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Background: Glycogen synthase kinse-3� (GSK-3�) promotes mitochondrial permeability transition (MPT), a mechanism
of cell necrosis.
Results: Efficient GSK-3� translocation to mitochondria requires its kinase activity, N-terminal domain, and interaction with
VDAC2 protein.
Conclusion: MPT can be suppressed by inhibiting mitochondrial transport of GSK-3�.
Significance: A strategy for cell protection without modifying the physiological function of GSK-3� is proposed.

Glycogen synthase kinase-3� (GSK-3�) is a major positive
regulator of the mitochondrial permeability transition pore
(mPTP), a principle trigger of cell death, under the condition of
oxidative stress. However, the mechanism by which cytosolic
GSK-3� translocates to mitochondria, promoting mPTP open-
ing, remains unclear. Here we addressed this issue by analyses of
the effect of site-directed mutations in GSK-3� on mitochon-
drial translocation and protein/protein interactions upon
oxidative stress. H9c2 cardiomyoblasts were transfected with
GFP-tagged GSK-3� (WT), a mutant GSK-3� insensitive to
inhibitory phosphorylation (S9A), or kinase-deficient GSK-3�
(K85R). Time lapse observation revealed that WT and S9A
translocated from the cytosol to the mitochondria more
promptly than did K85R after exposure to oxidative stress. H2O2
increased the density of nine spots on two-dimensional gel
electrophoresis of anti-GSK-3�-immunoprecipitates by more
than 3-fold. MALDI-TOF/MS analysis revealed that one of
the spots contained voltage-dependent anion channel 2
(VDAC2). Knockdown of VDAC2, but not VDAC1 or VDAC3,
by siRNA attenuated both the mitochondrial translocation of
GSK-3� and mPTP opening under stress conditions. The mito-
chondrial translocation of GSK-3� was attenuated also when
Lys-15, but not Arg-4 or Arg-6, in the N-terminal domain of
GSK-3� was replaced with alanine. The oxidative stress-in-
duced mitochondrial translocation of GSK-3� was associated
with an increase in cell death, which was suppressed by lithium
chloride (LiCl), a GSK-3� inhibitor. These results demonstrate
that GSK-3� translocates from the cytosol to mitochondria in a
kinase activity- and VDAC2-dependent manner in which an
N-terminal domain of GSK-3� may function as a mitochondrial
targeting sequence.

Emerging evidence has demonstrated that mitochondria
play crucial roles not only in ATP production as a powerhouse
but also in mechanisms of cell death. A major mechanism of cell
necrosis is opening of the mitochondrial permeability transi-
tion pore (mPTP),2 a nonspecific megachannel in the inner
mitochondrial membrane (1). Once opened, the mPTP allows
entry of any molecule of �1.5 kDa, resulting in matrix swelling
and dissipation of mitochondrial membrane potential, which
induce outer membrane disruption and ATP depletion, respec-
tively. Opening of the mPTP is triggered by several factors
including Ca2� overload, oxidative stress, elevated phosphate
concentration, and adenine nucleotide depletion (1–3). The
relationship between mPTP opening factors and cell necrosis
has been well characterized in cardiomyocytes undergoing
ischemia/reperfusion (4 – 6). However, involvement of mPTP
dysregulation has also been shown in altered response of cancer
cells to chemotherapy and etiology of neurodegenerative dis-
eases (7–10). These findings indicate that mPTP is “a master
regulator of cell death” in diverse diseases.

Glycogen synthase kinase-3� (GSK-3�) is a multifunctional
and constitutively active Ser/Thr kinase that is regulated by
multiple mechanisms: phosphorylation (4, 11–13), intracellular
translocation (11), binding to other proteins including p53 (14)
and STAT3 (15), and formation of a multiprotein complex with
axin, casein kinase II, and �-casein (16). Contribution of
GSK-3� to mPTP regulation was first demonstrated by
Juhaszova et al. (17), who reported that inactivation or knock-
down of GSK-3� elevates the threshold for opening of the
mPTP. Our previous studies showed that ischemia/reperfusion
increased physical interaction of GSK-3� with adenine nucleo-
tide translocase and voltage-dependent anion channel (VDAC),
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putative regulatory components of the mPTP (18), and that
inactivation of mitochondrial GSK-3� was associated with sup-
pression of mPTP opening (19, 20). These findings indicate that
GSK-3� in mitochondria is a major regulatory factor of the
mPTP.

Inhibition of GSK-3� has been shown to suppress myocar-
dial necrosis after ischemia/reperfusion (4). However, GSK-3�
inhibitors potentially have serious adverse effects because of
the multifunctional nature and ubiquitous presence of GSK-3�.
In fact, knock-out of GSK-3� in mice is embryonic lethal (21).
Therefore, for clinical application of GSK-3� inhibition to tis-
sue protection, it is crucial to specifically suppress GSK-3� rel-
evant to promotion of mPTP opening. To this end, we focused
on the mechanism of GSK-3� translocation to mitochondria
and its impact on cell viability in the present study.

We demonstrated that GSK-3� translocates to the mito-
chondria in a kinase activity-dependent manner under the con-
dition of oxidative stress. The translocation is facilitated by
interaction with VDAC2 in which an N-terminal domain of
GSK-3� may also be involved as a mitochondrial targeting
sequence. The results indicate that VDAC2 and the N-terminal
domain of GSK-3� are novel therapeutic targets for various
pathological conditions including myocardial ischemia/reper-
fusion injury.

EXPERIMENTAL PROCEDURES

Cell Culture—H9c2 or HEK293 cells (American Type Cul-
ture Collection) were cultured in DMEM (Sigma-Aldrich) sup-
plemented with 10% FBS at 37 °C with 5% CO2. The cells were
used for experiments when they were 70 –90% confluent.

