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Outer membrane VDAC1 controls permeability transition
of the inner mitochondrial membrane in cellulo during
stress-induced apoptosis
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Voltage-dependent anion channel (VDAC)1 is the main channel of the mitochondrial outer membrane (MOM) and
it has been proposed to be part of the permeability transition pore (PTP), a putative multiprotein complex candidate
agent of the mitochondrial permeability transition (MPT). Working at the single live cell level, we found that overexpression of VDAC1 triggers MPT at the mitochondrial inner membrane (MIM). Conversely, silencing VDAC1 expression results in the inhibition of MPT caused by selenite-induced oxidative stress. This MOM-MIM crosstalk was
modulated by Cyclosporin A and mitochondrial Cyclophilin D, but not by Bcl-2 and Bcl-XL, indicative of PTP operation. VDAC1-dependent MPT engages a positive feedback loop involving reactive oxygen species and p38-MAPK,
and secondarily triggers a canonical apoptotic response including Bax activation, cytochrome c release and caspase
3 activation. Our data thus support a model of the PTP complex involving VDAC1 at the MOM, and indicate that
VDAC1-dependent MPT is an upstream mechanism playing a causal role in oxidative stress-induced apoptosis.
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Introduction
The mitochondrial inner membrane (MIM) can undergo a sudden increase in permeability to ions and
small solutes that then equilibrate across the membrane
while the macromolecules >1 500 Da remain trapped in
the mitochondrial matrix. This sudden change is called
the mitochondrial permeability transition (MPT) and is
accompanied by an immediate collapse of the mitochondrial membrane potential (∆ψ). The resulting osmotic imbalance leads – at least in vitro – to mitochondrial matrix
swelling and rupture of the mitochondrial outer membrane (MOM) [1]. While the conditions capable of causing the latter osmotic process are probably never met in
cellulo, under specific conditions, MPT can, however, be
followed by the release of cytochrome c (cyt c) and other
mitochondrial proteins into the cytoplasm and apoptosis
[2]. MPT is thought to be mediated by the opening of
a putative voltage-dependent high-conductance mega-
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channel called the permeability transition pore (PTP) [3].
Based on several biochemical and functional studies,
a general consensus was reached that the PTP is a multicomponent protein complex. The PTP complex would
assemble at contact sites between the MIM and the
MOM as a consequence of interactions between VDAC1
(voltage-dependent anion channel), ANT (adenine nucleotide translocase) and Cyp-D (cyclophilin D) [4].
However, mitochondria from knockout mice lacking the
ANT, Cyp-D or VDAC can all undergo MPT [5]. Hence,
alternative models have been proposed where the MPT
is not caused by a PTP complex constituted of defined
proteins, but instead results from unspecific interactions
between mitochondrial membrane proteins [6, 7]. Alternatively, Cyp-D may act as a “PTP-organizing centre”
for other mitochondrial proteins spanning the mitochondrial membranes such as solute carriers or constituents of
the protein import machinery.
VDACs, also known as mitochondrial porins, are
the most abundant integral membrane proteins found in
the MOM. They form pores that are permeable to hydrophilic solutes up to 3 000 Da [8-10]. The structure of
VDAC1, the most abundant isoform, has recently been
solved by NMR and X-ray crystallography [11-13].
VDAC1 presents in reconstituted systems the following
two main conductance states depending on the voltage
applied: a slightly anion-selective open state that allows
the diffusion of large metabolites including nucleotides
and a cation-selective low-conductance closed state that
controls the ATP flux through the membrane [14]. It is
not clear what shifts VDAC1 between the two states in
vivo.
Some models of MOM permeabilization during apoptosis consider that VDAC1 is a key player in this process. According to Tsujimoto and co-workers [15, 16],
in physiological conditions, VDAC1 prominently exists
in a low-conductance state that allows the exchange of
metabolites between the mitochondria and cytosol. Upon
apoptosis induction, VDAC1 exhibits an increased conductance associated with PTP opening, dissipation of
∆Ψ, efflux of inter membrane space (IMS) proteins and
cell death. In contrast, Thompson and colleagues [17]
propose that VDAC1 exists normally in a high-conductance state and shifts to closed state in pro-apoptotic conditions. They postulate that VDAC1 closure leads to a
transient hyper-polarization driving the influx of charged
solutes and water, thus causing matrix swelling, MOM
rupture, release of IMS proteins and cell death [18].
Interestingly, VDAC has been reported to bind to
the pro- and anti-apoptotic proteins of the Bcl-2 family
that regulate the permeability of the MOM [18, 19]. It
may interact with mitochondrial proteins involved in the

formation of contact sites between the inner and outer
membranes [20]. It may also bind to cytosolic proteins,
such as hexokinase I and hexokinase II [21-23], or to
cytoskeletal proteins like actin [24], gelsolin [25] and
tubulin [26]. These ligands have been proposed to influence the response of VDAC1 to Bcl-2 family proteins
and thereby modulate its role in apoptosis [27].
VDAC1 expression levels are finely tuned in the cell.
Downregulation by silencing dramatically slows cell
growth and decreases ATP production in human T-REx293 cells [28]. VDAC1 overexpression induces apoptotis in animal, worm and vegetal cells, suggesting that
VDAC is part of the mitochondrial death machinery [2932].
Selenium is an essential micronutrient, which, upon
conversion to the amino acid selenocysteine, enters selenoproteins including glutathione peroxidase and thioredoxin reductase [33]. At micromolar concentrations,
sodium selenite induces oxidative stress [34, 35], and induces PTP opening, making this element one of the most
potent inducers of MPT. Concentrations of 0.1-10 µM
selenite are sufficient to produce cyclosporin A (CsA)sensitive mitochondrial ∆Ψ collapse in living cells [36].
Although the notion that VDAC1 might somehow be
involved in cell death is a recurrent theme in the apoptosis literature, the molecular mechanism of VDAC1 regulation and its participation in the PTP complex are still
debated. In this work, we provide evidence that VDAC1
functionally participates in the PTP complex in cellulo.
Moreover, we found that upon VDAC1 depletion, cells
became specifically insensitive to the oxidative stress
inducer sodium selenite but not to staurosporine (STS),
thus indicating that VDAC1 underlies the sensitivity of
the PTP complex to reactive oxygen species (ROS).
Our observations thus indicate that (i) VDAC participates in the PTP complex in cellulo and (ii) it is a ROS
sensor [37] that triggers opening of the PTP complex under conditions of oxidative stress [2, 34, 38-40] but not
during “physiological” apoptosis mimicked by STS [41].

