-f3/Smad/Snail signaling in the Hep3B/g® cells depends on
c-Jun/AP-1 activation.

Recently it was reported that mitochondrial retrograde
signaling induces EMT in breast cancer cells (38). It was
shown that reduction of mtDNA activates the Ca**/calcineurin/
Akt-dependent mitochondrial retrograde signaling pathway.
Since Akt phosphorylation in the Hep3B/g® cells was rather
downregulated (data not shown), there may be more than one
mechanism for a mitochondrial dysfunctioned cell to acquire
EMT phenotypes.

In conclusion, we demonstrated that the mitochondrial
dysfunctioned cell line Hep3B/g®, acquired EMT features
by activation of the TGF-B/Smad/Snail signaling pathway
(Fig. 5). Collectively, these results indicate that inhibition of
TGF-f/Smad/Snail signaling under conditions of mitochon-
drial dysfunction may thus be a potential strategy for therapy
of malignant cancers.
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