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Accumulating evidence implicates that the voltage-dependent anion channel (VDAC) functions in mitochon-
drion-mediated apoptosis and as a critical player in the release of apoptogenic proteins, such as cytochrome
c, triggering caspase activation and apoptosis. The mechanisms regulating cytochrome c release and the
molecular architecture of the cytochrome c-conducting channel remain unknown. Here the relationship be-
tween VDAC oligomerization and the induction of apoptosis was examined. We demonstrated that apoptosis
induction by various stimuli was accompanied by highly increased VDAC oligomerization, as revealed by
cross-linking and directly monitored in living cells using bioluminescence resonance energy transfer technol-
ogy. VDAC oligomerization was induced in all cell types and with all apoptosis inducers used, including
staurosporine, curcumin, As2O3, etoposide, cisplatin, selenite, tumor necrosis factor alpha (TNF-�), H2O2, and
UV irradiation, all acting through different mechanisms yet all involving mitochondria. Moreover, correlation
between the levels of VDAC oligomerization and apoptosis was observed. Furthermore, the apoptosis inhibitor
4,4�-diisothiocyanostilbene-2,2�-disulfonic acid (DIDS) inhibited VDAC oligomerization. Finally, a caspase
inhibitor had no effect on VDAC oligomerization and cytochrome c release. We propose that VDAC oligomer-
ization is involved in mitochondrion-mediated apoptosis and may represent a general mechanism common to
numerous apoptogens acting via different initiating cascades. Thus, targeting the oligomeric status of VDAC,
and hence apoptosis, offers a therapeutic strategy for combating cancers and neurodegenerative diseases.

It is well accepted that mitochondria serve as integrators and
amplifiers of programmed cell death through the regulation of
apoptosis, mediating the release of proapoptotic proteins
and/or disrupting cellular energy metabolism (25). During the
transduction of an apoptotic signal into the cell, an alteration
in mitochondrial membrane permeability occurs, facilitating
the release of apoptogenic proteins, such as cytochrome c
(Cyto c), apoptosis-inducing factor (AIF), and Smac/DIABLO,
from the intermembrane space into the cytosol (45). These
proteins participate in complex processes resulting in the acti-
vation of proteases and nucleases, leading to protein and DNA
degradation and, ultimately, cell death (25). However, it re-
mains unclear how these apoptotic initiators cross the outer
mitochondrial membrane (OMM) and are released into the
cytosol. While some models predict that such release is facili-
tated by swelling of the mitochondrial matrix and subsequent
rupture of the OMM, other models predict the formation of
protein-conducting channels that are large enough to allow the
passage of Cyto c and other proteins into the cytosol without
compromising OMM integrity (15, 44, 47). The voltage-depen-
dent anion channel (VDAC) offers such a route (45).

Located in the OMM, the VDAC forms the main interface
between the mitochondrial and cellular metabolisms by medi-
ating the fluxes of ions, nucleotides, and other metabolites
across the OMM (44). The topology and 3-dimensional (3D)
structure of recombinant human and murine VDAC1

(hVDAC1 and mVDAC1) were recently solved by nuclear
magnetic resonance (NMR) spectroscopy (12, 23) and X-ray
crystallography (55), respectively. Such analyses revealed that
VDAC1 adopts a �-barrel architecture composed of 19
�-strands, with an �-helix positioned horizontally, midway
within the pore.

The VDAC has been proposed to function in mitochondrion-
mediated apoptosis, based on several lines of experimental
evidence. It has been shown that anti-VDAC antibodies inhibit
Cyto c release, the interaction of Bax with the VDAC, and the
triggering of cell death (29, 42, 65). The VDAC is, moreover,
the proposed target of pro- and antiapoptotic members of the
Bcl2 family (39, 42, 53) and of hexokinase I (HK-I) and HK-II
(3, 7, 8, 41, 61). Furthermore, small interfering RNA (siRNA)-
mediated downregulation of VDAC1 expression prevented cis-
platin-induced Bax activation; strongly reduced the cisplatin-
induced release of Cyto c and AIF, as well as the maturation of
caspase-3 (51); and attenuated endostatin-induced apoptosis
(60). Finally, overexpression of human, murine, yeast, and rice
VDAC1 was found to induce apoptotic cell death, regardless
of the cell type used (3, 19, 61), while arbutin (hydroquinone-
O-�-D-glucopyranoside) induced apoptosis by inducing
VDAC1 overexpression (35). On the other hand, VDAC pro-
teins have been reported to be dispensable for Ca2�- and
oxidative-stress-induced permeability transition pore (PTP)
opening (10). It has been suggested that multiple pathways and
mechanisms of Cyto c release can coexist within a single model
of cell death, depending on the cell type and the nature of the
stimuli (18–20).

Despite this body of work pointing to the VDAC as a key
player in apoptosis, major questions remain unanswered, such
as the molecular architecture of the Cyto c-conducting chan-
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nel. The channel pore resembles a slightly elliptical cylinder
with horizontal dimensions of approximately 3.1 by 3.5 nm and
a height of approximately 4 nm (12); NMR studies have indi-
cated a diameter of about 2.5 nm for the open state (23), while
the X-ray-based structure suggested maximal inner dimensions
of 2.7 by 2.4 nm (55). Similar dimensions were also obtained
from high-resolution atomic force microscopy (AFM) (height,
3.8 nm; diameter, 2.7 nm) (21) and electron microscopy (EM)
(diameter, �3 nm) (22) studies for VDAC proteins in the
native state derived from Saccharomyces cerevisiae in its natu-
ral membrane composition. This pore size is large enough for
the movement of nucleotides and small molecules but too
small to allow the passage of a folded protein, such as Cyto c
(diameter, 3.4 nm). One possible solution for this apparent
paradox places the protein-conducting channel within a
VDAC1 homo-oligomer or in a hetero-oligomer containing
VDAC1 and proapoptotic proteins (1, 44, 47). Substantial ev-
idence for the formation of higher-order VDAC-containing
complexes exists. On the basis of EM of the 2D crystallized
outer membrane, it was noted that VDAC pores are organized
in ordered arrays, each bearing six monomers with interchan-
nel contacts (22). VDACs from various sources have been
shown to assemble into dimers, trimers, tetramers, and higher
oligomeric states in a dynamic process, including the VDAC
purified from liver mitochondria (62), recombinant human
VDAC (63), and liver (62) or brain (48) mitochondrion-em-
bedded VDAC. The supramolecular organization of the
VDAC has also been demonstrated using AFM (21, 24). In
addition, the use of symmetry operators on the NMR-based
structure of recombinant hVDAC1 implied that it forms a
dimer of monomers arranged in parallel (12). Furthermore,
recent analysis of the crystal packing of mVDAC1 revealed
strong antiparallel dimers that further assemble as hexamers
(54).

