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Mcl-1 promotes lung cancer cell migration by directly
interacting with VDAC to increase mitochondrial Ca2+

uptake and reactive oxygen species generation

H Huang1, K Shah1, NA Bradbury1, C Li2,3 and C White*,1

Mcl-1 is an antiapoptotic member of the Bcl-2 family frequently upregulated in non-small cell lung carcinoma (NSCLC). We now
report the physiological significance of an interaction between Mcl-1 and the mitochondrial outer membrane-localized voltage-
dependent anion channel (VDAC) in NSCLC cell lines. Mcl-1 bound with high affinity to VDAC1 and 3 isoforms but only very weakly
to VDAC2 and binding was disrupted by peptides based on the VDAC1 sequence. In A549 cells, reducing Mcl-1 expression levels or
application of VDAC-based peptides limited Ca2+ uptake into the mitochondrial matrix, the consequence of which was to inhibit
reactive oxygen species (ROS) generation. In A549, H1299 and H460 cells, both Mcl-1 knockdown and VDAC-based peptides
attenuated cell migration without affecting cell proliferation. Migration was rescued in Mcl-1 knockdown cells by experimentally
restoring ROS levels, consistent with a model in which ROS production drives increased migration. These data suggest that an
interaction between Mcl-1 and VDAC promotes lung cancer cell migration by a mechanism that involves Ca2+-dependent ROS
production.
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The Bcl-2 proteins are a family of molecules comprised
of both pro- and antiapoptotic members essential for the
regulation of apoptotic cell death. In the classical paradigm,
the antiapoptotic proteins Bcl-2, Bcl-xL and Mcl-1, inhibit cell
death during receipt of apoptotic stimuli by binding and
sequestering the proapoptotic members.1 It is now appre-
ciated, however, that in the absence of apoptotic stimuli, Bcl-2
proteins have numerous non-canonical interactions that
influence diverse cellular functions, although the precise
mechanisms are poorly understood.2 Since antiapoptotic
Bcl-2 family members are frequently upregulated in cancer,
determining if and how these non-canonical interactions
confer survival or other advantages to the cancer cell, will be
an important step toward identifying new therapeutic targets.
One such interaction is with the outer mitochondrial
membrane-localized voltage-dependent anion channel
(VDAC), a porin channel with three isoforms that serves as a
major diffusion pathway for ions and metabolites,3 and whose
gating properties are affected by either Bcl-2 or Bcl-xL
binding.4–6

We recently identified an important role for Bcl-xL/VDAC
interactions in the regulation of mitochondrial [Ca2+].7 Moving
Ca2+ from the cytoplasm to the mitochondrial matrix requires
transfer across the outer membrane by VDAC3,8 and across
the inner membrane by the Ca2+ uniporter.9 Our studies
showed that Bcl-xL interacts with VDAC to facilitate Ca2+

uptake into the mitochondrial matrix. It is not known if other
Bcl-2 family members, particularly Bcl-2 and Mcl-1, which are

also known VDAC binding partners impart the same physio-
logical regulation on mitochondrial [Ca2+]. Furthermore, the
specific physiological consequences and significance of this
regulation remain to be determined.
Increased production and reduced scavenging of reactive

oxygen species (ROS) is frequently observed in cancer
cells.10 While excessive ROS levels are toxic, sub-lethal
production serves an important signaling function, particularly
in cancers, were ROS promote cell proliferation, migration and
invasion.11–15 A primary source of ROS are the mitochondria,
and a number of mitochondrial signaling pathways are known
to be remodeled and contribute to elevated ROS in cancer
cells, including those involved in regulating the electron
transport chain (ETC) function and metabolic activity.11,16–18

It is recognized that upregulation of antiapoptotic Bcl-2
proteins are also associated with a pro-oxidant intracellular
environment.19–22 Mechanistically, they are thought to act at
the level of the mitochondria to affect the respiratory chain and
increase production of ROS. Since matrix [Ca2+] is an
important regulator of mitochondrial metabolism,23,24 and as
such, contributes to the regulation of mitochondrial ROS
production,25 we reasoned that antiapoptotic Mcl-1/VDAC
interactions could promote ROS generation by facilitating
matrix Ca2+ uptake.
Understanding non-canonical roles of Mcl-1 is an important

step toward identifying novel therapeutic targets, particularly in
cancers where it is highly expressed, such as in non-small cell
lung cancer (NSCLC).26,27 Therefore, we hypothesized that
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Mcl-1 binding to VDAC promotes mitochondrial Ca2+ uptake
and ROS production in NSCLC cells and that this is essential
in maintaining the cancer cell phenotype. To test this, we
assessed the biochemical interaction between Mcl-1 and
VDAC and examined the effects of manipulating Mcl-1
expression levels and Mcl-1/VDAC interactions on mitochon-
drial Ca2+ uptake, ROS generation and NSCLC cell prolifera-
tion and migration.

