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Abstract
Despite considerable knowledge on the genetic basis of mitochondrial disorders, their pathophysiological consequences
remain poorly understood. We previously used two-dimensional difference gel electrophoresis analyses to define a protein
profile characteristic for respiratory chain complex III-deficiency that included a significant overexpression of cytosolic gelso-
lin (GSN), a cytoskeletal protein that regulates the severing and capping of the actin filaments. Biochemical and immunofluo-
rescence assays confirmed a specific increase of GSN levels in the mitochondria from patients’ fibroblasts and from transmi-
tochondrial cybrids with complex III assembly defects. A similar effect was obtained in control cells upon treatment with
antimycin A in a dose-dependent manner, showing that the enzymatic inhibition of complex III is sufficient to promote the
mitochondrial localization of GSN. Mitochondrial subfractionation showed the localization of GSN to the mitochondrial outer
membrane, where it interacts with the voltage-dependent anion channel protein 1 (VDAC1). In control cells, VDAC1 was pre-
sent in five stable oligomeric complexes, which showed increased levels and a modified distribution pattern in the complex
III-deficient cybrids. Downregulation of GSN expression induced cell death in both cell types, in parallel with the specific ac-
cumulation of VDAC1 dimers and the release of mitochondrial cytochrome c into the cytosol, indicating a role for GSN in the
oligomerization of VDAC complexes and in the prevention of apoptosis. Our results demonstrate that respiratory chain com-
plex III dysfunction induces the physiological upregulation and mitochondrial location of GSN, probably to promote cell sur-
vival responses through the modulation of the oligomeric state of the VDAC complexes.
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Introduction
The mammalian oxidative phosphorylation (OXPHOS) system is
composed by five multiprotein enzyme complexes that couple
respiration and ATP synthesis in the mitochondrial inner mem-
brane. Among them, the respiratory chain cytochrome bc1 com-
plex (or complex III) catalyses the transfer of electrons from
reduced coenzyme Q to cytochrome c associated with a con-
comitant proton pump to the intermembrane space (1).
Complex III is a functional symmetric homodimer of �450 kDa
(2,3). Each monomer contains eleven subunits: three catalytic
(cytochrome b, cytochrome c1 and the Rieske Iron-Sulphur
Protein, or RISP) and eight structural subunits of unknown func-
tion. Isolated complex III deficiency is a relatively rare defect of
the OXPHOS system, associated with a wide variety of visceral,
muscular and neurological symptoms (4,5). The vast majority of
complex III deficiency cases are ascribed to mutations in the mi-
tochondrial MT-CYB gene [MIM 516020], which encodes the cata-
lytic subunit cytochrome b (6), or to mutations in two nuclear
genes: BCS1L [MIM 124000], which encodes a mitochondrial in-
ner membrane translocase necessary for the import and inser-
tion of the catalytic RISP subunit into complex III (7–9) and
TTC19 [MIM 615157], which encodes a mitochondrial protein of
unknown function that is essential for complex III formation
(10). Despite the advanced knowledge on the genetic basis of
complex III deficiency, the pathophysiological mechanisms that
contribute to the clinical manifestations of the disease remain
poorly understood. Mutations in MT-CYB and BCS1L usually lead
to structural defects that hamper the enzymatic activity of com-
plex III (11–14). This has been suggested to increase oxidative
stress through the production of reactive oxygen species (14,15),
to unbalance the expression of the cellular antioxidant de-
fences, to fragment the mitochondrial networks and to increase
cell death rates (14,16). To further identify the mechanisms un-
derlying complex III deficiency, we undertook a high-resolution
differential proteomic analysis of cultured skin fibroblasts from
complex III-deficient patients harbouring mutations in BCS1L
(17). The protein profile characteristic for complex III deficiency
included alterations in energy metabolism, cytoskeleton main-
tenance, regulation of gene expression, vesicles transport and
in the cellular stress response. The protein whose expression
appeared more significantly increased corresponded to the cy-
tosolic isoform of gelsolin (GSN). Mutations in the GSN gene
constitute the main genetic cause of Finnish hereditary amy-
loidosis [MIM 105120], an autosomal dominant disorder clini-
cally characterized by neurological, ophthalmological and
dermatological symptoms (18).