The function of VDAC oligomers, however, remains to be
proven. To address our hypothesis that oligomeric VDAC1
mediates the release of Cyto c, we investigated the relationship
between VDAC oligomerization, Cyto c release, and cell death
in this study. We found that apoptotic cell death induced by
various stimuli, including chemotherapy agents, overexpres-
sion of VDAC1, UV irradiation, and H2O2, was accompanied
by an increase as high as 20-fold in VDAC oligomerization.
Moreover, apoptosis inhibitors also prevented VDAC
oligomerization. We further explored the relationship between
the oligomeric state of VDAC and apoptosis by using the
BRET2 (bioluminescence resonance energy transfer) (4) ap-
proach, which allows direct monitoring of VDAC oligomeriza-
tion in living cells. Our results indicate that VDAC1 oligomer-
ization is associated with Cyto c release and apoptosis
induction.

MATERIALS AND METHODS

Materials. Arsenic(III) oxide (As2O3), etoposide, 4,4�-diisothiocyanostilbene-
2,2�-disulfonic acid (DIDS), poly-D-lysine (PDL), propidium iodide (PI), curcu-
min, sodium selenite, and staurosporine (STS) were purchased from Sigma (St.
Louis, MO). Cisplatin was obtained from Fluka Biochemika. Ethylene glycol-
bis(succinimidylsuccinate) (EGS) was obtained from Pierce. Human tumor ne-
crosis factor alpha (TNF-�) was obtained from Cytolab (Rehovot, Israel). H2O2

was obtained from Acros Organics (Fair Lawn, NJ). Metafectene was purchased
from Biontex (Munich, Germany). The MitoTracker Red dye CMXRos was
obtained from Molecular Probes. The growth medium, Dulbecco’s modified

Eagle medium (DMEM), and the supplements, fetal calf serum, L-glutamine,
and penicillin-streptomycin, were purchased from Biological Industries (Beit
Haemek, Israel). Blasticidin was purchased from InvivoGen (San Diego, CA).
Coelenterazine (DeepBlueC [DBC]) was obtained from Bioline (Taunton, MA).
Monoclonal anti-VDAC antibodies directed against the N-terminal region of
human porin 31HL came from Calbiochem-Novobiochem (Nottingham, United
Kingdom). Monoclonal anti-actin and polyclonal anti-Bak antibodies were ob-
tained from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal anti-Cyto
c antibodies were obtained from BD Biosciences Pharmingen (San Jose, CA).
Polyclonal anti-Bid antibodies were obtained from R&D Systems (Minneapolis,
MN). Monoclonal anti-Bax antibodies were obtained from Trevigen (Gaithers-
burg, Maryland). Horseradish peroxidase (HRP)-conjugated anti-mouse anti-
bodies were obtained from Promega (Madison, WI). The pancaspase inhibitor
benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone (z-VAD-fmk) was
obtained from Enzo Life Sciences AG (Lausen, Switzerland).

Plasmids. DNA encoding mVDAC1 (obtained from W. J. Craigen, University
of Houston) or mutated E72Q-mVDAC1 or E202Q-mVDAC1 was cloned into
the pcDNA4/TO vector to allow for tetracycline-regulated expression, as de-
scribed previously (3). Rat muscle VDAC1 cDNA was cloned into the
pcDNA4/TO vector and sequenced.

(i) Plasmids encoding fusion proteins. Plasmids encoding the fusion proteins
rVDAC1-GFP2 and rVDAC1-Luc were constructed using BRET2 plasmids
(Perkin-Elmer, Waltham, MA), and both luciferase and a variant of green
fluorescent protein (GFP2) were fused to the C-terminal part of the protein.
The rat VDAC1 (rVDAC1) gene was cloned into the BamHI and HindIII
sites of the BRET2 plasmids (N2 variants). The rVDAC1 gene was amplified
using forward primer CGAAGCTTATGGCTGTGCCACCCACGTATGCC
and reverse primer GGATCCGCCGCCGCCGGAGCCGCCGCCGCCTGC
TTGAAATTC. The reverse primer was designed to contain a double linker
sequence. The double linker [(GGGGS)2] connecting the VDAC1 and RLuc
or GFP2 genes allows the flexibility of the region (the linker sequence in-
cludes four glycines and one serine [9]).

(ii) Plasmids carrying shRNA against hVDAC1. Specific silencing of endoge-
nous human VDAC1 (hVDAC1) was achieved using a vector expressing short
hairpin RNA (shRNA). The sequence carrying the hVDAC1 shRNA was cre-
ated using the following two complementary oligonucleotides, each containing
the 19-nucleotide target sequence of hVDAC1 (nucleotides 337 to 355), followed
by a short spacer and an antisense sequence of the target: oligonucleotide 1
(AGCTTAAAAACACTAGGCACCGAGATTATCTCTTGAATAATCTCGG
TGCCTAGTGG) and oligonucleotide 2 (GATCCACACTAGGCACCGAGAT
TATTCAAGAGATAATCTCGGTGCCTAGTGTTTTTTA). The sequence
carrying the hVDAC1 shRNA was cloned into the BglII and HindIII sites of the
pSUPERretro plasmid (OligoEngine, Seattle, WA), containing a puromycin
resistance gene. Transcription of this sequence under the control of the H1 RNA
polymerase III promoter produces a hairpin (hVDAC1 shRNA).

Tissue culture. T-REx-293 cells (HEK cells stably containing the pcDNA6/TR
regulatory vector and thus expressing the tetracycline repressor) (Invitrogen) and
T-REx-293 cells stably expressing hVDAC1 shRNA, showing low (10 to 20%)
endogenous VDAC1 expression (referred to as T-REx-pS10 cells), were grown
at 37°C under an atmosphere of 95% air and 5% CO2 in DMEM supplemented
with 10% fetal calf serum, 2 mM L-glutamine, 1,000 U/ml penicillin, 1 mg/ml
streptomycin, and 5 �g/ml blasticidin. The HeLa and T47D cell lines were grown
under the same conditions as T-REx-293 cells, except that blasticidin was not
added. For T47D cells, insulin (20 U/ml) and 10 mM HEPES (pH 7.3) were
added.