Results
Overexpression of VDAC1 triggers PTP operation and
signals cell death through p38 kinase activation
To test the possible participation of VDAC1 in MPT in
cellulo, we transientlty overexpressed it in COS7 cells as
a HA-tagged protein using the double promoter reporter
vector pCMS-GFP. Under those conditions, VDAC1 is
overexpressed (Figure 1B) and correctly sorted to the
MOM of mitochondria (Figure 1A). Since the expression of VDAC1-HA (immunofluorescence with anti-HA,
Figure 1B) was always associated with the expression
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of green fluorescent protein (GFP), we used the GFP
signal as a transfection marker to perform analysis on
individual living cells. To detect MPT, we monitored ∆Ψ
with the Nernstian dye tetramethylrhodamine methylester (TMRM) in living cells overexpressing VDAC1 (48
h post-transfection, GFP-positive cells). Measurement of
GFP and TMRM (∆Ψ) signals by flow cytometry showed
that over 60% of the cells overexpressing VDAC1 exhibited a collapsed ∆Ψ (Figure 1C), compatible with the
idea that upregulation of VDAC1 triggers MPT. The loss
of ∆Ψ observed in VDAC1-transfected cells was specific
for VDAC1. Transfection of proteins targeted to other
locations in the cell failed to induce ∆Ψ changes (not
shown). Notably, to test whether the loss of ∆Ψ induced
by VDAC1 could simply be due to an “overcrowding effect” resulting in non-specific MOM destabilization, we
overexpressed an artificial integral outer mitochondrial
membrane protein (MOM-GFP) [42] and found no significant MPT induction (Figure 1D).
Further, the PTP-dependence of the observed effect
was suggested by the fact that concomitant overexpression of Cyp-D, which is also a candidate subunit of the
PTP complex and regulates channel closure [43], efficiently antagonized MPT induced by VDAC1 upregulation (Figure 1D). These findings suggest that the ∆Ψ
collapse that accompanies VDAC1-induced MPT is a
direct consequence of the operation of the PTP complex
rather than a downstream event dependent on effector
caspases [44]. This conclusion is supported by the following experimental evidence: (i) expression of VDAC1
in POR1-deleted yeast cells elicits MPT in the absence
of any Bcl-2 family protein or effector caspases (data not
shown), (ii) neither Bcl-2 nor Bcl-XL could prevent ∆Ψ
dissipation by VDAC1 (Figure 1D) and (iii) neither the
pan-caspase inhibitor zVADfmk nor the XIAP protein
could prevent VDAC1-induced MPT, while CsA, a reference PTP inhibitor, counteracted the effects of VDAC1
upregulation (Figure 1E). Remarkably pre-treatment
with either the antioxidant N-acetyl-Cysteine (NAC) or
the p38 inhibitor SB203580 [45] strongly reduced the
∆Ψ loss induced by VDAC1 overexpression (Figure 1E),
suggesting the involvement of ROS and MAP kinases in
a positive feedback loop aggravating MPT.
To unequivocally assess the role of ROS in hVDAC1induced apoptosis, we measured the intracellular ROS
production by monitoring the increase in dichlorofluorescein diacetate (DCFH-DA) dye fluorescence in living
cells by confocal microscopy. An increase in DCFH-DA
fluorescence intensity was observed approximately 18 h
post transfection in cells overexpressing hVADC1. The
DCFH-DA fluorescence decreased after 30 h of VDAC1
overexpression, probably as a consequence of the actiwww.cell-research.com | Cell Research