Results

Mcl-1 binds robustly to VDAC1 and 3 and to VDAC1 with
greater apparent affinity than Bcl-xL. To determine the
relative binding affinity for the Mcl-1/VDAC interaction, a GST
pull-down assay was performed. GST-fusion proteins of
VDAC1, 2 and 3 were found to effectively pull down Mcl-1
from lysates of mouse embryonic fibroblasts (MEF) over-
expressing human Mcl-1. Similar to the findings reported
previously for Bcl-xL,

7 Mcl-1 bound more strongly to VDAC1
compared with VDAC3, and only weakly bound to VDAC2
(Figure 1a). This interpretation was confirmed by the
reciprocal experiment in which immobilized His-tagged
Mcl-1 robustly pulled down GST-tagged VDAC1 and 3 but
not VDAC2 (Figure 1b). Several peptides based on the
human VDAC1 sequence (VDAC-based peptides) were
tested for their ability to inhibit binding between Mcl-1 and
VDAC1. Inclusion of either VDAC-based peptide (N-ter or
L14-15) in the reaction mixture effectively reduced both Mcl-1
and Bcl-xL pulldown by GST-VDAC1 (Figure 1c). Intriguingly,
compared with the amounts of Mcl-1 and Bcl-xL detected in
the input lysate (lane 1, Figure 1c), VDAC1 appeared to pull
down a greater proportion of the available Mcl-1 relative to
Bcl-xL, suggesting that VDAC1 favors binding to Mcl-1 over
Bcl-xL. This was verified using a GST-VDAC1 pull-down
assay baited with equal amounts of purified recombinant
Mcl-1 and Bcl-xL (200 ng). Under these conditions a greater
proportion of the available Mcl-1 was pulled down by

GST-VDAC1, as indicated by comparing the band density of
the pulldown to input (Figure 1d; lane 5 and 1 for Mcl-1 and
lane 6 and 2 for Bcl-xL). These data confirm that Mcl-1 binds
to all three VDAC isoforms, however, the interaction appears
strongest with VDAC1 followed by VDAC3 and then only very
weakly to VDAC2. Importantly, Mcl-1 binds VDAC1 with a
much higher apparent affinity than Bcl-xL, suggesting that the
Mcl-1/VDAC interaction could have important functional
implications.

Mcl-1 and VDAC interaction increases [Ca2+]mito uptake in
A549 cells. The A549 cell line is a widely used NSCLC
defined by high expression of Mcl-1.26 We first confirmed that
native Mcl-1 and VDAC1/3 interact in this cell line using a
proximity ligation assay (PLA) to detect and quantify the
endogenous protein complexes at the single cell level.28 The
Mcl-1/VDAC complexes were labeled using an antibody
directed against Mcl-1 and an antibody known to react with
both the VDAC1 and 3 isoforms. Since A549 cells do not
express CFTR the assay was also performed using anti-Mcl-
1 and anti-CFTR antibodies to control for background
signal. Robust PLA signal was observed in the presence of
Mcl-1 and VDAC1/3 antibodies compared with control
(Figures 2a and b), indicating the presence of Mcl-1/VDAC
complexes in vivo.
Since we previously demonstrated that regulation of

mitochondrial Ca2+ ([Ca2+]mito) uptake was an important
functional consequence of the Bcl-xL/VDAC interaction,7 we
asked if the Mcl-1/VDAC interaction similarly affected mito-
chondrial Ca2+ handling. This was first assessed by examining
the effect of Mcl-1 knockdown on [Ca2+]mito uptake. The
effectiveness of siRNA treatment was confirmed by western
blot (Figure 2c). Control and Mcl-1 knockdown cells were
loaded with the Ca2+ indicator Rhod-2 AM and permeabilized
with digitonin to release cytoplasmic dye and enable applica-
tion of solutions directly to the mitochondria. Cells were then
bathed in Ca2+-free intracellular like media (ICM) containing
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Figure 1 Mcl-1 binds strongly to VDAC1 and 3 and binds to VDAC1 with greater apparent affinity than Bcl-xL. (a) Human Mcl-1 expressed in MEF cells and detected by
western blot after pulldown by GST-fusion proteins of VDAC1, 2 or 3 is shown in the upper lanes with loading control blots of GST depicted below. (b) GST-fusion proteins of
VDAC1, 2 or 3 detected by anti-GST antibody after pulldown by purified His-tagged Mcl-1 is shown in the upper lanes with the loading control blots of Mcl-1 depicted below. Lanes
labeled BSA are negative controls showing GST-VDACs are not pulled down by beads alone. (c) Western blot detection of Mcl-1 and Bcl-xL pulled down by GST-VDAC1 fromMEF
cell lysates pretreated with control or VDAC-based peptides (N-ter and L14-15). (d) Western blot of recombinant purified Mcl-1 and Bcl-xL (0.2 μg) pulled down by GST-VDAC1.
All blots are representative of at least two independent experiments
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mitochondrial substrates, and after equilibration, the bathing
solution was rapidly switched from 0 Ca2+-containing medium
to one containing 3 μM [Ca2+], and the resultant [Ca2+]mito

uptake monitored. Compared with control, the magnitude of
[Ca2+]mito uptake was markedly smaller in Mcl-1 knockdown
cells (Figures 2d and e). The small molecule Bcl-2 inhibitor,
TW-37, has been shown to effectively block antiapoptotic
functions of Mcl-1 mediated through classical BH3-domain-
dependent interactions.29 The effect of TW-37 on [Ca2+]mito