Cell transfection. T-REx-293 cells at �50% confluence were transiently trans-
fected (using Metafectene) with plasmid pcDNA4/TO encoding either rVDAC1
or native or mutated mVDAC1. Protein expression was induced by tetracycline
(2.5 �g/ml) for 72 to 110 h before the cells were subjected to apoptosis induction
and cross-linking analysis. In the BRET2 experiments, T-REx-pS10 cells were
transfected using the calcium phosphate method. Transfections were carried out
with 0.1 �g of a plasmid coding for rVDAC1–Rluc (Renilla luciferase [RLuc]
fused to the VDAC1 C terminus) and with 0.8 �g of a plasmid coding for
rVDAC1–GFP2 (GFP2 fused to the VDAC1 C terminus). Cells were analyzed
for apoptosis induction and were subjected to the BRET2 assay 48 to 72 h
posttransfection. As a negative control, cells were transfected with plasmids
encoding rVDAC1–Rluc (0.1 �g) and GFP2 (0.8 �g). As another control (con-
trol cells), cells were transfected with plasmids encoding rVDAC1–Rluc (0.1 �g)
and with plasmid pcDNA4/TO (0.8 �g).

BRET2 assay. For the BRET2 assay, we first established the appropriate
conditions for resolving VDAC1 oligomerization using BRET2 technology in
mammalian living cells. These included the number of cells to be plated, the
amounts and ratios of the rVDAC1–Rluc and rVDAC1–GFP2 plasmids, the
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apoptosis inducer concentration, the time of incubation, and the concentration of
the luciferase substrate DBC. Cells transiently expressing rVDAC1–Rluc and
rVDAC1–GFP2, as well as control cells, were incubated with the apoptosis
inducer. Following incubation, cells were harvested, washed twice with phos-
phate-buffered saline (PBS), resuspended in 200 �l of PBS, and divided between
2 wells of a 96-well clear-bottom plate (Grenier). Luciferase activity was assayed
using the membrane-permeant substrate DBC in PBS supplemented with MgCl2
(1 g/liter) and glucose (1 g/liter), with DBC added to a final concentration of 5
�M just before luminescence measurements.

The BRET2 signal represents the ratio of the GFP2 fluorescence, measured at
its emission wavelength (510 nm), to the light intensity (luminescence) emitted at
395 nm. All measurements were performed using the Infinite 200 ELISA reader
(Tecan). BRET2 signals were defined as the GFP2/RLuc intensity ratio, which
was calculated as follows. (i) The BRET2 signals obtained with VDAC1–Rluc/
pcDNA4/TO cells (control cells) were subtracted from the signals obtained with
cells expressing VDAC1–Rluc and VDAC1–GFP2–BRET2. (ii) The net ratios of
RLuc and GFP2 activities (the GFP2/luciferase ratio after the subtraction of the
BRET2 signals obtained from control cells) were calculated. (iii) The ratios of
BRET2 signals between cells that were and were not exposed to apoptosis
inducers were compared.

Apoptotic cell analysis. Staining with acridine orange (AcrOr) and ethidium
bromide (EthBro) was carried out to analyze the extent of apoptosis (early and
late apoptotic cells), as described previously (61). Stained cells were visualized by
fluorescence microscopy (Olympus IX51 microscope), and images were recorded
with an Olympus DP70 camera, using a superwide band filter. In each indepen-
dent experiment in which early and late apoptotic cells were considered, approx-
imately 300 cells were counted for each treatment. T-REx-293 or HeLa cells (2 �

106 to 4 � 106) treated with PI and annexin V–fluorescein isothiocyanate (FITC)
were exposed to UV irradiation or other treatments, collected (at 1,500 � g for
5 min), washed, and resuspended in 400 �l binding buffer (10 mM HEPES-
NaOH [pH 7.4], 140 mM NaCl, and 2.5 mM CaCl2). Annexin V–FITC was added
to a final concentration of 4.5 �g/ml, and the cells were incubated in the dark for
15 min. Cells were then washed twice with binding buffer and were resuspended
in 400 �l binding buffer, to which PI was added immediately before fluorescence-
activated cell sorter (FACS) analysis. At least 10,000 events were recorded,
represented as dot plots, and analyzed by software designed for use with the
FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ).

Cyto c release. Cells (5 � 104) were grown on PDL-coated coverslips in a
60-mm-diameter plate. After 24 h, cells were treated with selenite (8 �M; 17 h),
followed by staining with MitoTracker Red dye (25 nM) for 15 min (37°C; 5%
CO2). PBS-washed cells were then fixed with 4% paraformaldehyde for 15 min,
immunostained using anti-Cyto c antibodies and Alexa Fluor 488-conjugated
secondary antibodies, and visualized by confocal microscopy (Olympus 1X81
microscope).

Cross-linking experiments. T-Rex-293, HeLa, or T47D cells (2.2 to 3 mg/ml in
PBS [pH 8.2]) were harvested after the appropriate treatment and were incu-
bated with cross-linking reagents (either EGS for 15 min or 1,5-difluoro-2,4-
dinitrobenzene [DFDNB] for 30 min) at 30°C. Samples (60 to 100 �g) were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblotting using anti-VDAC antibodies. Quantitative analysis
of immunoreactive VDAC dimer and trimer bands was performed using Image
Gauge (version 4.0; Science Lab 2001) software provided by the manufacturer
(Fujifilm).

Caspase activation and activity assays. The activities of caspases 3 and 7
(caspase-3/7) in HeLa cells were assayed by using the ApoLive-Glo multiplex
assay kit (Promega, Madison, WI) as described in the manufacturer’s protocol.
Briefly, the enzymatic activity of caspase-3/7 was measured by the caspase cleav-
age of a luminogenic caspase-3/7 substrate containing the tetrapeptide sequence
DEVD, followed by the generation of a luminescent signal produced by lucifer-
ase. The bioluminescent signal was measured using a microplate reader. In
addition, caspase activation was visualized by immunoblot analysis for cleavage
of poly(ADP-ribose) polymerase (PARP) using a rabbit anti-PARP polyclonal
antibody (Cell Signaling, Danvers, MA) and an HRP-conjugated goat anti-rabbit
IgG antibody, followed by a chemiluminescence detection system (EZ-ECL kit;
Biological Industries, Kibbutz Beit Haemek, Israel).

Gel electrophoresis and immunoblot analyses. Following SDS-PAGE, gels
were either stained with Coomassie blue or immunoblotted with monoclonal
anti-VDAC antibodies, followed by incubation with HRP-conjugated anti-mouse
IgG secondary antibodies. Antibody labeling was detected by chemilumines-
cence. Prior to immunoblotting, membranes were treated with 0.1 M glycine (pH
2.0) and washed several times with Tris-Saline buffer.