Cell Fractionation and Western Blotting—Mitochondrial and
cytosolic fractions were prepared by using a mitochondrial iso-
lation kit (Pierce) according to the manufacturer’s protocol.
Western blotting and immunoprecipitation were performed as
reported previously (22). Antibodies used were rabbit mono-
clonal anti-GSK-3� (9315, Cell Signaling Technology), rabbit
polyclonal anti-phospho-(Ser-9) GSK-3� (9336, Cell Signaling
Technology), rabbit polyclonal anti-glycogen synthase (3893,
Cell Signaling Technology), rabbit polyclonal anti-phospho-
(Ser-641/645) glycogen synthase (44-1092G, Invitrogen),
mouse monoclonal anti-Rieske (ab14746, Abcam), mouse
monoclonal anti-VDAC1 (ab14734, Abcam), anti-VDAC2
(ab118872, Abcam), anti-VDAC3 (NBP1-80069, Novus Biolog-
icals), mouse monoclonal anti-cyclophilin D (AP1035, Calbi-
ochem), and mouse monoclonal anti-prohibitin (sc-56346,
Santa Cruz Biotechnology).

Plasmid Construction and Transfection—To construct a
GSK-3�-enhanced green fluorescent protein (GFP) fusion pro-
tein, the coding region of rat GSK-3� cDNA lacking its stop
codon was cloned into the vector pEGFP-N3 (Clontech) at the
BglII and SalI sites and in-frame with the enhanced GFP coding
region. To construct a constitutively active (S9A), kinase-defi-
cient (K85R), and mitochondrial targeting sequence (MTS)
mutant (R4A, R6A, and K15A) GSK-3�, site-directed mutagen-
esis was carried out using the QuikChange XL mutagenesis kit
(Agilent Technologies). Successful mutagenesis was confirmed
by sequencing. H9c2 cells were transfected with each plasmid
using Cell Line Nucleofector kit L (Lonza) and used for further

analyses. Transfection efficiencies were �10% for wild type,
S9A, K85R, R4A, R6A, and K15A and �25% for GFP control.

Generation of FLAG-tagged VDAC2—To generate an expres-
sion vector for FLAG-tagged VDAC2, the coding region of
VDAC2 was amplified from rat cDNA by PCR using LA Taq
with GC buffer (Takara Bio Inc., Shiga, Japan) and the following
primers: 5�-AAAAGCGGCCGCGATGGCTGAATGTTGTG-
TACC-3� (forward) and 5�-AAAAGGATCCTTAAGCCTCC-
AATTCCAAGG-3� (reverse). The PCR fragment was cloned
into the NotI and BamHI sites of p3xFLAG-CMVTM-7.1
expression vector (Sigma-Aldrich). The cDNA sequence was
verified by nucleotide sequencing.

siRNA—Three different siRNAs for VDAC isoforms were
synthesized by Sigma-Genosys siRNA Service, and the one that
most efficiently suppressed the expression of VDAC mRNA
was used in the present study. The sequences of sense and
antisense siRNA were: VDAC1, GAUACACUCAGACUCUA-
AATT (sense) and UUUAGAGUCUGAGUGUAUCTT (anti-
sense); VDAC2, CAGAAAGUAUGUGAAGAUUTT (sense) and
AAUCUUCACAUACUUUCUGTT (antisense); and VDAC3,
GACUCUUGAUACCAUAUUUTT (sense) and AAAUAUGG-
UAUCAAGAGUCTT (antisense). Transfection of siRNA (100
nmol/liter) into cells was performed using a Nucleofector kit
(Lonza).

Fluorescence Microscopy Analysis of Living Cells—Two days
after transfection, cells were stained with MitoTracker Red
(Invitrogen) for 7 min and put in an incubator on an inverted
microscope (TE2000-E, Nikon) in the presence or absence of
H2O2 (10 �mol/liter). Images were obtained by time lapse laser
scanning for 40 ms every 6 s using a charge-coupled device
camera (ORCA-AG, Hamamatsu Photonics) for 15 min and
then analyzed with AQUACOSMOS software (Hamamatsu
Photonics). Still images of MitoTracker Red staining and GFP-
GSK-3� signal before and 3 min after exposure to H2O2 at a
magnification of 400� were further analyzed by image analysis
software (Photoshop CS6, Adobe). The background fluores-
cence was cut off using a constant threshold value before the
images were merged. Pixels positive for MitoTracker Red (total
mitochondria) and pixels positive for both MitoTracker Red
and GFP-GSK-3� (GFP-positive mitochondria) were counted,
and the ratio of the latter to the former (GFP-positive mito-
chondria/total mitochondria) was used as an index for the
mitochondrial localization of GFP-GSK-3� constructs.

Observation of Mitochondrial Morphology—H9c2 cells were
transfected with VDAC2 siRNA or control siRNA and stained
with Mito Tracker Red (0.2 �mol/liter) for 15 min, and time
lapse observation of the mitochondrial morphology was
achieved by N-SIM super-resolution microscopy (Nikon). To
construct a super-resolution image, nine images (three differ-
ent directions for three different phases) were captured in
2D-SIM mode with a temporal resolution of 0.6 s/frame. Super-
resolution images were recorded every 10 s for 15 min for the
time lapse observation.

2�,7�-Dichlorofluorescein (DCF) Staining—Intracellular ROS
levels were monitored by DCF fluorescence (Invitrogen). H9c2
cells were loaded with DCF according to the manufacturer’s
protocol. DCF-loaded cells underwent 120-min hypoxia/30-
min reoxygenation using hypoxic GasPak pouches (BD Biosci-
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ences) or exposure to antimycin A (50 �mol/liter) for 1 h in the
presence of LiCl or a vehicle. Treatment with LiCl or the vehicle
was started 30 min before hypoxia/reoxygenation or antimycin
A exposure and continued until the end of the experiments.
DCF fluorescence was recorded by a FLoid Cell Imaging Station
(Invitrogen) at 1 h after exposure to antimycin A or at 30 min
after reoxygenation.