uptake was assessed to determine its ability to disrupt the
interaction between Mcl-1 and VDAC. The [Ca2+]mito uptake
measured in response to switching [Ca2+] from 0 to 3 μM was
15.4±0.3 (ΔF/F0) under control conditions and was not
significantly different (15.6±0.3; P40.05, student’s t-test) in
the presence of 1 μM TW-37 (not shown). This would suggest
that the reported physiological effects of TW-37 in regulating
cell death29 are independent of Mcl-1/VDAC interactions. In
contrast, the presence of either VDAC-based peptides (N-ter
or L14-15) inhibited [Ca2+]mito uptake in control cells but were
without effect on Mcl-1 knockdown cells (Figures 2d and e).
Taken together, these data indicate that Mcl-1 and VDAC
interact in vivo to promote Ca2+]mito uptake, and may be
independent of classical BH3-mediated interactions.

Mcl-1 promotes mitochondrial ROS production in cancer
cells by increasing [Ca2+]mito uptake. Increased [Ca2+]mito

is associated with increased mitochondrial ROS production.25

To assess the effect of the Mcl-1/VDAC interaction on ROS
production, A549 cells were loaded with the ROS indicator,
dihydrorhodamine 123 (DHR 123), which concentrates in the
mitochondria where it is converted to fluorescent rhodamine
123 (RH123) upon oxidation (Figure 3a). Single cell imaging

was performed on control and Mcl-1 siRNA-treated cells.
The mean fluorescence intensity of RH123 was lower in
Mcl-1 knockdown cells compared with control (Figure 3b),
suggesting that Mcl-1 expression is associated with a higher
mitochondrial ROS production. It is unlikely that Mcl-1 simply
decreases ROS scavenging because in the presence of
1-chloro-2,4-dinitrobenzene (CDNB), a reagent known to
inhibit ROS scavenging by depleting glutathione, the RH123
signal was increased in both control and Mcl-1 knockdown
cells, but still remained significantly higher in cells expressing
Mcl-1 (Figure 3b). Membrane potential was then monitored
with the fluorescent indicator tetramethylrhodamine (TMRE).
This was done to ensure that differences in RH123
fluorescence were specifically due to differences in ROS
and not due to artifacts introduced by changes in membrane
potential upon Mcl-1 knockdown. Interestingly, a recent study
using a knockout MEF model reported a slight decrease in
membrane potential with loss of Mcl-1 measured using a
similar approach.30 In A549 cells, however, Mcl-1 knockdown
using siRNA was without effect on membrane potential
(Figure 3c), suggesting that either complete ablation is
required or the effect of Mcl-1 on membrane potential is
cell-type dependent. To further confirm that Mcl-1 specifically
affects mitochondrial ROS, MitoSOX was employed as an
alternative mitochondrial redox probe. In MitoSOX-loaded
cells, the difference in ROS levels between control and Mcl-1
knockdown was found to be qualitatively similar to that
measured with RH123 (Figure 3c).
We next assessed the [Ca2+]mito-dependence of ROS

production. First, intact A549 control and Mcl-1 knock-
down cells were incubated with BAPTA-AM, to chelate
intracellular Ca2+ and block cytoplasmic [Ca2+] signals
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Figure 2 Mcl-1 and VDAC1/3 interact in vivo to increase [Ca2+]mito uptake. (a) An in situ proximity ligation assay (PLA) showing the interaction between MCL-1 and VDAC1
and 3 (red) in A549 cells counterstained with DAPI (blue). (b) Quantification (mean± S.E.) of the PLA signal normalized to cell number (*Po0.01, student’s t-test). (c) Western
blot of A549 cells transfected with control or Mcl-1 siRNA showing efficient knockdown of Mcl-1. Depicted are representative of blots from two independent samples. (d, e) Shown
in d are representative traces depicting [Ca2+]mito in A549 cells treated with control siRNA or Mcl-1 siRNAs and exposed to step increases in external [Ca

2+] from 0–3 μM either in
the absence or presence of VDAC-based peptides (N-ter or L14-15; 2 μM). The peak [Ca2+]mito amplitude (mean± S.E.) of the responses measured in ≥ 200 cells pooled from
two independent samples run on two different days is shown in e (*Po0.05, ANOVA)
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and [Ca2+]mito uptake.7 BAPTA-AM reduced ROS levels in
both control and Mcl-1 knockdown cells to the same level
(Figure 3d). In contrast, the VDAC-based peptide (N-ter) which
inhibits [Ca2+]mito specifically by disrupting the Mcl-1/VDAC
interaction (Figures 1 and 2), was only able to reduce ROS
levels in control but not in Mcl-1 knockdown cells (Figure 3d).
Next, the goal was to monitor the ROS output in control and
Mcl-1 knockdown cells under conditions where both cell types
experienced the same [Ca2+]mito. Although the presence of
Mcl-1 increases [Ca2+]mito uptake, we reasoned that by
titrating the [Ca2+] in the bathing media, it would be possible
to define specific concentrations, that when applied, would
evoke similar [Ca2+]mito uptake in control and Mcl-1 KD cells.
Permeabilized control and Mcl-1 knockdown cells were
exposed to 1.5, 2.0, 2.5 or 3.0 μM external Ca2+ and the
change in [Ca2+]mito uptake (ΔF/F0) was measured (Figure 3e;
left panel). In separate experiments, ROS levels were
monitored in cells similarly challenged with the same
[Ca2+]-containing solutions (Figure 3e; right panel). These
data suggest that ROS levels correlate closely with [Ca2+]mito