RESULTS

Apoptosis induction by various stimuli induces VDAC oligo-
merization. In a previous study of isolated mitochondria (62),
we showed, with several chemical cross-linking reagents, that
VDAC assumes oligomeric states. In this study, we analyzed
the oligomeric status of VDAC in cultured cells under physi-
ological and apoptotic conditions. To obtain information on
the oligomeric state of VDAC under apoptotic conditions,
cells were first exposed to an apoptosis inducer and then in-
cubated with the membrane-permeant cross-linker EGS.
VDAC oligomeric states were then examined by SDS-PAGE
and Western blotting using anti-VDAC antibodies.

The abilities of various apoptosis-inducing agents, acting via
different mechanisms, to induce VDAC oligomerization in cul-
tured cells are shown in Fig. 1. When T-REx-293 cells were
challenged with staurosporine (STS), curcumin, tumor necro-
sis factor alpha (TNF-�), etoposide, cisplatin, or As2O3, all
these agents induced VDAC oligomerization, as revealed by
EGS-based cross-linking and immunoblotting using anti-
VDAC antibodies (Fig. 1A). Several distinct (68-, 99-, and
136-kDa) anti-VDAC1 antibody-labeled protein bands, the
same as those observed in isolated mitochondria, were clearly
seen (Fig. 1) and were found to correspond to homodimers,
trimers, and tetramers of the VDAC (62), as well as to high-
molecular-weight complexes containing the VDAC. VDAC
oligomerization was dramatically increased (as much as 20-
fold) upon exposure to all apoptosis stimuli tested (Fig. 1A),
suggesting that upon apoptosis induction, the dynamic equilib-
rium between monomeric and oligomeric forms of the VDAC
was shifted toward the formation of dimers, trimers, tetramers,
and multimers. As expected, treatment of the cells with the
apoptosis-inducing agents listed above resulted in apoptotic
cell death (Fig. 1A, bottom). Interestingly, an anti-VDAC1
antibody-labeled protein band migrating below the position of
monomeric VDAC was obtained upon apoptosis induction and
EGS treatment (arrows in Fig. 1B, 6A, and 7C). This band
most likely represents a monomer that experienced intermo-
lecular cross-linking that modified its mobility. This band ap-
peared only when apoptosis was induced, suggesting that upon
apoptosis induction, the VDAC underwent conformational
changes that were fixed by EGS.

Sodium selenite, previously shown to induce oxidative stress,
permeability transition pore opening (40), and apoptosis (52),
also induced VDAC oligomerization (Fig. 1B). Immunofluo-
rescence analysis of Cyto c release, carried out by confocal
microscopy using anti-Cyto c antibodies, indicated that most
cells released Cyto c in response to treatment with 8 �M
selenite (Fig. 1C). This suggests that cell death triggered by
selenite eventually converges toward VDAC oligomerization
and “canonical apoptotic execution.” In addition to chemo-
therapy reagents, exposure to UV irradiation or H2O2 resulted
in VDAC oligomerization. The levels of VDAC dimers, trim-
ers, and multimers increased upon H2O2 treatment (Fig. 2A)
or with increasing time of UV irradiation (Fig. 2C). The in-
duction of apoptotic cell death under the same conditions used
to induce VDAC oligomerization was clearly observed upon
cell death analysis by FACS-based quantification of annexin
V–FITC–propidium iodide (PI) fluorescence (Fig. 2D) or PI
uptake (Fig. 2B).
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STS also induced VDAC oligomerization, in all cell types
used. STS increased the levels of VDAC dimers, tetramers,
and multimers in T-REx-293, HeLa, and T47D cells (Fig. 3A).
The results of quantitative analysis of the extent of STS-in-
duced apoptosis in the various cell types are shown in Fig. 3B.

When antibodies against Bax and Bak were used to verify
the presence of Bax and/or Bak in the VDAC1-containing
oligomers, no heterodimers or oligomers composed of VDAC
and Bax or Bak were found. Similarly, it has been reported
previously that Bax does not interact with either the VDAC or
the adenine nucleotide transporter (ANT) in the mitochondria
(31). Moreover, VDAC oligomerized regardless of the expres-
sion levels of proapoptotic proteins, e.g., Bax, Bak, and Bid,
even in cells expressing undetectable levels of Bax, such as
T-REx-293 or HeLa cells (Fig. 3C), suggesting that in these
cells Bax is not a major component of the apoptotic machinery.

VDAC1 overexpression induces apoptotic cell death and
VDAC oligomerization. Overexpression of human, murine, or
rice VDAC1 was previously found to induce apoptotic cell
death in all cell types tested (3, 19, 61). Here we found that
overexpression of recombinant murine VDAC1 (mVDAC1),

rat VDAC1 (rVDAC1), or mutated mVDAC1, such as E72Q-
mVDAC1 or E202Q-mVDAC1, in T-REx cells resulted in cell
death and VDAC oligomerization (Fig. 4). The levels of
VDAC oligomers were greatly increased in VDAC1-overex-
pressing cells (Fig. 4A). Quantitative analysis of apoptotic
cells, employing acridine orange and ethidium bromide stain-
ing (Fig. 4B), showed that about 55% of the cells had died
�105 h after transfection with plasmids encoding the various
versions of VDAC1 (Fig. 4C). Thus, overexpression of VDAC1
from various sources resulted not only in apoptotic cell death
but also in VDAC oligomerization.

VDAC oligomerization monitored in live cells using BRET2.
Next, to explore the interactions between VDAC1 monomers
and to directly monitor the oligomeric state of VDAC1 mole-
cules in their native cellular membranes, we used biolumines-
cence resonance energy transfer (BRET2) technology (Fig.
5A) (4, 9). In BRET2 technology, VDAC1 proteins are tagged
with either Renilla luciferase (RLuc) as the donor or a variant
of GFP (GFP2) as the acceptor. Energy transfer occurs when
the donor and acceptor are spatially close (�10 nm apart),
making the technique ideal for monitoring protein-protein in-

FIG. 1. Apoptosis induction is associated with VDAC oligomerization. (A) Cells were exposed either to STS (1.25 �M) for 2.5 h or to curcumin
(40 �M), TNF-� (12 ng/ml), etoposide (2 �M), cisplatin (40 �M), or As2O3 (30 �M) for 16 h. Cells washed with PBS at 2.5 to 3 mg/ml were
incubated with EGS (250 to 300 �M) at 30°C for 15 min and were then subjected to SDS-PAGE and immunoblotting using anti-VDAC antibodies.
The positions of VDAC monomers to multimers are indicated. Percentages of apoptotic cells (assayed via AcrOr-EthBro staining; n 	 3) and
relative amounts of dimers are given at the bottom. RU, relative units. (B and C) HeLa cells were exposed to selenite at the indicated
concentrations for 17 h and were then analyzed for VDAC oligomerization by assessment of EGS-based cross-linking (B) or immunocytochemical
assessment of Cyto c release (C). Control and selenite-treated HeLa cells were stained with the mitochondrial marker MitoTracker red dye,
followed by immunostaining with anti-cytochrome c antibodies and Alexa Fluor 488-conjugated secondary antibodies (green), and visualized by
confocal microscopy. The arrow in panel B indicates an anti-VDAC1 antibody-labeled protein band migrating below the position of monomeric
VDAC.
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teractions in biological systems (14). Enhancement of the
BRET2 signal corresponds to activation of VDAC1 oligomer-
ization, while attenuation of the apoptosis-enhanced BRET2
signal indicates inhibition of VDAC1 oligomerization.