Detection of Superoxide in GFP-GSK-3�-expressing Cells—
To determine the level of superoxide production in cells
expressing GFP-tagged GSK-3�, a Total ROS/Superoxide
Detection kit (Enzo Life Sciences) was used according to the
manufacturer’s instructions. Cells were loaded with Superoxide
Detection Solution and then incubated for 30 min. After wash-
ing the cells twice with wash buffer, the cells were observed by
fluorescence microscopy. Fluorescence images of orange fluo-
rescence, indicating superoxide, in GFP-positive cells at a mag-
nification of 400� were analyzed by counting positive pixels
per cell by image analysis software (Photoshop CS6, Adobe).

Cell Death Assay—The LDH activity of the culture medium
was assayed with CytoTox96 (Promega) according to the man-
ufacturer’s instructions. LDH activity in the medium as a per-
centage of total cellular LDH activity in the well was used as an
index of cell necrosis.

Calcein Assay—Mitochondrial permeability was monitored
by calcein using an Image-iTTM LIVE Mitochondrial Transi-
tion Pore Assay kit (Molecular Probes) according to the man-
ufacturer’s instructions with slight modification. Cells were
incubated with 0.25 �mol/liter calcein and MitoTracker Red
for 15 min, and the medium was changed to calcein-free
medium containing 4 mmol/liter cobalt chloride (CoCl2).
CoCl2 does not reach inside mitochondria and quenches cyto-
solic calcein fluorescence, resulting in selective mitochondrial
accumulation of calcein as long as the mPTPs are closed. After
15-min incubation, cells were pretreated with 30 mmol/liter
LiCl or a vehicle for 60 min before treatment with 100 �mol/
liter H2O2 for 2 h. The calcein-stained area overlapped with the
MitoTracker Red-stained area was used as an index of mito-
chondria with closed mPTPs, and the extent of mPTP opening
was determined by the decline in the ratio of the overlapped
area to the MitoTracker Red-stained area (calcein-positive
mitochondria/total mitochondria).

Two-dimensional Electrophoresis—Whole cell lysates of
H9c2 cells exposed to H2O2 or a vehicle were harvested using
CellLytic-M Mammalian Cell Lysis/Extraction agent (Sigma-
Aldrich) and stored at �80 °C for later use. The samples were
immunoprecipitated with a GSK-3� antibody (Abcam) as
reported previously (18). The immunoprecipitates were then
separated by two-dimensional electrophoresis using a Ready-
PrepTM 2-D Starter kit (Bio-Rad) according to the manufactu-
rer’s instructions as follows. The protein samples were mixed
with Rehydration Buffer (Bio-Rad) for isoelectrical focusing.
The immobilized pH gradient gel strips (pH range, 3–10; 7 cm;
Bio-Rad) were rehydrated in 125 �l of samples diluted with
ReadyPrep Rehydration/Sample Buffer with a final protein con-
centration of 0.6 g/�l for 12 h at 20 °C. Isoelectric focusing was
performed on the pre-rehydrated immobilized pH gradient gel
strips at 20 °C in four steps: (i) 250 V for 15 min and (ii) 4000 V
for 1 h in a linear mode where voltage increases are in a linear

fashion to the set voltage followed by (iii) 4000 V for 3 h and (iv)
500 V for 24 h in a rapid mode where voltage is limited by the set
current value using a Protean isoelectric focusing cell (Bio-
Rad). When isoelectrical focusing was completed, the focused
immobilized pH gradient strips were incubated in Equilibration
Buffer I (6 M urea, 2% SDS, 0.375 M Tris-HCl (pH 8.8), 20%
glycerol, and 2% (w/v) DTT) from the ReadyPrep 2-D Starter kit
for 20 min with gentle shaking. Then Equilibration Buffer I was
discarded, and Equilibration Buffer II (containing iodoacet-
amide) was added to each strip with gentle shaking for 10 min.
Strips were then mounted on top of 12% gels (Mini-Protean
TGX Precast Gels, Bio-Rad) in wells filled with warm agarose
(0.5% low melting point agarose in 25 mM Tris, 192 mM glycine,
0.1% SDS, and a trace of bromphenol blue). The gel box appa-
ratus was filled with running buffer, and the gels were run at 150
V for 1 h. After second dimension electrophoresis, the gels were
stained with Coomassie Blue at 4 °C for 24 h, scanned by a laser
scanner (GT-X970, Epson), and then analyzed using PDQuest
2-D Analysis Software. A total of eight gels, four for vehicle-
treated cells and four for H2O2-exposed cells, were analyzed
under the same experimental conditions. Nine protein spots
with an increase in stain density of 3-fold or more in
response to H2O2 stimulation were excised and analyzed by
MALDI-TOF/MS.

Mass Spectrometry—Spots of interest in the Coomassie Blue-
stained gels were excised in small cubes of �1 mm square in
size. After reduction and alkylation, in-gel digestion was per-
formed with trypsin overnight at 37 °C. Peptides were subse-
quently separated on a HiQsilC18W-3 column (100-�m inner
diameter � 100 mm; KYA Technology, Tokyo, Japan). 0.1%
trifluoroacetic acid (TFA; solvent A) and 0.1% TFA in 70% ace-
tonitrile (solvent B) were used for elution. The gradient was
5–50% for solvent B over 50 min at a flow rate of 300 nl/min.
Separated peptides were spotted onto 384-well AB OptiTOF
MALDI plate inserts (AB Sciex). Peptide fractions were col-
lected every 30 s, and 150-nl peptide fractions were overlaid
with 700 nl of �-cyano-4-hydroxycinnamic acid (Sigma) in 80
mg/ml ammonium citrate, 70% acetonitrile, and 0.1% TFA.
Mass spectrometric analyses were performed on a 4800 Plus
MALDI-TOF/TOF Analyzer (AB Sciex) with 4000 Series
Explorer version 3.5 software (AB Sciex). A tryptic BSA stan-
dard (KYA Technology) and a six-peptide mixture (AB Sciex)
were used to calibrate the mass accuracy. MS/MS acquisitions
of MS spectra with a signal to noise ratio over 100 were carried
out using air as the collision gas and a collision energy of 1 kV.
Data were processed by Protein Pilot versions 2.0 and 3.0 (AB
Sciex) using the Paragon search algorithm (23). TOF/MS data
were searched against the human International Protein Index
database (version 3.63).