vation of intracellular ROS scavengers (Figure 2A). In
contrast, control cells maintained a relatively stable, low
ROS production throughout the experimental period (30
h). The increase in intracellular ROS levels induced by
hVDAC1 overexpression was completely abrogated by
pre-treatment with NAC (Figure 2A).
VDAC1-induced MPT committed HeLa cells to apoptotic death. Following ∆Ψ collapse induced by VDAC1,
Bax was activated and relocated to the MOM in 80% of
the cells (Figure 2C). Concurrent with Bax activation, a
similar fraction of transfected cells showed diffuse cyt c
staining (Figure 2D).
Caspase activation is a fundamental component in the
mammalian apoptotic process. Caspase 3 is one of the
main executioner caspases activated during apoptosis,
and this activation can be used as an apoptotic marker.
Caspase 3 activation was assessed in living cells with
Caspatag®. Caspase 3 was activated in cells overexpressing VDAC1 for 50 h (50% vs 18% in control cells, P <
0.01). A similar level of caspase activation was reached
after challenging cells with the apoptotic inducers, STS
and selenite (Figure 2B).
Taken together, these findings indicate that the MPT
triggered by VDAC1 upregulation is mediated by ROS
generation and triggers a canonical sequence of apoptotic
signaling events marked by an early p38-dependent positive feedback loop.
Sodium selenite induces cell death via PTP operation
and p38 kinase activation
To further test the possible participation of VDAC1 in
the PTP, we investigated the signaling pathway triggered
by sodium selenite, which is known to trigger PTP opening in cellulo [34-36]. Time-course experiments indicated
that 73% of HeLa cells incubated with 20 µM sodium selenite underwent ∆Ψ collapse after a 3-h exposure (Figure
3A). Kinetic measurements of Bax translocation and cyt
c release were performed with clones stably expressing
GFP-Bax (Cl10) or Cyt c-GFP (2H18). These experiments revealed that in most cells (70%), Bax relocates to
the MOM and cyt c diffuses into the cytosol with a delay
of about 3 h with respect to PTP opening (Figure 3A).
Pre-incubation with 10 µM CsA efficiently prevented
selenite-mediated mitochondrial depolarization (Figure
3B), confirming that selenite directly stimulates PTP
opening. In agreement with the notion that selenite exerts
its pro-apoptotic effects by oxidizing thiol-containing
cellular substrates and generating ROS [36, 46, 47], we
found that intracellular ROS increased within 30 min
after selenite addition, reached the maximum value at
45 min and then returned to the basal level (Figure 3C).
This transient ROS increase appeared to be the cause of
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Figure 1 VDAC1 overexpression triggers the PTP opening via ROS increase and p38 activation. (A) Subcellular localization
of recombinant overexpressed hVDAC1-HA. The upper panel shows the immunofluorescence of the HA (VDAC, red) and
the endogenous mitochondrial protein ANT2 (green) in COS7 cells transfected with pIRES-hVADC1HA. The right panel is a
magnification of the indicated area. Fluorescence distribution analysis indicates the colocalization of recombinant hVDAC1HA and endogenous ANT2 on a single mitochondrion. Two more double immunofluorescences are shown in the lower panel.
Left: hVDAC1-HA (red) colocalizes with activated mitochondrial Bax (green) in the MOM; Right: the hVDAC1-HA signal (green)
in the MOM encircles the ANT2 signal (red) in the MIM. (B) pCMS-GFP-hVDAC1-HA transfection results in a simultaneous
expression of both mitochondrial hVDAC1-HA (red, anti-HA) and cytosolic GFP (green). The western blot in the right panel
shows the time-dependent increase of the hVDAC1 levels in cells transfected with pCMS-GFP-hVDAC1-HA. Total lysates
from HeLa cells transfected or not with pCMS-GFP-hVADC1HA were immunoblotted by using an anti-VDAC1 antibody.
β-Actin served as loading and transfer efficiency control. (C) Effect of hVDAC1 upregulation on mitochondrial ∆Ψ. COS-7
cells were transfected with pCMS-GFP-VDAC1-HA or with the control pCMS-GFP, incubated with TMRM to monitor ∆Ψ and
then examined either under an inverted fluorescent microscope or by flow cytometry. Left panels: representative flow cytometric dot plots of GFP or GFP+VDAC1 transfected cells stained with TMRM. Upper right panel: quantification of the fraction
of cells with collapsed ∆Ψ among the GFP-positive and negative cells (fraction of cells with low FL3 signal and high FL1 signal). Bars: SE, * indicates a significant difference (P < 0.001, χ2-test). Lower right panel: representative image of pCMS-GFPVDAC1-HA transfected cells loaded with TMRM showing a GFP/VDAC1 positive cell that failed to take up TMRM due to
∆Ψ collapse, thus appearing unstained in the red channel. (D) Regulation of VDAC1 induced ∆Ψ collapse by simultaneous
overexpression of some apoptotic modulators. The histogram shows the percentage of cells with a collapsed ∆Ψ measured
by flow cytometry in COS-7 cells overexpressing both hVDAC1 (dark gray series) and one of the following proteins: cyclophilin D (Cyp-D), Xiap, Bcl-2 and Bcl-XL. Simultaneous transfections of all these apoptotic modulators with the empty vector
pCMS-GFP were used as controls (light gray series). To discard the risk of the toxicity coming from the overexpression at
the MOM level, we also transfected a tail-anchored GFP construct targeting the MOM (GFP-MOM) as a control. Bars: SE, *
indicates a significant difference compared with the VDAC1 only group (P < 0.001, χ2-test). (E) Pharmacological modulation
of the ∆Ψ collapse induced by hVDAC1. COS-7 cells transfected with pCMS-GFP-VDAC1-HA were exposed to the following
drugs: 50 µM zVADfmk, 10 µM CsA, 10 µM SB203580 or 10 mM N-Acetyl-Cystein (NAC). ∆Ψ was probed with TMRM and
detected by flow cytometry. Bars: SE, * indicates a significant difference compared with the hVDAC1 group (P < 0.001, χ2test).
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Figure 2 VDAC1 overexpression induces Bax activation, cytochrome c release and caspase cleavage. (A) Intracellular ROS
formation in HeLa cells overexpressing hVDAC1. Cells transfected with pCMSmtDsRed-hVADC1 (red) or the empty vector
pCMSmtDsRed (red) were loaded with DCFH-DA (green), as described in Materials and Methods. Fluorescence intensity
was monitored by imaging on individual cells, 18 h and 30 h after transfection. Cells overexpressing hVDAC1, detected by
means of the transfection marker mtDsRed were scored for the green signal due to the DCFH oxidation. The treatments with
10 mM NAC completely prevented the increase in green fluorescence associated to the hVDAC1 overexpression. Images
were analyzed by drawing regions around individual cells and measuring the value of fluorescence as shown in the chart.
Values represent the average of fluorescence measured inside the cell corrected from the basal fluorescence. The results
are representative of 30 cells from two independent experiments for each condition. (B) Caspase 3 activity detected in HeLa
cells transiently transfected with pCMS-DsRed-hVDAC1 by using the Caspatag® method. The controls used were the following: untreated HeLa cells, HeLa exposed to 20 µM selenite or 500 nM staurosporine for 12 h and HeLa transfected with the
empty vector pCMS-DsRed. Fluorescence of the dye was measured by flow cytometry on at least 20 000 events for each
group. Experiments were done in triplicate. Asterisks indicated a significant difference compared to the untreated or untransfected controls (P < 0.001, χ2-test). (C) VDAC1 overexpression induces mitochondrial Bax translocation (Baxm). Upper row:
two-color analysis of a HeLa cell transfected with pIRES-VDAC1-HA, fixed and doubly immunostained with a monoclonal
antibody against HA (red, VDAC1) and a polyclonal antibody against endogenous activated mitochondrial Bax (green, Baxm).
Lower row: cells were scored for mitochondrial Bax by analysis of multiple fields using Metamorph 4.5 software, and data
are presented in the histogram as percentage of cells with mitochondrial Bax among the VDAC1-positive ones. Cells transfected with the empty pIRES plasmid were used as controls. A total of 50 cells were analyzed for each group. Bars: SE, *
indicates a significant difference (P < 0.001, χ2-test). (D) VDAC1 overexpression induces cytochrome c release. The images
represent two-color analysis of HeLa cells transfected with pCMS-DsRed-VDAC1-HA or pCMS-DsRed as a control, fixed and
immunostained for endogenous cytochrome c (green). Histogram: cells were scored for cytochrome c release by analysis of
multiple fields using Metamorph 4.5 software, and data are presented in the histogram as percentage of cells with released
cytochrome c among the transfected cells. A total of 50 cells were analyzed for each group. Bars: SE, * indicates a significant
difference (P < 0.001, χ2-test).