DNAs encoding the genetically engineered fusion proteins
rVDAC1–Rluc (in which RLuc was connected to rVDAC1
at the C-terminal position through a linker [GGGGS]) and
rVDAC1–GFP2 (in which GFP2 was fused through the linker
to the C terminus of rVDAC1) were cloned into BRET2 vec-
tors. rVDAC1–GFP2 and rVDAC1–Rluc were expressed in
T-REx cells stably expressing hVDAC1 shRNA, with a low

level of endogenous hVDAC1 (2). The VDAC1 shRNA, being
specific to human VDAC1, allowed the expression of rVDAC1
and decreased the participation of endogenous hVDAC in
oligomerization, thereby enhancing the BRET2 signal. The
expression levels of rVDAC1–GFP2 and rVDAC1–Rluc (Fig.
5C) were correlated with the amounts of plasmids used. For
rVDAC1–GFP2 and rVDAC1–Rluc, 0.8 �g and 0.1 �g, re-
spectively, were found to give the best signal.

The results in Fig. 5B show that the BRET2 technology is
applicable for use with the well-defined apoptosis inducers
STS, As2O3, and sodium selenite. All these apoptosis inducers

FIG. 2. H2O2- and UV-induced VDAC oligomerization. (A and B) T-REx-293 cells were incubated for 5 h with 1 mM H2O2, harvested, and
subjected either to cross-linking with EGS (250 �M) as for Fig. 1 (A) or to apoptosis analysis via PI uptake and FACS analysis (B). The results
of one experiment representative of three similar experiments are shown. (C) Cells were exposed to UV irradiation for the indicated times and
were analyzed after 24 h for VDAC oligomerization by using EGS-based cross-linking and immunoblotting, as described for panel A. The relative
amounts of dimers are given (RU, relative units), and the positions of VDAC monomers to tetramers and multimers are indicated. (D) Apoptosis,
induced by UV irradiation, was assayed using annexin V–FITC–PI staining and FACS analysis. Results from one experiment representative of two
similar experiments are shown.

FIG. 3. STS induces VDAC oligomerization in all cell types used. (A) T-REx-293, HeLa, and T47D cells (2.5 mg/ml) were incubated in the
absence or presence of STS (1.25 �M; 5 h) and were subjected to cross-linking with EGS (250 �M) and to immunoblotting using anti-VDAC
antibodies. The positions of molecular size protein standards are provided. (B) Quantitative analysis of apoptosis (assayed via AcrOr-EthBro
staining) (n 	 3). (C) T-REx-293, HeLa, and human peripheral blood mononuclear cells (PBMCs; isolated using Ficoll-Paque density gradient
centrifugation) (30 and 60 �g) were subjected to immunoblotting using anti-Bax, anti-Bak, anti-Bid, and anti-VDAC antibodies. As a loading
control, actin levels in the samples were determined using antiactin antibodies. Note that the increase in the amount of protein loaded was seen
for all immunoblotted proteins, except for VDAC, due to the high affinity of the antibodies used, which yielded a saturated signal over 30 �g.
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enhanced the BRET2 signal (GFP2/RLuc ratio) in rVDAC1–
Rluc- and rVDAC1–GFP2-expressing cells by 4- to 5-fold over
that in cells not exposed to an apoptosis inducer (Fig. 5B). As
expected, treatment with STS did not affect the BRET2 signal
in control cells (data not shown).

DIDS, an apoptosis inhibitor, prevents VDAC oligomeriza-
tion. To further demonstrate the relationship between apop-
tosis and VDAC oligomerization, we tested the effect of the
apoptosis inhibitor DIDS on STS-induced VDAC oligomeriza-
tion (Fig. 6). DIDS was previously shown to interact with
VDAC1 (46) and to inhibit apoptosis induced by various stim-
uli (19, 38). Here we demonstrated that DIDS prevented both
STS-induced VDAC oligomerization (Fig. 6A) and apoptosis
(Fig. 6B and C).

We also used the BRET2-based oligomerization assay to
demonstrate that inhibition of apoptosis was accompanied by
prevention of VDAC1 oligomerization (Fig. 6D). The results
clearly showed that while STS enhanced the BRET2 signal by
about 4-fold, preincubation of the cells with DIDS prevented
such STS-induced BRET2 signal enhancement. Thus, in con-
trast to apoptosis inducers, apoptosis inhibitors inhibited
VDAC1 oligomerization, reinforcing the idea that the forma-
tion of VDAC1 oligomers is involved in apoptosis.

Relationship between the extent of apoptosis and the level of
VDAC oligomerization. To further investigate the relationship
between apoptosis induction and VDAC oligomerization, both
processes were analyzed as a function of the concentration of

the apoptosis inducer STS and as a function of the duration of
incubation with H2O2 (Fig. 7). We found that the occurrence
of both apoptosis and VDAC oligomerization increased upon
the exposure of cells to various concentrations of STS (Fig. 7A
and B). Quantitative analysis showed a linear relationship be-
tween changes in the amounts of VDAC dimers and trimers, as
stabilized by EGS cross-linking and revealed by immunoblot-
ting (Fig. 7A), and the extent of apoptotic cell death, as a
function of STS concentration (Fig. 7B). Furthermore, the
same time course for VDAC oligomerization (Fig. 7C), apop-
tosis (Fig. 7D), and Cyto c release (Fig. 7E) was obtained when
these processes were induced by H2O2 (Fig. 7F), revealing the
close relationship between these processes.