Statistical Analysis—Group mean data are shown as
means � S.E. One-way analysis of variance was used for testing
differences among group mean data. Differences between
groups in response to oxidative stress were examined by two-
way repeated measures analysis of variance. When analysis of
variance indicated a significant overall difference, multiple
comparisons were performed using the Student-Newman-Keul
post hoc test. p � 0.05 was considered statistically significant.

Mechanisms Underlying Mitochondrial Translocation of GSK-3�

OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 29287



RESULTS

To explore the mechanism of GSK-3� translocation to mito-
chondria, we first examined the relationship between kinase
activity of GSK-3� and extent of mitochondrial translocation of
GSK-3� in response to oxidative stress. We prepared GFP-
tagged wild-type GSK-3� (WT) and its site-directed mutants,
constitutively active GSK-3� (S9A) and kinase-deficient
GSK-3� (K85R). H9c2 cells were transfected with WT, S9A, or
K85R and stained with MitoTracker Red, and time lapse obser-
vation by fluorescence microscopy was performed during
15-min exposure to H2O2 (10 �mol/liter). WT gradually trans-
located from the cytosol to the mitochondria as indicated by an
increase in overlap of green fluorescence and red fluorescence
(Fig. 1, A and B). The mitochondrial translocation of WT was
followed by cell death as revealed by plasma membrane disrup-
tion and severe cell deformation. S9A signals appeared to be
present in some of the mitochondria even before H2O2 chal-
lenge, and S9A translocated to the mitochondria more
promptly than did WT, leading to cell death (Figs. 1, A and B,

and 2 and supplemental Movie 1A). In contrast, mitochondrial
translocation of K85R was much slower than that of WT and
was accompanied by a lower prevalence of cell death compared
with that of WT or S9A (Figs. 1 and 2 and supplemental Movie
1B). These findings indicate that mitochondrial translocation
of GSK-3� is dependent on its kinase activity, although involve-
ment of a factor besides GSK-3� activity is indicated by a low
but significant level of co-localization of K85R with mitochon-
dria. This notion was further supported by the finding that
treatment with LiCl, which reduces GSK-3� activity both
directly and by increasing inhibitory Ser-9 phosphorylation
(24), reduced mitochondrial localization of WT both before
and after exposure to H2O2 (Fig. 1, A and B). The GFP control
that was not tagged with GSK-3� remained only in the cyto-
plasm throughout the experiments (Fig. 1, A and B), indicating
that fusion with GFP per se did not induce translocation of
GSK-3�. Although GFP-tagged GSK-3� might not have
behaved exactly the same as endogenous GSK-3� because of its
large molecular size (32.7 kDa) and the biophysical property of

FIGURE 1. Kinase activity-dependent mitochondrial translocation of GSK-3� under the condition of oxidative stress. A, fluorescence images obtained
from time lapse observation. H9c2 cells were transfected with GFP-tagged GSK-3� (WT), constitutively active mutant GSK-3� (S9A), kinase-inactive mutant
GSK-3� (K85R), or GFP alone (GFP control) and then stained with MitoTracker Red. Photos at 3 min after exposure of cells to H2O2 (10 �mol/liter) in the presence
or absence of LiCl (30 mmol/liter) are shown. B, quantification of mitochondrial (mito) localization of each plasmid. MitoTracker-stained area overlapped with
GFP signal was expressed as a percentage of total MitoTracker-stained area. *, p � 0.05 versus cells transfected with the same plasmid and treated with a vehicle;
†, p � 0.05 versus cells transfected with WT and treated with a vehicle; ‡, p � 0.05 versus cells transfected with WT and exposed to H2O2. C, representative
immunoblotting for total GSK-3� in mitochondrial fractions (Mito) and cytosolic fractions (Cyto). Prohibitin and �-actin were used as markers of the mitochon-
dria and cytosol, respectively. Three separate experiments showed similar results. D, interaction of GSK-3� with mitochondrial proteins. Immunoblots (IB) for
GSK-3� co-immunoprecipitated (IP) with cyclophilin D (CyD) and Rieske co-immunoprecipitated with GSK-3� with or without exposure to H2O2 (100 �mol/
liter; 4 h) are shown. Error bars represent S.E.
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GFP, mitochondrial translocation of endogenous GSK-3�
induced by H2O2 was confirmed by Western blotting for mito-
chondrial and cytosolic fractions of H9c2 cells (Fig. 1C) as was
GSK-3� in the rat myocardium (18). Furthermore, the amount
of GSK-3� co-immunoprecipitated with cyclophilin D, a
matrix protein, and with Rieske, a subunit of complex III,
increased after H2O2 treatment (Fig. 1D), suggesting that
GSK-3� resides in the matrix side of the inner membrane after
the translocation.

Results of quantitative analyses of cell death indicated an
association of cell death with mitochondrial translocation of
GSK-3�. LDH activity in the culture medium during 4-h treat-
ment with H2O2 (100 �mol/liter), a dose and duration that
induced cell death in 12% of H9c2 cells in preliminary experi-
ments, was significantly increased by transfection with WT or
S9A, but not by transfection with K85R, compared with GFP
control (Fig. 2). As expected, inhibition of GSK-3� by LiCl sig-
nificantly inhibited the LDH release. The insignificant effect of
transfection with K85R on LDH release is most likely explained
by low transfection efficiency (�10%) by nucleofection.

Next, we examined whether production of ROS under the
condition of pathological stress is regulated by GSK-3� activity.
We used two different stimuli to induce ROS production in
mitochondria, namely hypoxia/reoxygenation and antimycin
A, an inhibitor of mitochondrial complex III (25, 26), and DCF
was used as a probe for ROS. The amount of ROS produced
after hypoxia/reoxygenation was significantly increased, but
ROS production was almost abolished by LiCl (Fig. 3A). Simi-
larly, LiCl attenuated antimycin A-induced ROS production
(Fig. 3B). These findings indicate that activity of GSK-3� con-
tributes not only to its translocation to mitochondria but also to
production of ROS from mitochondria.