MPT triggered by selenite. Indeed, the antioxidant NAC
(10 mM) completely inhibited the effect of selenite on
www.cell-research.com | Cell Research

∆Ψ in HeLa cells (Figure 3B). Strikingly, pre-incubation
with the p38 inhibitor SB203580 also inhibited the ∆Ψ
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in triplicate. Asterisks indicated a significant difference compared to the control (P < 0.001, χ2-test). (D) p38 activation was
monitored by western blotting using a specific anti-Pp38 antibody (phospho-p38) on extracts of HeLa cells incubated with 20
µM selenite for the indicated time. Treatment with 400 µM H2O2 for 1 h was used as positive control. (E) Caspase activation
in response to treatment with 20 µM selenite (Sel) for 12 h was monitored in HeLa cells through immunofluorescence by using a specific antibody raised against the active cleaved form of caspase 3 (CC3). Exposure to 500 nM staurosporine (STS)
for 12 h was used as positive control. The histogram shows the quantitative determination of CC3-positive cell percentage by
flow cytometry. Bars: SE, * indicates a significant difference (P < 0.001, χ2-test). (F) Selenite induces inter-nucleosomal DNA
degradation. HeLa cells treated for 15 h with, 20 µM selenite (Sel) in presence or absence of 10 µM zVADfmk, 500 nM staurosporine (STS) as positive “apoptotic” control or 400 µM H2O2 as negative “necrotic” control. M, marker; NT, non-treated.

drop caused by selenite (Figure 3B), suggesting that here
again p38 was involved in a loop controlling PTP open-

ing upon selenite exposure.
Kinetic analysis carried out in HeLa cells revealed that
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the active phosphorylated form of p38 was detectable 1
h after selenite challenge (Figure 3D). It is noteworthy
that this early p38 phosphorylation persisted for up to 6
h (Figure 3D), while ROS production was transient and
rapidly declined after 1 h.
Several mechanisms have been proposed to account
for ROS-mediated cell death, including caspase-dependent or -independent apoptosis, as well as necrosis. To
unambiguously distinguish between these possibilities,
we investigated whether selenite leads to caspase activation.
Confocal microscopy and flow cytometry showed an
increase in staining for the cleaved/active form of caspase 3 (in 80% of HeLa cells 12 h after selenite addition)
(Figure 3E). These results were confirmed by using the
caspatag test (Figure 2B). Furthermore, selenite induced
DNA laddering that was inhibited by the pan-caspase inhibitor z-VAD-FMK (Figure 3F). This suggests that cell
death triggered by selenite involves a canonical apoptotic
execution.
Involvement of VDAC1 in the cell death pathway triggered by selenite
Since VDAC1 upregulation is capable of triggering PTP operation committing cells to apoptosis, we
reasoned that selenite-mediated PTP activation and
subsequent MPT might be prevented by lowering the
endogenous levels of VDAC1. Therefore, we silenced
VDAC1 in HeLa and Cl10 cells by RNA interference.
Under our experimental conditions, VDAC1 was almost
completely suppressed on the sixth day post transfection in both cell lines (Figure 4A). VDAC1 silencing
inhibited cell proliferation (not shown) probably because
of an impaired ATP-ADP exchange between the cytosol
and the mitochondrion [28]. Indeed, in the absence of
external stimuli, we detected identical ∆Ψ values in both
control and VDAC1-depleted HeLa cells (Figure 4B).
Next, we monitored ∆Ψ in VDAC1-silenced HeLa cells
upon apoptotic stimulation. While selenite treatment induced ∆Ψ collapse in the control cells, no ∆Ψ changes
were detectable in cells lacking VDAC1. This indicates
that VDAC1 is required for PTP opening by selenite.
Moreover, VDAC1 silencing also prevented secondary
mitochondrial translocation of Bax (Cl10 cells, Figure
4C) and cyt c release (HeLa cells, Figure 4D). Effect of
VDAC1 silencing was specific to selenite, as Bax activation, cyt c release and ∆Ψ collapse were induced by
STS irrespective of VDAC1 levels (Figure 4B, 4C and
4D). These data demonstrate that depletion of VDAC1
not only delays, but completely and selectively prevents,
the activation of apoptosis under conditions of oxidative
stress caused by selenite. VDAC1 thus seems to be spewww.cell-research.com | Cell Research

cifically required when apoptosis is triggered as consequence of PTP opening. Correlatively, we observed that (i)
upregulating VDAC1 promoted by itself p38 phosphorylation and (ii) that silencing VDAC1 strongly reduced
the activation of p38 induced by selenite (Figure 4E).
The inhibitory effect of VDAC1 RNAi on all components of the selenite-induced apoptotic cascade argues
for an essential role of VDAC1 within the PTP complex,
determining the cell fate during oxidative stress.