Inhibition of caspase activity had no effect on VDAC
oligomerization. To determine whether caspase activity is re-
quired or involved in VDAC oligomerization, we induced
apoptosis in HeLa and T-REx cells with As2O3 and tested the
effects of the pancaspase inhibitor z-VAD-fmk on VDAC1
oligomerization and Cyto c release (Fig. 8A and B). VDAC
oligomerization (Fig. 8A) and the release of Cyto c (Fig. 8B),
induced by As2O3, were not significantly modified by the con-
centrations of z-VAD-fmk used. It should be noted, however,
that in HeLa cells, but not in T-REx cells, z-VAD-fmk at 5 �M
showed some inhibition of VDAC oligomerization but not of
Cyto c release (Fig. 8A), with increased inhibition observed
when high concentrations of the caspase inhibitor were applied
(data not shown). This may result from a nonspecific effect of

FIG. 4. VDAC1 overexpression induces VDAC oligomerization and apoptotic cell death. (A) T-REx-293 cells were transfected to overexpress
murine VDAC1 (mVDAC1), rat VDAC1 (rVDAC1), E72Q-mVDAC1, or E202Q-mVDAC1. At 72 h following transfection, cells were incubated
with EGS (75 �M) for 15 min and were then subjected to SDS-PAGE and immunoblotting. At the relatively low EGS concentration used, VDAC
oligomers were obtained in cells overexpressing VDAC1 but not in nontransfected control cells. An additional band, above the dimer, appeared
in cells overexpressing VDAC1 (indicated by a hyphen). (B) Apoptosis in cells overexpressing native or mutated VDAC1 was analyzed by use of
AcrOr-EthBro staining 105 h following transfection. The arrow indicates cells in an early apoptotic state, reflected by degraded nuclei (stained
green with acridine orange). The arrowhead indicates cells in the late apoptotic state (stained orange with acridine orange and ethidium bromide).
Bars, 15 �m. (C) Quantitative analysis of apoptosis showed that at 105 h posttransfection, about 55% of the cells presented apoptotic
characteristics.
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the inhibitor. As expected, at the concentrations used, z-VAD-
fmk almost completely inhibited the activated caspases (Fig.
8C and D). The enzymatic activity of activated caspases was
measured by the caspase cleavage of a luminogenic substrate
containing the tetrapeptide sequence DEVD. z-VAD-fmk (2.5
or 5 �M) inhibited (by about 80%) the caspase activity acti-
vated by As2O3 (Fig. 8C), a result that was also reflected in the
inhibition of PARP cleavage (Fig. 8D). These findings suggest
that VDAC oligomerization precedes caspase activation and
thus may precede Cyto c release, which leads to the activation
of caspases.

DISCUSSION

Supramolecular organization of the VDAC and coupling of
VDAC oligomerization to apoptosis. The involvement of the
VDAC in Cyto c release and apoptosis has attracted interest

on several fronts and has been the focus of many recent re-
views (25, 27, 42, 44, 45). Several models have proposed that
the VDAC (either alone or in conjunction with Bax/Bak) me-
diates the delivery of apoptotic proteins across the OMM,
while there is substantial evidence for the formation of higher-
order VDAC-containing complexes (1, 12, 21, 24, 44, 47, 48,
54, 62). Taking previous findings together with our present
finding that VDAC oligomerization is enhanced in cultured
cells upon apoptosis induction, we propose that VDAC oligo-
merization is involved in the release of Cyto c from mitochon-
dria and the subsequent induction of apoptosis. In this study
we provided experimental support for our proposal that dy-
namic VDAC oligomerization mediates the formation of a
large, flexible pore between individual subunits of VDAC1,
serving as a channel for Cyto c crossing the OMM (1, 44, 47,
62). We showed the following. (i) VDAC oligomerization can
be enhanced severalfold upon induction of apoptosis, regard-
less of the cell type used. Various stimuli, such as STS, cispla-
tin, As2O3, curcumin, etoposide, selenite, TNF-�, H2O2, UV
irradiation, or VDAC1 overexpression, all acting via different
mechanisms, induced the formation of similar profiles of EGS-
stabilized cross-linked VDAC dimers, trimers, tetramers, and
higher-order VDAC1-containing complexes (Fig. 1 to 4). (ii)
Induction of apoptotic cell death by VDAC1 overexpression,
regardless of the VDAC1 source, enhanced VDAC oligomer-
ization (Fig. 4). (iii) By use of BRET2 technology, apoptosis
induction or inhibition and modulation of VDAC1 oligomer-
ization were demonstrated in intact living cells (Fig. 5 and 6).
(iv) The VDAC conductance (46) and apoptosis (19, 38) in-
hibitor DIDS also prevented VDAC oligomerization (Fig. 6).
(v) A direct relationship between the extent of VDAC oli-
gomerization and the extent of apoptosis was determined (Fig.
7). (vi) Moreover, a strong BRET2 signal was obtained with a
donor-to-acceptor ratio of 1:8 (Fig. 5C), implying that VDAC
complexes are composed of oligomers of the protein and not
just of dimers. These findings clearly show that apoptosis in-
duction is tightly coupled to VDAC oligomerization. Thus, we
propose that apoptosis induction by various apoptogenic in-
ducers or by VDAC1 overexpression shifts the dynamic VDAC
equilibrium toward oligomerization, leading to the formation
of a protein-conducting channel composed of homo-oligomers,
allowing Cyto c release and subsequent apoptotic cell death
(Fig. 9). Support for the involvement of VDAC oligomeriza-
tion in apoptosis has also been presented in studies showing
that the apoptosis-inducing effect of As2O3 could be attributed
to the induction of VDAC homodimerization, which can be
prevented by Bcl-xL (65). In addition, cross-linking studies
revealed that the hepatitis E virus ORF3 protein upregulated
VDAC expression levels and enhanced levels of oligomeric
VDAC (34).

Since VDAC1 overexpression resulted in enhanced oligo-
merization and apoptotic cell death (Fig. 4), it is possible that
the enhancement of VDAC oligomerization caused by apop-
tosis inducers might result from the upregulation of the VDAC
expression level. Indeed, it has been shown previously, using
gene microarray techniques, that irradiation of apoptosis-sen-
sitive cells, which typically induces apoptosis, caused strong
VDAC upregulation (56), while a proteomics-based investiga-
tion of the anticancer effects of arbutin on A375 cells also
found that the VDAC was upregulated (35). However, under