Having found that activity of GSK-3� is required for mito-
chondrial translocation and ROS production under the condi-

tion of oxidative stress, we investigated whether oxidative stress
enhances the activity of GSK-3�, thereby inducing its translo-
cation. However, Ser-9 phosphorylation of GSK-3�, Tyr-216
phosphorylation of GSK-3�, and phosphorylation of glycogen
synthase were not affected by H2O2 challenge (Fig. 4A, left pan-
els). This was also the case when phosphorylation status of
mitochondrial GSK-3� was assessed (Fig. 4A, right panels).
These results exclude the possibility that alteration in phosphor-
ylation or kinase activity of GSK-3� contributes to the translo-
cation induced by H2O2.

We next examined whether oxidative stress-induced inter-
action of GSK-3� with other proteins plays a role in the mito-
chondrial translocation of GSK-3�. H9c2 cells exposed to H2O2
or a vehicle were harvested and immunoprecipitated by an anti-
GSK-3� antibody. LDH release into the culture medium at the
time of cell harvest under this condition was only 12% of the
total LDH, and absence of electroporation before H2O2 chal-
lenge and higher confluence are possible explanations for the
much smaller rate of cell death than that in experiments using
cells transfected with plasmids. The anti-GSK-3� immunopre-
cipitates were then separated by two-dimensional gel electro-
phoresis and stained with Coomassie Blue, which showed that
densities of nine spots were increased after H2O2 treatment by
more than 3-fold as labeled in Fig. 4B. We excised the nine spots
and performed mass spectrometry analyses.

Among the proteins identified (Table 1), we focused on
VDAC2, which was present in spot number 2 in Fig. 4B. Oxida-
tive stress-induced interaction between GSK-3� and VDAC2
was further confirmed by immunoprecipitation experiments in
which FLAG-tagged VDAC2 was co-immunoprecipitated with
GSK-3� under an oxidant stress condition (Fig. 4C). The GSK-
3�/VDAC2 interaction was also dependent on the kinase activ-
ity as it was inhibited by pretreatment with LiCl.

To explore the functional significance of VDAC2 in the mito-
chondrial translocation of GSK-3�, H9c2 cells were transfected
with VDAC2 siRNA, which suppressed the expression of
mRNA (Fig. 5A) and protein (Fig. 5B) of VDAC2 but not the

FIGURE 2. Activity of GSK-3� is associated with cell death. LDH activity in
the culture medium was measured at 4 h after addition of H2O2 (100 �mol/
liter ). -Fold increases in LDH activity compared with the baseline value are
shown. *, p � 0.05 versus GFP control. Error bars represent S.E.

FIGURE 3. Effects of GSK-3� inhibition on ROS production by oxidative
stress. Production of ROS after hypoxia/reoxygenation (A) or exposure to 50
�mol/liter antimycin A (B) was monitored by DCF staining. GSK-3� was inhib-
ited by lithium chloride. Signal intensities of DCF staining are shown. *, p �
0.05 versus control; †, p � 0.05 versus hypoxia/reoxygenation (H/R); ‡, p � 0.05
versus antimycin A (AA). Error bars represent S.E. a.u., arbitrary units.
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mRNA or protein expression of other VDAC isoforms VDAC1
and VDAC3. When VDAC2 was knocked down by siRNA,
mitochondrial localization of WT was significantly reduced at
baseline, and its mitochondrial translocation under the condi-
tion of oxidative stress was almost abolished (Fig. 5C and sup-
plemental Movie 2B) compared with mitochondrial localiza-
tion and translocation in cells transfected with control siRNA
(supplemental Movie 2A). Knockdown of other isoforms
VDAC1 and VDAC3 did not affect GSK-3� translocation (Fig.
5D), indicating an isoform-specific role of VDAC2 in translo-
cation of GSK-3�. We next examined whether GSK-3� activi-
ty-associated ROS production (Fig. 3) is mechanistically linked
to the VDAC2-mediated mitochondrial translocation of
GSK-3� (Fig. 5C). Mitochondrial superoxide production was
correlated with the extent of mitochondrial translocation of
GFP-GSK-3� constructs; the level of superoxide was higher in
S9A-transfected cells and lower in K85R-transfected cells than
in WT-transfected cells. Knockdown of VDAC2 markedly sup-

pressed superoxide production in cells transfected with WT or
S9A (Fig. 5, E and F).

To examine whether knockdown of VDAC2 attenuates
mPTP opening, we observed morphology of mitochondria by
super-resolution microscopy (N-SIM, Nikon). In cells trans-
fected with control siRNA, intermittent exposure to a laser for
time lapse observation induced mitochondrial deformation
from a long and tubular shape to a swollen and round shape
with occasional fragmentation (Fig. 6A, arrows, and supple-
mental Movie 3), indicating opening of the mPTP and mito-
chondrial destruction. The mitochondrial deformation/frag-
mentation were significantly suppressed by siRNA-mediated
knockdown of VDAC2 (Fig. 6, A and B). Because outer mem-
brane permeabilization could have been involved in the mito-
chondrial deformation in response to exposure to the laser, we
next examined the protein levels of mitochondrial BAX and
BAK, members of the multidomain subfamily of proapoptotic
Bcl-2 proteins. BAX, but not BAK, in mitochondrial fractions

FIGURE 4. Effects of H2O2 on GSK-3� activity and its interaction with other proteins. A, H9c2 cells were exposed to 100 �mol/liter H2O2 or a vehicle (Ve) for
4 h and harvested. Results of Western blotting for total GSK-3�, Ser-9-phospho-GSK-3�, Tyr-216-phospho-GSK-3�, total glycogen synthase, and phospho-
glycogen synthase in the total homogenate (left panels) and total GSK-3� and Ser-9-phospho-GSK-3� in the mitochondrial fraction (right panels) are shown.
�-Actin and prohibitin serve as loading controls. B, representative two-dimensional gels stained by Coomassie Blue. Samples were obtained from GSK-3�
immunoprecipitates of H9c2 cells that were treated with a vehicle or H202 (100 �mol/liter) for 3 h. Results of four experiments for vehicle-treated cells and four
experiments for H2O2-exposed cells were similar. Spots that exhibited increases in the density by 3-fold or more after exposure to H2O2 are labeled as 1–9. C,
HEK293 cells transfected with FLAG-VDAC2 were exposed to H2O2 (100 �mol/liter; 4 h) in the presence or absence of LiCl (30 mmol/liter). Immunoblots (IB) for
FLAG and GSK-3� co-immunoprecipitated (IP) with FLAG-VDAC2 are shown.
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increased in response to H2O2 (Fig. 6C) most likely due to trans-
location from the cytoplasm as reported previously (22), possi-
bly inducing outer membrane permeabilization together with
BAK. However, mitochondrial levels of the proteins were not
affected by VDAC2 knockdown (Fig. 6C).