Discussion
VDAC1 overexpression provokes MPT
Baines et al. [5] recently showed that the three mammalian VDAC isoforms are all dispensable for the induction of MPT, which leads to cell death. This result suggests that VDAC, and especially the VDAC1 isoform, is
not a part of the PTP. On the other hand, the literature is
crowded of papers reporting a role for VDAC1 in PTPmediated apoptosis [6, 28, 30]. In our opinion, it is difficult to exclude potential compensatory effect in the mice
lacking VDAC1 gene. In other words, the comparison of
our model of VDAC1 characterization in cellulo and the
study of VDAC1 −/− ES cells is truly difficult if not impossible.
In this work, we show that overexpression of VDAC1
triggers ∆Ψ collapse in living cells. Concomitant overexpression of Cyp-D, which participates in the PTP complex, counteracts this ∆Ψ collapse. These observations
strongly support the notion that VDAC1 is a constituent
of the PTP complex at the MOM, as overexpression of
VDAC1 in the MOM results in a change in the permeability of the MIM, that is itself regulated by the matrix
protein Cyp-D.
Downstream of the ∆Ψ collapse triggered by VDAC1
overexpression, we detected Bax activation and cyt c
release, which are classical hallmarks of the intrinsic
pathway of apoptosis. Depending on the apoptotic stimulus, ∆Ψ collapse can be an early event [2, 48], possibly
regulated by the Bcl-2 family [15, 49] or a late event occuring downstream of caspase activation [50, 51]. Here,
we found that the concomitant overexpression of Bcl-2/
Bcl-XL or treatment with the pan-caspase inhibitor zVAD-FMK failed to rescue mitochondria from VDAC1induced ∆Ψ collapse. Moreover ∆POR1 yeast-strains,
which do not express any Bcl-2 family members or caspases, also exhibited ∆Ψ collapse following exogenous
VDAC1 expression (not shown). We conclude that, upon
VDAC1 overexpression, ∆Ψ collapses as a direct consequence of the opening of the PTP complex, which neither
depends on Bcl-2 family members nor on caspases. It
therefore constitutes in this case an upstream event that
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Figure 4 VDAC1 is required for selenite-induced cell death (A) Silencing of VDAC1 expression in HeLa cells or Cl10 cells.
Total lysates from HeLa cells or Cl10 cells transfected with specific siRNA for VDAC1 or with scrambled siRNA as control,
were immunoblotted by using an anti-VDAC1 antibody. β-Actin served as loading and transfer efficiency control. (B) Seleniteinduced ∆Ψ dissipation is prevented by depleting VDAC1. The histogram shows the percentage of cells with a collapsed
∆Ψ in HeLa cells either non-transfected (NT), transfected with scrambled siRNA (Ctrl) or transfected with siRNAs targeting
VDAC1 (hVDAC1). ∆Ψ was monitored by flow cytometry using TMRM as probe following 6 h of incubation in the presence
or the absence of 20 µM selenite (Sel) or 500 nM staurosporine (STS). Treatment with 1 µM FCCP served as positive control. Bars: SE, * indicates a significant difference (P < 0.001, χ2-test). (C) Selenite-induced mitochondrial Bax translocation is
reduced in VDAC1-silenced Cl10. The histogram shows Cl10 cells either non-transfected (NT), transfected with scrambled
siRNA (Ctrl) or transfected with siRNAs targeting VDAC1. GFP-Bax distribution was monitored by flow cytometry following
6 h of incubation in the presence or absence of 20 µM selenite (Sel) or 500 nM staurosporine (STS). Bars: SE, * indicates a
significant difference (P < 0.001, χ2-test). (D) VDAC1 downregulation abrogates the release of cytochrome c following selenite
exposure. Confocal microscopy analysis of HeLa cells transfected with scrambled siRNA or VDAC1-siRNA and incubated
in presence or absence of 20 µM selenite (Sel) or 500 nM staurosporine (STS) for 6 h before being processed for immunofluorescence by using an antibody anti-cytochrome c. Note that VDAC1 depletion blocks the effect of selenite treatment on
∆Ψm reduction, Baxm translocation and cytochrome c release, but does not affect staurosporine-mediated apoptotic change.
(E) VDAC1 depletion reduces selenite-mediated p38 activation, while VDAC1 overexpression activates per se p38. p38
phosphorylation was monitored by western blotting using the anti-Pp38 antibody on the following cell extracts: Ctrl (HeLa untreated), Sel (HeLa exposed to 20 µM selenite for 6 h), VDAC1-siRNA (HeLa transfected with VDAC1-siRNA and exposed to
20 µM selenite for 6 h) and VDAC1 (HeLa transfected with pCMS-GFP-VDAC1).

triggers the translocation of Bax, the release of cyt c and
the activation of caspases.
VDAC1, ROS and selenite: potential mechanisms of PTP
opening
It seems likely that the involvement of VDAC in ap-

optosis is not universal but that it rather constitutes an
alternative pathway triggered in conditions of oxidative
stress. Interestingly, intracellular ROS rises prior to cyt
c release during the activation of several apoptotic pathways, in particular those triggered by hyperglycemia,
ischemia/reperfusion or viral infection [52-54]. Active
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forms of cell death in yeast and plants also involve ROS,
suggesting the existence of an ancestral redox-sensitive
death-signaling pathway that is independent of caspases
and Bcl-2 [55].
Han et al. [56] showed that VDAC1 is a major escape
route for superoxide anions produced by the respiratory
chain in mitochondria. In general, VDACs have often
been considered as mediators of apoptosis induced by
ROS [37, 57-60]. Recently, Simamura et al. [61] demonstrated that the anti-cancer activity of the furanophtoquinone FNQ13 was potentiated by overexpression of
VDAC1 and the mitochondrial production of ROS. This
finding confirms a previous report from our lab where
it was demonstrated that plasma membrane VDAC may
act as a transmembrane oxidoreductase using the cytoplasmic NADH as the reducing species [62]. Among
candidate chemotherapeutic agents, sodium selenite is
one of the most powerful MPT inducers. It reacts directly
with cysteine clusters oxidizing the sulfhydryl groups
to disulfide linkages, thereby inactivating enzymes [63],
and producing both superoxide and peroxide [47]. In this
work, we have shown that, following selenite exposure,
ROS increase early and activate an apoptotic pathway
similar to that induced by VDAC1 overexpression. This
cascade is blocked by incubation with the antioxidant
NAC. Intriguingly, the p38 MAPK inhibitor SB203580
antagonizes ∆Ψ collapse induced by either selenite exposure or VDAC1 overexpression, suggesting that an amplification loop exists between the PTP and p38 kinase.
Notably, p38 is involved in several apoptotic pathways mediating Bax activation and translocation [64].
Our work indicates that, following selenite treatment or
VDAC1 overexpression, p38 is phosphorylated. Since
ROS induce prolonged MAPK activation by oxidizing/
inactivating the relevant phosphatases [65], the prolonged p38 phosphorylation after selenite exposure or
VDAC1 upregulation might result from the oxidative
inactivation of p38 phosphatases.
In summary, we have demonstrated that interference
with ROS and p38 pathways protects against apoptosis
induced by selenite exposure or VDAC1 upregulation.
On this basis, we propose that selenite or VDAC1 raises
ROS, leading to phosphorylation of p38. Active P-p38
then exerts positive feedback on VDAC1, thus precipitating ∆ψ collapse. The mechanism by which p38 regulates
VDAC1-dependent MPT might involve a phosphorylation cascade targeting VDAC1 itself or other regulators
of the PTP. Accordingly, VDAC1 has been shown to be
phosphorylated by p38 following myocardial ischemia
and reperfusion, while the inhibition of p38, which is
cardioprotective, reduces the phosphorylation of VDAC1
[66].
www.cell-research.com | Cell Research