FIG. 5. VDAC1 oligomerization and BRET2-based assay.
(A) Schematic representation showing energy transfer between
VDAC1-luciferase (RLuc, a light-producing enzyme) as the donor and
VDAC1-GFP2 (fluorophore) as the acceptor, which occurs only when
the donor and the acceptor are spatially close. The BRET2 signal is
obtained when the two VDAC1 molecules interact physically. Com-
pounds enhancing apoptosis lead to VDAC1 oligomerization and thus
enhance the BRET2 signal, while apoptosis inhibitors inhibit VDAC1
oligomerization and therefore decrease the BRET2 signal. The lucif-
erase substrate DBC emits light upon cleavage and thus causes exci-
tation of the proximal GFP2 protein, thereby generating the BRET2
signal. (B) STS, selenite, and As2O3 enhance the BRET2 signal. T-
REx cells expressing hVDAC1 shRNA were cotransfected with plas-
mids encoding rVDAC1-Rluc (0.1 �g) and rVDAC1-GFP2 (0.8 �g).
Luciferase and GFP signals were measured 72 h posttransfection. The
BRET2 signals obtained in cells treated with STS (0.6 �M; 3 h),
selenite (8 �M; 16 h), or As2O3 (20 �M; 16 h) are shown. “Untreated”
refers to cells transfected with the rVDAC1-Rluc plasmid and treated
with the appropriate amount of dimethyl sulfoxide. BRET2 signals
were measured, and BRET2 ratios were calculated as described in
Materials and Methods. The results were collected from three 96-well
plates (STS) or one 96-well plate (selenite and As2O3). (C) Cellular
expression levels of VDAC1-Rluc and VDAC1-GFP2, analyzed by
immunoblotting using anti-VDAC1antibodies.
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the conditions used in this study to induce apoptosis, we ob-
served no increase in VDAC expression levels as determined
by Western blot analysis (data not shown).

Protein oligomerization as a mechanism for the mediation
of Cyto c release and apoptosis. Oligomerization as a mecha-
nism for the mediation of Cyto c release and apoptosis has also
been proposed previously for two key proteins in the mito-
chondrial pathway of apoptosis, Bax and Bak (5, 6, 17, 30, 41,
43). Following apoptosis induction by STS or UV irradiation,
monomeric Bax, either in the cytosol or weakly associated with
mitochondria, became associated with mitochondria as a large
oligomer/complex of 96 or 260 kDa (6, 17). These oligomeric
forms of Bax, which were produced following the application
of various apoptosis stimuli, were proposed to constitute the
structural basis of the Cyto c-conducting channel in the OMM
(5, 30, 50). In particular, apoptosis induction by TNF-� led to
the activation of caspase-8, which cleaved Bid to tBid; this, in
turn, led to the generation of Bax and Bak oligomers, forming
complexes as large as 500 kDa (50). Our results showed that
TNF-� also induced VDAC oligomerization (Fig. 1), hinting
that a tBid-mediated process may also activate VDAC oligo-
merization. Additionally, cleaved Bid has been shown previ-
ously to modulate bilayer-reconstituted VDAC1 voltage gating
(37), suggesting that tBid interacts directly with the VDAC.

The link between the multi-Bcl2 homology domain-contain-
ing, proapoptotic members Bax and/or Bak and VDAC oli-
gomerization remains unclear. As2O3 induced the formation of
Bax and VDAC hetero- and homo-oligomers, and Bax and the

VDAC can form a large pore, which is permeable to Cyto c
(41, 43). It has been suggested that both Bax and Bak interact
physically with the VDAC (18). However, in our studies, we
detected no hetero-oligomers comprising VDAC1 and Bax or
Bak, and similarly, it has been reported previously that Bax
does not interact with either the VDAC or the ANT in the
mitochondria (31). It has also been reported that Cyto c re-
lease and apoptosis can take place in cells devoid of Bax (28,
33, 57, 58), and an extensive study suggested that Bax was not
a major player in the functional loop causing the release of
Cyto c (26). The expression level of Bax in the T-REx-293 and
HeLa cells used in this study was undetectable, suggesting that
in these cells, Bax is not a major component of the apoptosis
machinery. Thus, we propose that VDAC1 homo-oligomers
mediate an alternative route for Cyto c release. Nevertheless,
although we detected no hetero-oligomers comprising VDAC1
and the proapoptotic protein Bax or Bak in our cell lines, we
cannot rule out the possibility that such complexes exist in
other cell lines.

The intraoligomer pore size for a VDAC oligomer is depen-
dent on the number of VDAC monomers forming the pore.
Based on our knowledge of the structure of VDAC monomers
(12, 23, 54, 55), the association of six cylindrical VDAC1
monomers, each with an external diameter of 4.0 nm (repre-
senting the distance between the Cb of Phe236 and the Cb of
Leu100), would result in a central pore with a diameter of 4
nm, thus forming a pathway large enough for the passage of
Cyto c, which has a diameter of 3.4 nm (32) (Fig. 9). Further-

FIG. 6. DIDS inhibits VDAC oligomerization and apoptosis. (A) HeLa cells were incubated with DIDS (100 or 200 �M) for 1 h, after which
they were incubated with or without STS (1.25 �M; 2 h), harvested, cross-linked with EGS (250 �M; 15 min), and then analyzed by immunoblotting
using anti-VDAC antibodies. The dramatic inhibition of STS-induced VDAC oligomerization by DIDS is shown. (B) Representative FACS
analysis of apoptotic cell death, assayed using annexin V–FITC–propidium iodide staining. (C) Quantitative analysis of apoptosis, as measured by
FACS analysis (from panel B). Results of one experiment representative of three similar experiments are shown. (D) Ratios of the BRET2 signals
obtained for cells treated with STS (0.8 �M; 3.0 h) with or without pretreatment with DIDS (100 �M; 1 h). T-REx-293 cells expressing VDAC1
shRNA were cotransfected with plasmids encoding rVDAC1–Rluc (0.1 �g) and rVDAC1–GFP2 (0.8 �g). Data are represented as means 

standard errors of the means.
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more, if the VDAC1 oligomer is composed of more than six
monomers and/or is a dynamic and flexible complex, the di-
ameter of the internal oligomer pore may be even larger than
4 nm. This concept is similar to that previously described for
the insertion of a Bax oligomer into the membrane to create a
suitable pore for the release of Cyto c (5, 6, 17, 30, 41, 43).

VDAC1 oligomerization and signaling. It is well accepted
that diverse apoptotic stimuli converge on a common apoptotic
pathway leading to OMM permeabilization, resulting in the
release to the cytosol of molecules (e.g., Cyto c and AIF) that
are crucial for the activation of downstream effectors of apop-
tosis, i.e., caspases, leading to manifestations of apoptotic cell
death. However, the events that take place before OMM per-
meabilization remain unclear. Our results point to VDAC1

oligomerization as a general mechanism common to numerous
apoptogens acting via different initiating cascades.