To further confirm the suppression of mPTP opening by
selective knockdown of VDAC2, a calcein assay was performed.
As shown in Fig. 6D, calcein preloaded in mitochondria leaked
into the cytoplasm after exposure to H2O2, indicating opening
of mPTPs, in VDAC1- or VDAC3-knocked down cells. Open-
ing of mPTPs was significantly attenuated in those cells by
treatment with LiCl (Fig. 6, D and E). In contrast, knockdown of
VDAC2 alone significantly suppressed opening of mPTPs (Fig.
6, D and E). As expected from its effect on the mPTP (Fig. 6, D
and E) and superoxide production (Fig. 5E), cell necrosis after
H2O2 exposure was also suppressed by knockdown of VDAC2
(Fig. 6F). Significant reduction in LDH release by VDAC2
siRNA in the K85R group can be explained by reduction of
interaction between VDAC2 and endogenous GSK-3� in the
K85R-transfected cell group (Fig. 6G).

Co-localization of GSK-3� with mitochondria (Fig. 1) and
co-immunoprecipitation of GSK-3� with cyclophilin D and
Rieske in the present study (Fig. 1D) and adenine nucleotide
translocase in previous studies (17, 18) indicate an intramito-
chondrial pool of GSK-3�. However, to our knowledge, an MTS
by which nucleus-encoded mitochondrial proteins are directed
to the mitochondria (27–30) has not been identified in GSK-3�.
MTS consists of 15– 40 N-terminal amino acid residues dotted
with a few positively charged amino acid residues, arginine
(Arg) or lysine (Lys) (30). Because MitoProt II, an MTS-predict-
ing algorithm (31), indicated moderate probability of the N-ter-
minal domain of GSK-3� functioning as an MTS, we examined
whether this mechanism indeed operates in GSK-3�. A posi-
tively charged amino acid, namely Arg-4, Arg-6, or Lys-15, in
WT was replaced with alanine by site-directed mutagenesis.

H9c2 cells were transfected with the mutants (R4A, R6A, and
K15A) and exposed to H2O2. Unexpectedly, R4A translocated
to the mitochondria more promptly than did WT in response to
H2O2 challenge (Fig. 7). Conversely, mitochondrial transloca-
tion of R6A tended to be attenuated, and that of K15A was
significantly suppressed compared with that of WT. These
findings suggest that the N-terminal domain of GSK-3� serves
as a functional MTS, although the inhibitory effect of the site-
directed mutation was much less prominent than the effect of
VDAC2 knockdown.

DISCUSSION

In this study, we demonstrated that kinase activity of GSK-3�
and interaction with VDAC2 are major determinants of
GSK-3� translocation to mitochondria in response to ROS and
that GSK-3� activity enhances GSK-3�/VDAC2 interaction in
H9c2 cardiomyocytes. Increased ROS production from the
mitochondria by hypoxia/reoxygenation or inhibition of com-
plex III is also dependent on the activity of GSK-3� (Fig. 3). The
findings are consistent with an earlier finding by King et al. (32)
that transfection of unregulated GSK-3� fused to an MTS of
subunit VIII of cytochrome oxidase significantly increased ROS
production in SH-SY5Y cells. An association between mito-
chondrial translocation of GSK-3� and mPTP-mediated cell
death has been observed in various cell and tissue preparations
(33–35) and was also confirmed in this study (Figs. 1, 2, and 6).
Thus, kinase activity of GSK-3� seems to play dual roles: it is
required both for cytosolic GSK-3� to translocate to the mito-
chondria and for mitochondrial GSK-3� to induce ROS pro-
duction, leading to mPTP opening.

Interaction of GSK-3� with cyclophilin D, a mitochondrial
matrix protein, and with Rieske, a subunit of complex III, was
increased upon oxidative stress (Fig. 1D). These findings are
consistent with results of studies showing that GSK-3� inter-
acts with cyclophilin D in SAOS-2 cells (36) and that cyclophi-

TABLE 1
Proteins predicted from the peptides identified by mass spectrometric analysis
Peptide (95%), number of peptides observed in each sample with a probability of 	95% by PARAGON algorithm; Coverage, percentage of the sequence of corresponding
protein covered by identified peptides (%); N/A, not available.

Spot Protein name
Accession

no.
Peptide
(95%) Coverage

%
1 �-Actin 3 P63269 32 60.1

Major �-hemoglobin AAA41309.1 3 34.0
�-Actin P60711 59 65.3
Phosphatidylinositol-4,5-bisphosphate 5-phosphatase A Q9JMC1.1 1 4.2
Pretrypsinogen 1 P00762 1 8.1
�-Cardiac actin P68035.1 37 55.7

2 Latent transforming growth factor �-binding protein 3 XP_341998.1 1 2.9
Voltage-dependent anion-selective channel protein 2 P81155 1 6.4
�2-Globin chain Q91V15 1 10.6
ATP-binding cassette protein B1b Q8R427 1 1.5

3 N/A
4 Albumin Q5U3X3 5 10.2

�-Actin 2 P62738 11 40.3
DiGeorge syndrome critical region 6 homolog NP_001100550 1 10.0
Mosaic serine protease XP_236201.4 1 4.4
�-Fetoglobulin P02773.1 1 1.1