VDAC1 as a selective mediator of the response to oxidative stress
Silencing VDAC1 made cells insensitive to selenite.
Consistent with this finding, VDAC1-siRNAs lower the
ROS as well as cell death induced by FNQ13 [61], and
downregulation of VDAC1 reduces apoptosis induced by
cisplatin [67]. Conversely, VDAC1 downregulation does
not affect cellular responsiveness to inducers of physiological apoptosis like STS. This finding supports the
following two non-exclusive hypotheses: (i) PTP composition may change depending on the stimulus type and
(ii) PTP operation may be dispensable in some apoptosis
pathways.
VDAC1 depletion not only completely blocked ∆Ψ
collapse upon selenite exposure, but also prevented the
entire cell death cascade, as Bax activation, cyt c release
and p38 phosphorylation no longer took place. Since
selenite-induced cell death mainly depends on ROS generation and PTP opening, we conclude that the assembly of a functional PTP, its opening and the onset of a
secondary ROS amplification loop [39] can be achieved
only in the presence of VDAC1.
VDAC1 as a therapeutic target
VDACs are nowadays considered to be promising
targets for pro-apoptotic anti-cancer drugs and for antiapoptotic tissue-sparing compounds. Some classic drugs
like cisplatin have been shown to be influenced by
VDAC [67]. Interestingly, new molecules like FPQ13
[61], methyl jasmonate [68], erastin [60] have been demonstrated to affect the viability of cancer cells through
VDACs. Their selectivity for cancer cells is possibly
connected to the increase in VDAC expression seen in
cancer [61, 69]. In this work, we have demonstrated a
role for VDAC in apoptosis induced by oxidative stress.
Consistent with this, we and others propose that selenite
may be used to specifically target VDAC overexpressing cancers [70]. In addition, the selenite model system
described here may be useful to validate drugs targeting
this protein of the MOM.

Materials and Methods
Antibodies and reagents

Media and sera were from Gibco (Cergy, France). The following drugs were obtained from the sources indicated: sodium
selenite, P38 inhibitor (SB203580) and STS from Sigma-Aldrich;
NAC and z-VAD-FMK from Calbiochem (La Jolla, CA, USA).
Fluorescent probes: TMRM, Hoechst33258 and DCFH-DA were
from Molecular Probes (Eugene, Oregon). The antibodies include
anti-cyt c (mouse mAb, 1/200; BD Biosciences, San Diego, CA,
USA), anti-HA (mouse or chicken Ab; 1/100; Abcam), anti-p-P38
(rabbit pAb; 1/1 000; Ozyme, France), anti-Bax (1/200) (rabbit
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pAb; Santa Cruz, CA, USA), anti-caspase 3 and anti-cleaved caspase 3 (Cell Signalling-1/1 000, Ozyme), anti-actin (rabbit pAb;
1/200; Sigma), and anti-hVDAC1 (rabbit pAb, 1/500, prepared in
the laboratory of V De Pinto). The secondary conjugated fluorescent antibodies fluorescein isothiocyanate (FITC) (1/200), Alexa
488 (1/1 000), TexasRed (1/100) and Casacade Blue (1/200) were
from Molecular Probes, while the secondary conjugated horseradish peroxidase antibodies (1/5 000) and the enhanced chemiluminescence (ECL) kit were obtained from Amersham Pharmacia
Biotech (Buckinghamshire, UK).

ATT-3′ and 5′-UUrgrgUrgrgUrCUrCrArgUrgUUrgrgrCUTT-3′)
were purchased from Genset Proligos. In this region, no homology
was observed between VDAC1 and its two other isoforms. Subconfluent HeLa cells or Cl10 cells were transfected, in serum-free
Dulbecco’s MEM, with 200 nM (1.7 µg) of VDAC1-siRNA or
non-silencing control siRNA (scrambled sequence, Ambion) using
oligofectamine reagent (Invitrogen) according to the manufacturer’s procedure. Medium was then supplemented with 20% FCS, 4
h after transfection and incubation was continued for another 60-h
time lapse before analysis.

DNA constructs

Generation of a cell clone expressing GFP-Bax

The cDNA coding for the isoform 1 of human VDAC tagged
with the hemaglutinin epitope (HA) was PCR amplified from
pSEYc58-hVDAC1-HA construct (kindly provided by M Forte)
using an upper primer incorporating a NheI site and a lower primer
with an MluI site. The PCR amplified hVDAC1-HA cDNA was
cloned between the NheI and MluI sites of pcDNA3 (Invitrogen,
Carlsbad, CA, USA), pIRES, pCMS-GFP and pCMS-DsRed
(Clontech).The others constructs used were mtGFP, mtRFP (mt
stands for mitochondrial targeting sequence of subunit VIII of
citochrome c oxidase) in pCDNA3 (kindly provided by Dr R Rizzuto), EGFP-Bax (kindly provided by Dr RJ Youle) in pEGFP-C3
(Clontech), pCDNA3-GFP-cb5RR (MOM, kindly provided by Dr
N Borghese), pCyp-D-CFP, pCFP-Cyp-D (kindly provided by Dr
S Grimm), pcDNA3 Bcl-2 and pcDNA3 Bcl-XL.