regardless of the expression of Mcl-1. For example, the
[Ca2+]mito uptake and ROS production in response to the
addition of 1.5 μM Ca2+ in control cells produced the same
[Ca2+]mito uptake and ROS production as 2 μM Ca2+ in Mcl-1
knockdowncells (Figure 3e). Thesedata are significant because
they indicate the importance of mitochondrial Ca2+ handling
over the transport of other ions or solutes as a primary
physiological consequence of the Mcl-1/VDAC interaction.

Mcl-1 promotes cell migration but not proliferation in
NSCLC cells. In addition to Mcl-1, both Bcl-2 and Bcl-xL are
known to interact with VDAC, raising the possibility of some
functional redundancy among the Bcl-2 proteins. Given the
difference in apparent binding affinity (Figure 1), however, we
hypothesized that in cancer cells overexpressing Bcl-2
proteins, especially those addicted to Mcl-1, Mcl-1/VDAC
interactions would dominate. To help define the phenotypes
specifically dependent on a Mcl-1/VDAC interaction, we
selected three different NSCLC lines (A549, H1299 and
H460) previously demonstrated to be similar, with respect
to having high Mcl-1 expression,26,27 but different in their
relative levels of Bcl-xL (Figure 4a). Mitochondrially generated
ROS have been defined as a physiological signal that
promotes cancer cell migration and proliferation.12,31–33 We
employed a scratch wound-healing assay to examine the
dependence of Mcl-1 expression in NSCLC cells on these
processes. The NSCLC cell lines A549, H1299 and H460
were treated with either control or Mcl-1 siRNAs and the
knockdown effectiveness was confirmed by western blot
(Figure 4b; see Figure 2c for A549 western blot). The wound
area was measured at 0 and 24 h, as depicted for A549
(Figure 4c). In all three cell lines the loss of Mcl-1 expression
significantly slowed the rate of wound closure (Figure 4d).
This assay, however, does not effectively distinguish between
differences in proliferation and migration; therefore, the effect
of Mcl-1 knockdown on proliferation was assessed in the
three NSCLC cell lines using a microplate assay based on
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Figure 3 Mcl-1 increases reactive oxygen species (ROS) production in A549 cancer cells by increasing [Ca2+]mito. (a) Representative images showing fluorescence signal
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measurement of cellular DNA content. The need to track
proliferation across several days in control and Mcl-1 knock-
down cells necessitated the generation of stable Mcl-1
knockdowns using shRNAs and antibiotic selection. Western
blots confirmed that Mcl-1 was successfully knocked down in
A549, H1299 and H460 cell lines without affecting either
VDAC1/3 or Bcl-xL expression levels (Figure 5a). Mcl-1
knockdown had no significant effect on cell proliferation
(Figure 5b), suggesting that Mcl-1 promotes migration but not
proliferation in NSCLC cell lines.

Increased ROS production by Mcl-1/VDAC interactions
promotes NSCLC cell migration. We hypothesized
that increased ROS production, mediated specifically

through the regulation of [Ca2+]mito uptake by Mcl-1/VDAC
interactions, was necessary and sufficient for Mcl-1 to
promote cell migration. To test this, the movement of
individual cells was monitored over time by visualizing the
tracks left by cells migrating on a colloidal gold-coated
surface. Control and stable Mcl-1 knockdown NSCLC cell
lines were treated for 24 h under the various conditions
described below and the track area created by moving cells
was measured as an index of motility (Figure 6a). First, the
effect of disrupting the Mcl-1/VDAC interaction using the
VDAC-based peptides (N-ter and L14-15) was assessed.
As summarized in Figure 6b, application of N-ter and
L14-15 significantly reduced ROS production in control
A549, H1299 and H460 cells but had no effect after Mcl-1

Mcl-1

tubulin

un
tre

at
ed

co
nt

ro
l s

iR
NA

M
cl-

1 
siR

NA

un
tre

at
ed

co
nt

ro
l s

iR
NA

M
cl-

1 
siR

NA

H1299 H460

Mcl-1

VDAC1/3

tubulin

A54
9

H12
99

H46
0

Bcl-XL

control

Mcl-1 KD

time = 0 time = 24 hr
500 μm

*

15

10

5

0

H1299

cl
os

ur
e 

(%
)

cl
os

ur
e 

(%
)

cl
os

ur
e 

(%
)*

10

5

0

co
nt

ro
l

M
cl-

1 
KD

co
nt

ro
l

M
cl-

1 
KD

co
nt

ro
l

M
cl-

1 
KD

A549

6

4

2

0

*

H460b

a c

d

Figure 4 Mcl-1 promotes cell migration in lung cancer cells. (a) Western blot showing different expression levels of Mcl-1 and Bcl-xL in three different NSCLC cell lines.
(b) Western blot of H1299 and H460 cells transfected with control or Mcl-1 siRNA showing efficient knockdown of Mcl-1 in both cell lines. (c) Representative images of wound-
healing assay showing control and Mcl-1 knockdown A549 cells at 0 and 24 h post scratch. (d) Summary bar graphs of the percentage closure in 24 h of control and Mcl-1
knockdown A549, H1299 and H460 cells (mean±S.E.; *, Po0.05; student’s t-test)