5 Protein-disulfide isomerase A3 P11598.2 1 6.9
6 Heterogenous nuclear ribonucleoprotein H1 EDM04273.1 1 5.1
7 �-Tropomyosin Q91XN7 5 33

Angiotensinogen P01015 1 4.6
Unconventional myosin-9b Q63358.1 1 1.2

8 Tropomyosin-4 P09495.3 20 50.4
9 �-Tropomyosin P58775.1 2 23.6
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lin D interacts with F0F1 ATPase, a protein in the inner mem-
brane, in bovine heart mitochondria (37). Together with
previous findings, the present results indicate that GSK-3� is

localized in the mitochondrial inner membrane where a part of
its molecule is facing the matrix. Furthermore, interaction of
VDAC2 and GSK-3� (Fig. 4, B and C) and significant suppres-
sion of mitochondrial translocation of GSK-3� by VDAC2
knockdown (Fig. 5, C and D) suggest that transport of GSK-3�
into the inner membrane via translocase of the outer mem-
brane (TOM) complex is promoted by its interaction with
VDAC2 initially in the cytoplasm or on the outer membrane.
However, there is also the possibility that VDAC2 and GSK-3�
form a complex at the contact site between the outer and inner
membranes (38).

VDAC2 has been identified as an important substrate of
GSK-3� under the condition of ischemia/reperfusion in car-
diomyocytes (39). Das et al. (39) showed that inhibition of
GSK-3� slowed ATP consumption in cardiomyocytes under an
anoxic condition. They performed Western blotting and one-
dimensional/two-dimensional gel phosphorylation site analy-
sis and detected proteins that were less phosphorylated in
hearts treated with GSK-3� inhibitors. One of the less phos-
phorylated proteins was identified as VDAC2 by MALDI-
TOF/MS analysis. Collectively, their findings suggest that
VDAC2 phosphorylated by GSK-3� on the mitochondrial
outer membrane accelerates ATP depletion, lowering the
threshold for mPTP opening. The present study showed a novel
role for VADC2 in mPTP regulation as a promoter of GSK-3�
import into mitochondria in response to oxidant stress.

Cheng et al. (40) demonstrated previously that VDAC2 inter-
acts with BAK and maintains its inactive conformation. Con-
versely, tBID, BIM, or BAD activated by death signals displaces
VDAC2 from BAK and induces apoptosis via homo-oligomer-
ization of BAK. In fact, cells lacking VDAC2 exhibited
enhanced BAK oligomerization and were susceptible to apo-
ptotic death induced by TNF�, cycloheximide, or etoposide,
whereas overexpression of VDAC2 selectively prevented BAK
activation and inhibited the mitochondrial apoptotic pathway
(40). However, in the present study, knockdown of VDAC2 did
not modify levels of BAX and BAK in mitochondria before and
after exposure to oxidant stress (Fig. 6C) but rather protected
H9c2 cells. Knockdown of VDAC2 significantly suppressed
translocation of GSK-3� to mitochondria (Fig. 5, C and D),
mPTP opening (Fig. 6, A, B, D, and E), ROS production (Fig. 5,
E and F), and cell necrosis (Fig. 6F) after oxidant stress in H9c2
and/or HEK293 cells. These results indicate that VDAC2 plays
distinct roles in cell death depending on the mode of cell death
and/or stimuli that trigger cell death: promotion of cell necrosis
by interaction with GSK-3� versus protection via interaction
with BAK against apoptosis triggered by inflammation or DNA
damage.

There has been solid genetic evidence that VDAC protein is
not an essential structural component of the mPTP. Baines et
al. (41) demonstrated that isolated mitochondria from
VDAC1-, VDAC2-, or VDAC3-null mice exhibited Ca2�- and
oxidative stress-induced mPTP opening that was indistinguish-
able from wild-type mitochondria. Similarly, Ca2�- and oxida-
tive stress-induced mPTP opening was unaltered in fibroblasts
lacking VDAC1, VDAC2, or VDAC3 (41). However, these
results are basically derived from isolated mitochondria and do

FIGURE 5. VDAC2-dependent mitochondrial translocation of GSK-3� and
mitochondrial production of superoxide. A and B, mRNA levels in H9c2
cells (A) and protein levels in HEK293 cells (B) of VDAC1, VDAC2, and VDAC3 at
48 h after transfection of VDAC2 siRNA. *, p � 0.05 versus control siRNA. C,
mitochondrial localization of GFP-tagged GSK-3� (WT) expressed as a per-
centage of GFP-positive mitochondria among total mitochondria at baseline
and at 1 and 3 min after exposure to H2O2 in H9c2 cells. *, p � 0.05 versus
baseline; †, p � 0.05 versus control siRNA. D, HEK293 cells were transfected
with VDAC1 siRNA, VDAC2 siRNA, or VDAC3 siRNA. Mitochondrial localization
of GFP-tagged GSK-3� (WT) expressed as a percentage of GFP-positive mito-
chondria (mito) among total mitochondria with or without exposure to H2O2
(10 �mol/liter; 3 min) is shown. *, p � 0.05 versus baseline; †, p � 0.05 versus
VDAC2 siRNA. E, effects of VDAC2 and kinase activity of GSK-3� on generation
of superoxide. Superoxide signal after exposure to H2O2 in H9c2 cells trans-
fected with WT, S9A, or K85R is shown. F, quantitative analysis of superoxide-
positive pixels per cell is shown. *, p � 0.05 versus control siRNA; †, p � 0.05
versus WT. Error bars represent S.E. a.u., arbitrary units.
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not exclude the possibility that VDAC2 plays a regulatory role
in opening/closure of the mPTP in some cell types.

Several lines of evidence indicate that the role of VDAC2 in
determination of cell fate under pathological conditions is not
limited to cardiomyocytes. Huge VDAC accumulation has been
observed in the dystrophic neurites of �-amyloid plaques in
Alzheimer disease patients and in a related transgenic mouse
model (42). In addition, post-mortem analysis of Alzheimer
disease patient brains revealed that VDAC2 was significantly
increased in the temporal cortex (43), a region frequently
affected in Alzheimer disease pathology. Transcript levels of
the VDAC1–3 isoforms in rat hepatoma cells were found to be

significantly higher than those in normal rat liver tissue (44).
More interestingly, erastin, a selective anticancer agent discov-
ered in screening by Yagoda et al. (45), has been shown to bind
to VDAC2, which causes mitochondrial damage via ROS pro-
duction, inducing non-apoptotic cell death.