To address the sequence of events related to VDAC1 oligo-
merization, we asked whether caspase activation is needed for
VDAC oligomerization. It is well accepted that Cyto c release
is initiated and completed several minutes before caspase-3/7
activity becomes detectable (26); thus, caspase-3 is activated
downstream of Cyto c release. Here we showed that while the
activation of caspases, triggered by As2O3, was completely
inhibited by the broad-spectrum pancaspase inhibitor z-VAD-
fmk (Fig. 8C and D), VDAC oligomerization and Cyto c re-
lease were not (Fig. 8A and B). These results suggest that not
only Cyto c release, but also VDAC oligomerization, is inde-
pendent of caspase activity. Therefore, VDAC oligomerization

FIG. 7. Correlation between the extent of apoptosis and the level of VDAC oligomerization. (A) Immunoblot analysis shows the levels of
VDAC oligomerization (cross-linking with 300 �M EGS for 15 min) induced by STS at various concentrations (0.1 to 0.6 �M for 16 h or 1.25 �M
for 2.5 h) in T-REx-293 cells. (B) Quantitative analysis of the immunostained VDAC dimers and trimers and the extent of apoptosis, presented
as a function of the STS concentration. (C to F) HeLa cells were exposed to H2O2 (12 mM) for the indicated times, after which VDAC
oligomerization (C), apoptotic cell death (D), and Cyto c release (E) were analyzed and presented as a function of time (F).
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must precede the activation of caspases and may precede Cyto
c release, which leads to caspase activation.

The various apoptosis activation signals found to induce
VDAC oligomerization act upstream of Cyto c release. How-
ever, for any given apoptotic pathway, the molecular details of

the upstream events leading to oligomerization, such as when
the events induced by STS, curcumin, H2O2, As2O3, etoposide,
cisplatin, selenite, or UV irradiation are transmitted to mito-
chondria, triggering VDAC1 oligomerization, are unknown.
For example, STS, which is generally considered to mediate

FIG. 8. Caspase activity is not required for VDAC oligomerization. Cells were preincubated with or without zVAD-fmk (2.5 or 5 �M with HeLa cells
and 50 �M with T-REx cells, for 1.5 h), followed by As2O3 treatment (30 �M for 17 h). (A and B) Cells were analyzed for VDAC oligomerization (A) and
Cyto c release (B). (C) The enzymatic activities of the caspases were followed by measuring the bioluminescent signals using a microplate reader, as
described in Materials and Methods. (D) Caspase activity, as reflected by PARP cleavage, was analyzed by immunoblotting. The immunoblot was probed
with a rabbit anti-PARP polyclonal antibody. Immunoblotting of actin, as a loading control, is also presented.

FIG. 9. Model for apoptotic signals inducing VDAC1 oligomerization-mediated Cyto c release. (A) Side view of membranal VDAC1 (in blue) and
a proapoptotic protein (in red), both predominantly in the monomeric state. (B) When an apoptotic signal (e.g., STS, curcumin, As2O3, etoposide,
cisplatin, selenite, TNF-�, H2O2, UV irradiation, or VDAC1 overexpression) is encountered, oligomerization of VDAC as homo- or hetero-oligomers
is enhanced, leading to pore formation between VDAC �-barrel monomers. While apoptosis inducers facilitate homo- and/or hetero-oligomer formation,
apoptosis inhibitors (e.g., DIDS) inhibit such oligomerization and thereby inhibit Cyto c release and apoptotic cell death.
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apoptosis through a mitochondrion-mediated mechanism, is an
inhibitor of protein kinase C and other protein kinases and
induces apoptosis via various cellular events, including sup-
pression of p38 phosphorylation and activation of Jun N-ter-
minal protein kinase (JNK) (64). Curcumin-induced apoptosis
has been shown to involve mainly a mitochondrion-mediated
pathway in various cancer cells originating from different tis-
sues (16). Cell death induced by As2O3 was found to coincide
with Cyto c release, indicating activation through the mito-
chondrial apoptosis pathway (65). Apoptosis induction by cis-
platin required p53-mediated activation of p38a mitogen-acti-
vated protein kinase (MAPK) through the generation of
reactive oxygen species (ROS), with mitochondria being a crit-
ical target (59). Furthermore, cisplatin interacted directly with
the VDAC (59), and cisplatin-induced Bax activation, Cyto c
and AIF release, and caspase-3 maturation were reduced in
cells in which VDAC1 expression was suppressed (51).

A factor that may contribute to the modulation of the
VDAC’s oligomeric state is its phosphorylation state. VDAC1
possesses a number of potential phosphorylatable residues,
several of which have been shown to undergo phosphorylation
(11, 13). Thus, it is possible that protein kinases control VDAC
oligomerization by phosphorylating the VDAC itself or its
binding partners. Direct modification of the oxidation state of
the VDAC may also affect its oligomeric form. It has been
suggested that Cyto c release is a ROS-dependent process (36).
H2O2-induced apoptosis has been shown to be inhibited by
DIDS or anti-VDAC antibodies (29). Moreover, it has been
proposed that some anticancer agents induce caspase-depen-
dent apoptosis in cancer cells by production of ROS via the
quinone-reducing activity of VDAC1 (49). In our study, H2O2

induced VDAC oligomerization (Fig. 2), while DIDS inhibited
it (Fig. 6). A previous study revealed that ROS may also affect
VDAC oligomerization indirectly, by oxidation of cardiolipin
and dissociation of Cyto c from this lipid (36). This, together
with our finding that VDAC oligomerization is highly encour-
aged by Cyto c (62), suggests that unbound Cyto c promotes
VDAC oligomerization, Cyto c release, and subsequent apop-
tosis.

Finally, VDAC overexpression resulted in a dramatic in-
crease in the oligomeric status of the VDAC (Fig. 4) and in
apoptotic cell death (2, 19, 44, 47, 61). Although the mecha-
nism underlying the induction of cell death by VDAC1 over-
expression remains unclear, our results suggest that this may be
mediated via VDAC oligomerization, leading to enhanced ac-
tivation of caspase-9 and elevated production of ROS (60). It
should be noted that apoptosis induced by VDAC1 overex-
pression has common features with apoptosis induced by other
stimuli (e.g., STS, H2O2), such as inhibition by RuR (61), Bcl2
(19), HK-I overexpression (3, 8, 61), or DIDS (19), all agents
that interact with VDAC.

To conclude, the results presented here show that all apop-
tosis inducers, irrespective of their chemical formulae and
mechanisms of action, induced VDAC oligomerization, indi-
cating a strong coupling between VDAC oligomerization and
apoptosis induction. Thus, VDAC oligomerization is likely a
common denominator of mitochondrion-mediated apoptosis.
Furthermore, VDAC oligomerization plays a crucial role in
many apoptotic signaling cascades allowing the OMM to be-
come permeable to Cyto c, thereby allowing the initiation of

downstream apoptotic events. Thus, targeting of the oligo-
meric status of VDAC, and hence of apoptosis, offers a ther-
apeutic strategy for combating cancers and neurodegenerative
diseases.
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