A549 H1299 H460

A549 H1299 H460

 c
el

lu
la

r 
D

N
A

 c
on

te
nt

 (
a.

u.
) 

8

6

4

2

8

6

4

2

6

4

2

day

1 2 3 4 51 2 3 4 5 1 2 3 4 5

Mcl-1 WT
Mcl-1 KD

 c
el

lu
la

r 
D

N
A

 c
on

te
nt

 (
a.

u.
)

 c
el

lu
la

r 
D

N
A

 c
on

te
nt

 (
a.

u.
)

Mcl-1 WT
Mcl-1 KD

Mcl-1 WT
Mcl-1 KD

Mcl-1 
shRNA

control 
shRNA

Mcl-1 
shRNA

control 
shRNA

Mcl-1 
shRNA

control 
shRNA

Mcl-1

VDAC1/3

tubulin

XBcl- L

Figure 5 Mcl-1 does not affect cell proliferation in lung cancer cells. (a) Western blot showing efficient knockdown of Mcl-1 by shRNA-transfected stable cell lines from A549,
H1299 and H460 cells. Bcl-xL and VDAC levels are unaffected. (b) Summary of proliferation in control Mcl-1 WTand Mcl-1 knockdown lung cancer cells (mean± S.E.; P40.05;
student’s t-test)

Mcl-1/VDAC stimulates migration by increasing ROS
H Huang et al

5

Cell Death and Disease



knockdown. Similarly, N-ter and L14-15 significantly
reduced migration in control A549, H1299 and H460 cells
but had no effect after Mcl-1 knockdown (Figure 6c). These

data demonstrate that both expression of Mcl-1 and its
interaction with VDAC are required for Mcl-1 to increase
ROS and promote cell migration. Next, we examined the
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Figure 6 Mcl-1 promotes cell migration by a ROS-dependent mechanism. (a) Representative images of the migratory tracks created by both WTand Mcl-1 knockdown A549,
H1299 and H460 cells on colloidal gold-coated coverslips in a 24-h time period. (b, c) The effect of Mcl-1 knockdown and Mcl-1/VDAC inhibition on ROS levels and migration. Bar
graphs showing the effect of VDAC-based peptides (N-ter and L14-15; 2 μM) on ROS levels assessed by RH123 (b), and cell migration assessed by the migratory track area (c)
on the cell lines indicated. Data are presented as mean± S.E. normalized to values obtained under control conditions, and represent 100–200 cells pooled from multiple
coverslips run on at least two independent days (Po0.05; ANOVA). (d, e) The effect of Mcl-1 knockdown and pharmacological manipulation of steady-state ROS levels on
migration. Bar graphs showing the effect of H2O2 (100 μM) and buthionine sulfoximine (BSO, 100 μM) treatment on ROS levels assessed by RH123 (d), and cell migration
assessed by the migratory track area (e) on the cell lines indicated. Data are presented as mean±S.E. normalized to values obtained under control conditions, and represent
100–200 cells pooled from multiple coverslips run on at least two independent days (Po0.05; ANOVA)
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effect of directly manipulating ROS levels on migration by
treating NSCLC cells with either H2O2 (100 μM) or buthio-
nine sulfoximine (100 μM), a glutathione synthesis inhibitor.
These interventions increased ROS levels in both control
and Mcl-1 knockdown cells, as expected (Figure 6d).
Importantly, elevating ROS levels in the Mcl-1 knockdown
cells restored migration to levels similar to those observed
in control cells (Figure 6e).

Discussion

A direct interaction between VDAC and antiapoptotic Bcl-2
and Bcl-xL is well-established.

34–36 Both Bcl-2 and Bcl-xL bind
to the N terminus of VDAC1,5,36,37 and as demonstrated using
Bcl-xL, requires contact with a highly conserved region
spanning alpha helices 5 and 6 of the Bcl-2 protein.38 The
involvement of the BH4 domain of Bcl-2 members has also
been implicated,39,40 however, this region may be more
important in mediating the functional effects rather than
contributing to robust binding.38,39 We recently demonstrated
that in addition to VDAC1, Bcl-xL also binds well to VDAC3 but
only very weakly to VDAC2.7 To our knowledge there has been
only one previous report of an interaction between Mcl-1 and
VDAC.41 In that study, however, the authors reported that only
an N-terminally-truncated fragment of Mcl-1 bound to
VDAC1.41 This is in contrast to the current study in which
immobilized VDAC1 and 3 is readily pulled down by full-length
Mcl-1 from cell lysates (Figure 1a). In addition, His-tagged
Mcl-1 interacts robustly with recombinant VDAC1 and 3,
suggesting direct protein–protein interaction (Figure 1b). This
is further supported by the observation that peptides based on
the VDAC sequence (N-ter and L14-15) are able to disrupt the
interaction (Figure 1c). The VDAC-based peptides used in the
current study were originally designed based on the binding
determinants of the VDAC1/Bcl-2 interaction,35 and later
identified as being effective at disrupting VDAC/Bcl-xL.