Our data showed that the each site-directed mutant at the N
terminus had a different impact on mitochondrial translocation
of GSK-3�: R4A translocated to the mitochondria more
promptly than did WT, whereas mitochondrial translocation of
R6A and that of K15A were slightly attenuated and significantly
suppressed, respectively. A possible explanation for the differ-
ences depending on the site of Arg- or Lys-to-Ala mutation is

FIGURE 6. Effects of VDAC2 knockdown on mitochondrial deformation, mPTP opening, and cell necrosis by oxidant stress. A, photos of mitochondria
obtained from time lapse observation by super-resolution microscopy (N-SIM). H9c2 cells were transfected with control siRNA or VDAC2 siRNA and then
stained with MitoTracker Red before observation by N-SIM. Arrows indicate swollen mitochondria after intermittent laser scanning for time lapse observation.
B, percentage of swollen or fragmented mitochondria after 4-min observation by N-SIM. *, p � 0.05 versus control siRNA. C, immunoblots for BAK and BAX in
the mitochondrial fraction are shown. Prohibitin served as a loading control. Successful mitochondrial fractionation is indicated by clear prohibitin bands and
barely detectable �-actin bands. D, open-closed status of mPTPs determined by calcein assay in HEK293 cells. Images of calcein-stained cells transfected with
VDAC1 siRNA, VDAC2 siRNA, or VDAC3 siRNA in the presence or absence of H2O2 and/or LiCl are shown. E, the ratio of calcein-positive area to MitoTracker-
positive area is shown as an index for mitochondria (mito) that were not subjected to opening of mPTPs. *, p � 0.05 versus baseline (without H2O2 and LiCl); †,
p � 0.05 versus VDAC2 siRNA. F, LDH activity in the culture medium was measured at 4 h after addition of H2O2 (100 �mol/liter). -Fold increases in LDH activity
compared with the baseline value are shown. G, Western blotting for GSK-3� in H9c2 cells transfected with GFP-GSK-3� construct (WT, S9A, or K85R) or GFP
control. Endogenous GSK-3� and GFP-tagged GSK-3� constructs were detected around 46 and 79 kDa, respectively. Error bars represent S.E.
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co-modification of interaction with Akt/PKB. RXRXX(S/T) was
found to be a consensus phosphorylation motif for Akt/PKB
(46), a major upstream kinase that phosphorylates GSK-3� on
Ser-9, leading to inactivation. In fact, the levels of Ser-9 phos-
phorylation of R4A and R6A were much lower, indicating
higher kinase activities, than that of WT or K15A (data not
shown). The up-regulation of kinase activities in R4A and R6A
might have canceled the effect of MTS elimination in these
mutants. Another possibility is that the N-terminal domain
functions as a binding site for VDAC2 as is the case with 14-3-3
or p53 (47), resulting in different levels of interaction with
VDAC2 depending on mutated amino acids.

Even K15A yielded only a small change in the mitochondrial
translocation. Thus, site-directed mutation of multiple amino
acids, but not a single amino acid, might have been necessary to
fully disable the function of MTS. Alternatively, the role MTS
plays in mitochondrial translocation might be relatively small
compared with that of kinase activity of GSK-3� and interac-
tion with VDAC2.

In the present study, 30 mmol/liter LiCl was used for inhib-
iting GSK-3�. This dose significantly increased the Ser-9 phos-
phorylation of GSK-3� and decreased the phosphorylation of
glycogen synthase in H9c2 cells (data not shown). LiCl is not
specific to GSK-3� and has other targets including voltage-de-
pendent sodium channels (48), Na/K-ATPase (49), and inositol
monophosphate (50). However, LiCl significantly suppressed
H2O2-induced mitochondrial translocation of WT (Fig. 1, A
and B), and such an effect was not observed for constitutively
active S9A or kinase-deficient K85R (data not shown). Thus, it
is unlikely that the effect of LiCl on a target other than GSK-3�
activity was responsible for the attenuation of mitochondrial
translocation.

As a technical problem, cells stained with MitoTracker Red
and/or transfected with GFP-GSK-3� constructs are more vul-

nerable to exposure to H2O2; in those cells, H2O2 exposure for
a much shorter duration at a lower concentration was sufficient
to induce cell death during observation by fluorescence micros-
copy. This is most likely due to light-induced photoexcitation of
GFP and MitoTracker Red. Thus, we performed preliminary
experiments to optimize the duration and concentration of
H2O2 in each series of experiments in this study. We used a
concentration of H2O2 as low as 10 �mol/liter for 3-min expo-
sure to the laser to induce mitochondrial translocation of
GSK-3� and under fluorescence observation in H9c2 cells that
were transfected with a GFP-GSK-3� construct and stained
with MitoTracker Red. In contrast, it took 4 h for 100 �mol/
liter H2O2 to induce a similar level of cell death in cells that were
not stained by MitoTracker Red, transfected with GFP con-
structs, or observed by fluorescence microscopy.

Limitation of myocardial infarct size after ischemia/reperfu-
sion by inhibition of mPTP opening has been demonstrated not
only in animal experiments (51–54) but also in a small clinical
trial (55). However, it is difficult to use currently available
mPTP inhibitors in patients because of their various side
effects. Selective inhibition of GSK-3� translocation to mito-
chondria would be another option to suppress mPTP opening
upon reperfusion. This approach would be superior to the use
of GSK-3� inhibitors, which can unfavorably affect the physio-
logical function of GSK-3� (56). The results of the present
study indicate that inhibition of GSK-3�/VDAC2 interaction
and/or function of MTS in GSK-3� is a promising and novel
approach to cardioprotection from lethal reperfusion injury.
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