Cell culture, transfection and treatment

HeLa (human cervix carcinoma), Cl10 (HeLa stably transfected
with GFP-Bax), 2H18 cells (stable clone of HeLa cells expressing
a cyt c-GFP fusion protein, kindly provided by Dr D Green), and
Cos7 cells were cultured in Dulbecco’s MEM medium (Gibco,
Life Technologies) supplemented with 10% of fetal calf serum
(FCS) (Gibco, Invitrogen). The cells were routinely grown as
stocks in 75-cm2 flasks (Nunc, Polylabo, Strasbourg, France) in
a humidified atmosphere (95% air, 5% CO2) at 37 °C. The cells
were plated into 12-well plates (1.5 × 105 cells/well) for cytometry,
25-mm round glass coverslips (3 × 105 cells/glass) for confocal
microscopy and 60-mm Petri dishes for western blotting (2 × 106
cells/dish). The cells were cultured for 24 h in the appropriate medium before treatment. G418 was used to maintain stables clones.
Transient transfections with mammalian expression vectors
were performed keeping total DNA at 2 µg/ml and cationic Exgene500 in accordance with the protocol provided by the manufacturer. DNAs used for transfection and duration of the experiments
are detailed in the figure’s legends. To induce apoptosis, transfected or non-transfected cells were washed out by phosphate-buffered
saline (PBS), and then either left untreated or treated with the one
of following drugs for appropriate time intervals: 500 nM STS
(Sigma-Aldrich), 20 µM Sel (Sigma-Aldrich) or 400 µM H2O2
(Sigma-Aldrich). When relevant, cells were pre-incubated with inhibitors (50 µM z-VAD-FMK, 10 µM CsA, 10 µM SB203580, 10
mM NAC) (Sigma-Aldrich) 1 h before apoptotic stimulation.

siRNA experiments

Specific silencing of endogenous VDAC1 was achieved by
using small inhibitory RNAs (siRNA). Sense and anti-sense oligonucleotides targeting the region 237-257 of the VDAC1 coding
sequence (5′-rArgrCrCrArArCrArCUrgrArgrArCrCrArCrCrAr-

HeLa cells grown in 10-cm dishes were transfected with 8 µg
of pEGFP-Bax plasmid using the standard calcium-phosphate precipitation method. The cells were grown for 24 h and the medium
was replaced. After 72 h, cells containing the above plasmid were
selected by adding geneticin (G418-Promega), following previously described protocol [41]. One colony (Cl10) was finally selected,
tested and used throughout this study.

Determination of PTP opening
∆Ψ was measured with TMRM (Molecular Probes, Eugene,

OR, USA). TMRM accumulates in normal mitochondria due to
its positive charge whereby the reduction of ∆Ψ leads to the release of TMRM. After treatment, adherent cells were washed with
PBS and then incubated for 30 min at 37 °C with Krebs Ringer
Buffered Saline (130 mM NaCl, 3.6 mM KCl, 10 mM 4-(2Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 2 mM
NaHCO3, 0.5 mM NaH2PO4, 0.5 mM MgCl2, 1.5 mM CaCl2, 4.5
g/l glucose, pH 7.42) supplemented with 200 nM TMRM and 20
µM Verapamil (as a multi drug-resistant pump inhibitor) (Sigma).
Cells were then immediately analyzed by microscopy. When flow
cytometry analysis was required, cells were detached by short
treatment with trypsin-EDTA, resuspended in the above buffer
supplemented with 1% FCS to neutralize the trypsin and immedialtely analyzed on FL3 log mode.

Detection of cyt c release

Selective permeabilization of HeLa cells with digitonin, followed by immunofluorescence, was used for detection of cyt c
release from mitochondria by flow cytometry. Briefly, at the end
of the treatments, 107 cells were harvested, washed once with PBS
and then pelleted. The cell pellet was subsequently incubated for 5
min with 800 µl of permeabilization buffer (130 mM KCl, 10 mM
NaCl, 20 mM HEPES, 1 mM MgSO4, 5 mM succinic acid, 500
µM EGTA, 50 µM Digitonin, pH 7.2) and then fixed by further incubation with 200 µl of 2% formaldehyde for 1-2 h at 4 °C. Fixed
cells were further permeabilized by 15 min of treatment with 0.2%
Tween at 37 °C, washed, blocked with horse serum and stained
by overnight incubation with a specific monoclonal antibody for
native cyt c (1:200) at 4 °C. Stained cells were then washed twice,
and finally revealed by 1 h of incubation with an anti-mouse secondary FITC-conjugated antibody. Immunostained samples were
checked by flow cytometry analysis. When relevant, changes in
cyt c distribution were monitored in live cells using the same selective permeabilization method on 2H18 cells [41].
Activated mitochondrial Bax was revealed by flow cytometry
detection of Cl10 cells using a selective membrane permeabilization method. After treatments, Cl10 cells were trypsinized and
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each sample was split in two tubes: one was resuspended in Krebs
Ringer Buffered Saline, while the other one was permeabilized
using the same digitonin buffer described above. In the latter condition, the fluorescence measured was only due to the fraction of
GFP-Bax translocated and anchored to the mitochondria, because
cytosolic GFP-Bax freely diffuses out form the cell upon digitonin permeabilization. We thus estimated the percentage of Bax
translocation for each sample as follows: (number of fluorescent
cells in permeabilized sample/number of fluorescent cells in nonpermeabilized sample) × 100. When relevant, Bax translocation
from the cytosol to the mitochondria was visualized by confocal
microscopy using Cl10 cells. Endogenous mitochondrial-activated
Bax in immunostained HeLa or Cos7 cells was detected by confocal microscopy using specific antibodies against the activated Bax.
Caspase 3 cleavage as well as p38 phosphorylation were assessed by confocal microscopy on fixed HeLa cells processed for
indirect immunofluorescence using specific antibodies against the
activated forms of these proteins (anti-Phospho-p38 anti-cleaved
caspase3, Cell Signalling-Ozyme). Results obtained were confirmed by flow cytometry on fixed and immunostained cells, and/
or by immunoblotting on cell extracts using the same antibodies.
Caspase 3 activation was also detected in living cells with the Caspatag® kit (Chemicon), according to the manufacturer’s instructions. Cells were then analyzed, measuring the fluorescence emission in FL1 log mode.