5,7

The ability of VDAC-based peptides to function as general
inhibitors of antiapoptotic Bcl-2 protein-VDAC interactions
suggests that the structural determinants governing VDAC
binding to Bcl-2, Bcl-xL and Mcl-1 are highly conserved. That
being said, we did discover that individual Bcl-2 proteins differ
with respect to their relative binding affinity to VDAC. Although
binding of Bcl-2 itself was not examined in the current study,
we show that Mcl-1 has a much higher apparent affinity for
VDAC compared with Bcl-xL (Figures 1c and d). It is likely then
that the relative binding affinity in addition to the expression
level of each Bcl-2 member governs the structural architec-
ture, and presumably the functional outcome, of the VDAC–
Bcl-2 protein complex.
We previously determined that [Ca2+]mito uptake was tightly

regulated by Bcl-xL through direct interaction with both VDAC1
and VDAC3.7 We now show that the VDAC/Mcl-1 interaction
confers similar regulation (Figure 2), however, we did not
investigate the relative importance of specific VDAC isoforms,
choosing instead to focus on defining the functional con-
sequences of enhanced [Ca2+]mito uptake. Nevertheless, we
do show that Mcl-1 and Bcl-xL bind similarly, in that they both
interact more strongly with VDAC1 and VDAC3 compared with
VDAC2. The observation that Mcl-1 binds more avidly to
VDAC suggests that in cancer cells characterized by Mcl-1

overexpression, the Mcl-1/VDAC interaction could be a major
determinant in remodeling mitochondrial physiology. We now
provide evidence for this. In A549 cells, known to have high
endogenous levels of Mcl-1,27 we show that Mcl-1 is in
complex with VDAC1/3 (Figures 2a and b), and that either
knockdown of Mcl-1 or Mcl-1/VDAC disruption with inhibitor
peptides decreases [Ca2+]mito uptake by the same amount
(Figures 2d and e). However, A549 cells do express Bcl-xL,
and the Bcl-xL/VDAC interactions, which are also sensitive to
inhibitor peptides, should contribute to the regulation of
[Ca2+]mito uptake, as we described.7 In that case we might
have expected inhibitor peptides to be more effective in
lowering [Ca2+]mito uptake than Mcl-1 knockdown alone.
However, Mcl-1 knockdown and inhibitor peptides are equally
effective (Figure 2e), supporting the interpretation that
Mcl-1/VDAC, rather than Bcl-xL/VDAC, is the dominant
interaction in this cell type.
Mitochondrial ROS generation is largely coupled to

respiration and occurs when electrons leak from the ETC at
complex I and III and react with O2 to produce
superoxide.10,25 Increased ROS generation has also been
observed upon Bcl-2, Bcl-xL or Mcl-1 overexpression and
linked to mechanisms that result in increased respiration and
complex III modulation.19,20,42,43 The current study describes
a novel mechanism that involves Mcl-1/VDAC interactions.
Our conclusion that ROS production is dependent on the
Mcl-1/VDAC interaction is supported by the observation that
VDAC-based inhibitor peptides decrease ROS in cells
expressing Mcl-1 but are without effect when Mcl-1 is
knocked down (Figure 3d). These data rule out the possibility
that the effects of Mcl-1 on ROS are mediated by Mcl-1
localized to the mitochondrial matrix or at the inner
membrane. This is important in light of recent findings that
implicate a role for matrix-localized Mcl-1 in regulating
bioenergetics and membrane potential.30

Evidence for the Ca2+ dependence of Mcl-1/VDAC effects
on ROS is provided by the observation that Ca2+ chelation by
BAPTA-AM has the same effect on ROS regardless of Mcl-1
expression or the application of inhibitor peptides (Figure 3d).
Moreover, by carefully controlling [Ca2+]mito uptake we
demonstrate that ROS production is critically dependent on
the Ca2+ load but not Mcl-1 expression (Figure 3e). These data
effectively eliminate alternative interpretations that include the
potential for Mcl-1/VDAC to affect ROS by either controlling
their release from mitochondria through VDAC,44 regulating
mitochondrial substrate uptake6 or by direct remodeling of the
respiratory chain.42 Although not investigated in the current
study, precedents exist that link [Ca2+]mito and ROS genera-
tion. Physiological Ca2+ uptake into the mitochondrial matrix
promotes activation of TCA cycle and generates ROS as a
result of increased flux through the ETC.25 In addition, Ca2+

can enhance electron leak by indirectly inhibiting the ETC at
complex III or IV.45,46

ROS promotes cancer cell migration and invasion by
impinging on a number of signaling pathways, including actin
cytoskeleton, cell adhesion and extracellular matrix
degradation.47 Using a scratch wound-healing assay
(Figure 4) we show that wound closure is inhibited by Mcl-1
silencing in all three NSCLC cell lines (A549, H1299 and
H460). Since Mcl-1 has no effect on proliferation in these cells
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(Figure 5), decreased wound closure is most likely mediated
by changes in migration (Figure 6a). Importantly, the effect of
Mcl-1 knockdown on migration is recapitulated by VDAC-
based peptide exposure; moreover, peptides have no addi-
tional effect when applied to Mcl-1-knockdown cells
(Figure 6c). These data support a model in which Mcl-1
expression in NSCLC cells promotes migration through Mcl-1/
VDAC interactions. The conclusion that this is driven by
increased ROS is supported by the observation that
decreased migration in Mcl-1 knockdown cells is restored by
maneuvers designed to elevate ROS (Figure 6e). The delicate
balance between the stimulatory and toxic effects of ROS was
also noted when experimentally increasing ROS actually
decreasedmigration in control cells (Figure 6e). This is entirely
consistent with previous observations in these cell types,
demonstrating that excessive ROS leads to decreased
proliferation and cell death.48

In conclusion, we describe a novel mechanism governing
ROS generation andmigration in NSCLC cells. These findings
are significant because there is a growing body of evidence
that links increased mitochondrial ROS generation to
increased migration, invasiveness and metastasis in a variety
of cancers,11,14,18,49 including NSCLC.12 Since Mcl-1 is
elevated in about 60% of NSCLCs, at levels greater than that
observed in anyother cancer types,50 our data identify theMcl-
1/VDAC interaction as a possible therapeutic target that could
limit the metastatic potential in lung cancer.

Materials and Methods
Cell culture. NSCLC cell lines A549, H1299 and H460 were obtained from
ATCC (Manassas, VA, USA). Cells were maintained in Dulbecco's Modified Eagle
Medium (Corning Life Sciences–Mediatech Inc., Manassas, VA, USA) supplemen-
ted with 10% Fetal Bovine Serum (Gemini Bioproducts, West Sacramento, CA,
USA), 100 U ml− 1 penicillin (Mediatech Inc.) and 100 μg ml− 1 streptomycin
(Mediatech Inc.) in an incubator with 95% humidity and 5% CO2 at 37 °C.

Solutions and reagents. ICM contained (mM): KCl (120), NaCl (10),
KH2PO4 (1), HEPES (20), sodium succinate (2), EGTA (1) and KOH (pH 7.1). The
free [Ca2+] was adjusted to the desired level by varying the ratio of Ca2+/HEDTA,
calculated using maxchelator (C Patton, Stanford University, CA, USA). Chemical
reagents were purchased from Sigma-Aldrich (St Louis, MO, USA), except for DHR
123 (Cayman Chemical, Ann Arbor, MI, USA), CDNB (Alfa Aesar, Ward Hill, MA,
USA) and Rhod-2 AM, TMRE and MitoSOX (Life Technologies, Grand Island, NY,
USA). Recombinant His-tagged Mcl-1 was purchased from Proteintech Group, Inc.
(Chicago, IL, USA). Peptides based on the human VDAC1 sequence were
synthesized by Biomatik (Wilmington, DE, USA): control (LVLGYEGWLA),
N-terminal (GLGKSARDVFTKGYGFG) and L14-15 (LAWTAGNSNTR). Cell-
permeant versions were tagged with antennapedia-homeodomain-derived anten-
napedia (Antp; RQIKIWFQNRRMKWKK) at the carboxyl-terminal of each peptide.

GST pull-down assay and western blot. GST–VDAC 1, 2 and 3 fusion
proteins were generated as described previously,7 bound to Glutathione Sepharose
4B (GE Healthcare, Pittsburgh, PA, USA) and incubated with cell lysates, 0.2 μg
recombinant Mcl-1 or recombinant Bcl-xL. His-tagged Mcl-1 (2 μg) bound to
ProBond nickel-chelating resin (Life Technologies) was used to pull down VDAC by
incubating with GST–VDAC 1, 2 and 3 fusion proteins. Western blot was performed
using antibodies against Mcl-1 (EMD Millipore Billerica, MA, USA), Bcl-xL (BD
Biosciences, San Jose, CA, USA), GST (ViroGen Corporation, Watertown, MA,
USA) and VDAC1/3 (Abcam; Cambridge, MA, USA).