Detection of ROS

Intracellular ROS were measured using DCFH-DA (Calbiochem), an oxidation-sensitive fluorescent probe. This test is based
on the principle that endogenous esterases hydrolyze DCFH-DA,
trapping free DCF inside the cells. ROS, predominantly hydroperoxides, convert non-fluorescent DCF into highly fluorescent DCF.
After incubation with drugs, cells were loaded with 20 µM DCFHDA for 30 min at 37 °C in the dark. Cells were then analyzed on
a Becton-Dickinson FACScan (Becton Dickinson) measuring the
fluorescence emission in FL1 log mode. The intensity of green
fluorescence on individual cells transfected with pCMS-DsRedhVDAC1 was determined over time using the Fluoview Olympus
image software (version 1.7).

Flow cytometry

A total of 20 000 cells per sample were analyzed using a PAS
Laser/UV flow cytometer (Partec). The cells were excited by an
air-cooled argon 488 nm laser, and then the signal from GFP, CFP,
DCFH, FITC or Rhodamine 123 was read on FL1 detector, while
the signal from DsRed, Texas Red or TMRM on FL3 detector. The
data obtained were acquired, gated, compensated and analyzed using FlowMax software (Partec). Each experiment was repeated at
least twice in triplicate.

Indirect immunofluorescence of adherent cells

After appropriate time of protein-expression or drug-treatment,
transfected and non-transfected cells grown on the coverslips were
washed with PBS and fixed in 3.7% formaldehyde for 20 min at
room temperature. Fixed cells were permeabilized using 0.5%
Triton X-100 and unspecific binding was blocked by 30 min of
incubation in 0.2% gelatine in PBS. Coverslips were incubated in
one or a combination of the following anti-sera: rabbit anti-cleaved
caspase-3 (1:100), rabbit anti-Pp38 (1:100), mouse anti-HA (1:100),
www.cell-research.com | Cell Research

chicken anti-HA (1:100), rabbit anti-ANT2 (1:100), rabbit antiactivated-Bax (1:100) and mouse anti-Cyt c (1:200) in PBS containing 0.2% gelatin and 1% Triton X-100 at 4 °C overnight. After
washes in PBS, cells were exposed for 1 h at TA to the respective
anti-mouse or anti-rabbit secondary antibodies conjugated with
FITC and/or TexasRed, mounted with Fluoromount-G (Southern
Biotechnology, Clinisciences, Montrouge, France) and examined
under a fluorescent microscope.

Imaging

For imaging mitochondrial ∆Ψ, transfected cells were washed
with PBS and, when relevant, incubated for 30 min with 2 nM
TMRM (Molecular Probes) and directly mounted in an Attofluor
chamber (Atto Instruments) filled with Krebs Ringer Buffered Saline, placed on the imaging stage in a Climacell 2.22 thermostatic
device (Cultimat Technologies) set at 37 °C and observed using
a Zeiss Axiovert 100 M inverted motorized microscope equipped
of a Micromax 1300YHS 5 MHz cooled CCD camera (Princetown Instruments). In some cases confocal microscopy was used
and cells were imaged using a Zeiss LSM 510 meta CLSM or an
Olympus FV1000.

Protein extraction and western blot

Adherent cells were washed twice in PBS, scraped off with
ice-cold lysis buffer (0.1% Triton, 0.8% glycerol, 20 mM TrisHcl pH8, 137 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 100 µM
PMSF, 10 µg/ml Leupeptin, 10 µg/ml Aprotinin, 2.5 ng/ml Pepstatin) and incubated for 1 h at 4 °C. Lysed cells were further broken
using a 26-gauge syringe, and then centrifuged for 10 min at 10
000× g. Supernatants were recovered and quantified by the Bradford dye-binding assay (Bio-Rad Laboratories). Equal amounts of
protein (20-50 µg) for each lysates were size-separated by 10%12% SDS-PAGE and transferred to a Hybond ECL nitrocellulose
membrane (Amersham Pharmacia Biotech) using Mini-PROTEAN
3 Cell (Bio-Rad). Membranes were blocked 2 h in 5% dry-milk
and 0.1% PBS-Tween at TA, then incubated with relevant primary
antibodies (overnight at 4 °C), followed by horseradish peroxidase-conjugated secondary antibody (1 h at TA). Immunoreactive
bands were detected using ECL reaction (ECL Plus-Amersham
Pharmacia) and developed on Kodak films (Sigma).

DNA fragmentation assay

HeLa cells grown in 100-mm culture dishes (107 cells) were
collected in their culture medium, pelleted at 800× g for 5 min,
and washed twice with ice-cold PBS. Pellets were incubated with
1 ml of digestion buffer (100 mM Tris-HCl pH 8.5, 0.2% SDS,
0.1% Triton, 200 mM NaCl, 5 mM EDTA, 100 µg/ml Proteinase
K (Sigma) for 3 h at 55 °C. Supernatants were collected in a new
tube, in which DNA was precipitated with 1 volume of isopropanol and spooned down. Precipitated DNA was washed once with
70% ethanol, dried up, and resuspended in 30 µl of 10 mM TrisHcl 1 mM EDTA. Sample was incubated at 37 °C for 2 h with 0.1
mg/ml RNAse. DNA fragmentation was visualized with ethidium
bromide staining following electrophoresis on a 2% agar gel.

Statistical analysis

All data of flow cytometry experiments were representative
for at least two sets of independent experiments performed in
triplicate and based on at least 20 000 events for each group. The
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difference among different groups was examined using χ2-test. A
P-value below 0.001 was considered to be significant.
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