Proximity ligation assay. A proximity ligation assay kit (Olink Bioscience,
Uppsala, Sweden) was used to study the in vivo interaction between Mcl-1 and
VDAC1/3. A549 cells were washed in PBS at room temperature and fixed by
incubation in Buffer A (1 mM MgCl2, 1 mM EGTA, 100 mM PIPES and 3.7%

paraformaldehyde, pH 6.5) and Buffer B (100 mM Na2B4O7, 1 mM MgCl2, 3.7%
paraformaldehyde, pH 11.0) for 5 and 10 min, respectively. Cells were
permeabilized with 0.1% Triton X-100 for 30 min and then incubated for 15 min
with 50 mM NH4Cl before being blocked for 1 h (10% goat serum, 1% BSA in PBS).
The remainder of the protocol was carried out following the manufacturer’s
instructions using rabbit anti-Mcl-1 (Abcam) and mouse anti-VDAC1/3 (Abcam)
antibodies to detect Mcl-1/VDAC interactions and mouse monoclonal anti-CFTR (Ab
#596; Dr J. Riordan, University of North Carolina, Chapel Hill, NC, USA) as control.
The cellular PLA signal was visualized using the PlanApo 60 × , 1.42 NA oil
immersion objective of an Olympus IX71 inverted microscope (Olympus America
Inc., Center Valley, PA, USA) coupled to a VT-Infinity 3 confocal system (VisiTech
International, Sunderland, UK) and quantified using ImageJ software.51

Mcl-1 overexpression and knockdown. Human Mcl-1 was transiently
overexpressed as described previously.52 Transient transfection of control or Mcl-1
siRNAs (Santa Cruz, Dallas, TX, USA) was carried out 24 h prior to experimentation
using Lipofectamine RNAiMAX (Life Technologies) following the manufacturer’s
instructions. Stable knockdown was achieved using lentiviral transduction particles
carrying control or Mcl-1 shRNAs and puromycin (2 μg/ml) selection. Knockdown
was confirmed by western blot.

Mitochondrial [Ca2+]. Cells were cultured on glass coverslips and loaded with
3 μM Rhod-2 AM by incubation at 37 oC for 30 min. Cells were then permeabilized
by 3–4 min exposure to digitonin (25 μg/ml) applied in Ca2+-free ICM. The
permeabilized preparation was then allowed to equilibrate in regular Ca2+-free ICM
for 15 min prior to experimental recording. Coverslips were mounted in a recording
chamber on the stage of an inverted IX71 microscope (Olympus America Inc.) and
excited at 548 nm. Emitted fluorescence was filtered at 605 nm and collected using
a CCD-based imaging system running SimplePCI software (Hamamatsu
Corporation, Sewickley, PA, USA). The chamber was continuously perfused with
ICM at room temperature, and a rapid solution changer was used to switch to the
Ca2+ containing solution bathing the cells under study.

Mitochondrial ROS and membrane potential. Cells were cultured on
black optical-bottom 96-well plates. To monitor ROS, cells were incubated in culture
medium with 5 μM DHR 123 for 30 min at 37 oC, or 10 μM MitoSOX for 30 min
followed by 1 h wash out at 37 oC. For membrane potential measurements, TMRE
(15 nM) was added to the medium for 30 min at 37 oC before measurement. In
permeabilized cells, 5 μM DHR 123 was added to Ca2+-containing ICM and
incubated at 37 oC for 30 min. Images were acquired using wide-field fluorescent
microscopy. The emission and excitation wavelengths were: 500/535 nm (DHR 123);
548/588 nm (MitoSOX and TMRE).

Scratch wound-healing assay. Cells were cultured on 24-well plates and
wounds were made by scratching the monolayer with a pipette tip. Images of the
wounds were taken using a 4 × objective at 0 and 24 h after scratch and the open
wound area was measured as a percentage of the total area by TScratch software
developed by the Swiss Federal Institute of Technology, Zürich, Switzerland.53

Proliferation assay. Proliferation was assessed using CyQUANT NF Cell
Proliferation Assay Kit (Life Technologies) according to the manufacturer’s
instructions. Briefly, 5000 cells were plated in each well of a 96-well plate.
At 24-h intervals, the medium was removed and 50 μl assay mix was added to each
well and incubated at 37 oC for 1 h, and florescence intensity measured using a
POLARstar Omega plate reader (BMG Labtech Inc., Cary, NC, USA).

Single cell track migration assay. Colloidal gold-coated 24-well plates
were prepared as described in the study by Nogalski et al.54 One thousand cells
were seeded in each coated plate with cultured medium and treatments and
cultured for 24 h. Then images were taken using a 1.25 × objective and areas of
each single cell track were measured using WIS-PhagoTracker software developed
by the Weizmann Institute of Science, Rehovot, Israel.55,56 Only tracks containing
one cell were used in the analysis.

Analysis and statistics. Fluorescence microscopy data were collected using
a 20 × objective enabling capture of ~ 50 cells per image field. For all experiments,
multiple fields were acquired from each coverslip or well of 96-well plate, and the
data were pooled from three to four independent coverslips or wells acquired on at
least two different days from independent cultures. When comparison of different
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cell lines was required, the cells were cultured at the same density and passaged in
parallel, and data were acquired on the same day. All fluorescence intensities were
background subtracted. Rhod-2 signal was normalized to the initial fluorescence
value F0 and expressed as F/F0. Data were summarized as mean±S.E. and
differences between means assessed using the Student’s t-test for unpaired
comparisons. A one-way ANOVA with Fisher's least significant difference post-hoc
analysis was used for multiple comparisons. For all tests the differences between
means were accepted as statistically significant at the 95% confidence level
(Po0.05).
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