GSN, an ubiquitously expressed founding member of the
actin-severing/capping family of proteins, is a cytoskeletal pro-
tein that regulates the severing and capping of the actin fila-
ments in a Ca2þ-dependent fashion (19). This multifunctional
protein plays an important role in cellular processes that re-
quire a continuous rearrangement of the actin cytoskeleton,
such as cell growth, motility or phagocytosis, but it also func-
tions as a transcriptional coactivator in cell signalling and as a
dual regulator of apoptotic cell death [for a review, see (20)].
Although the location of GSN is predominantly cytosolic, immu-
noelectron microscopy studies in macrophages showed the
colocalization of GSN with plasma and intracellular mem-
branes, including rough endoplasmic reticulum and mitochon-
dria (21), and a portion of overexpressed GSN was also detected
in the mitochondrial-enriched fractions of Jurkat T cells (22).
These observations suggested the existence of a functional rela-
tionship between GSN and mitochondria. In agreement,

overexpression of the full-length GSN inhibited apoptotic mito-
chondrial changes and caspases activation in Jurkat T cells
treated with effectors of apoptosis (22,23). GSN overexpression
also displayed protective anti-apoptotic properties in murine
cellular models of Alzheimer’s disease, since it abrogated the re-
spiratory chain deficiency, loss of mitochondrial membrane po-
tential and cytochrome c release associated with Ab-induced
cytotoxicity (24–26). This anti-apoptotic function was proposed
to be mediated by the direct binding of GSN with the voltage-
dependent anion channel (VDAC) (27), a pore protein complex
in the mitochondrial outer membrane that facilitates the ex-
change of ions and small hydrophilic molecules between mito-
chondria and the cytosol (28). VDAC is functionally regulated by
interactions with multiple proteins and small molecules, and it
is the key molecule controlling apoptotic mitochondrial
changes through its functional interaction with members of the
Bcl-2 family of proteins (29–33). The in vitro observation that
overexpressed GSN could bind to VDAC reconstituted into lipo-
somes and inhibited its activity in a Ca2þ-dependent manner,
suggested that GSN would play its anti-apoptotic role through
the physical interaction and blockage of the pore (27). Later
studies confirmed that the overexpression of either full-length
GSN or its G5 segment in Jurkat T cells promoted their binding
to VDAC and protected cells against HIV-Vpr-Tet induced apo-
ptosis (34). Interestingly, GSN levels were upregulated in human
cell lines upon hydrogen peroxide (H2O2) treatment in a PKC-
regulated manner, suggesting that oxidative stress would in-
duce GSN expression (35). Despite these experimental evi-
dences, the physiological regulatory mechanisms that
modulate the variations in the expression of GSN and its out-of-
cytoskeleton functions on diverse subcellular locations, includ-
ing mitochondria, remain largely unknown.

In this work, we have characterized the functional involve-
ment of GSN in mitochondrial dysfunction using human cellu-
lar models of respiratory chain complex III deficiency. Patients’
fibroblasts and transmitochondrial cybrids with complex III as-
sembly defects showed a specific and significant increase of
GSN levels in isolated mitochondria. The enzymatic inhibition
of complex III with antimycin A was sufficient to enhance the
expression and the mitochondrial localization of GSN.
Mitochondrial subfractionations confirmed that GSN localizes
to the mitochondrial outer membrane, where it interacts with
the most abundant VDAC isoform, VDAC1. Downregulation of
GSN expression induced the specific accumulation of VDAC1 di-
mers, in parallel with the release of mitochondrial cytochrome c
into the cytosol and cell death. Our results demonstrate that re-
spiratory chain dysfunction induces the expression and mito-
chondrial location of GSN, where it modulates the oligomeric
states of VDAC complexes probably as a protective cell survival
response.

Results
GSN levels are increased in the mitochondria from
patients’ fibroblasts with respiratory chain complex III
deficiency

We previously analysed by two-dimensional difference gel elec-
trophoresis (2D-DIGE) and mass spectrometry the differential
proteomic profiling of primary skin fibroblasts from healthy do-
nors and complex III-deficient patients with mutations in the
assembly factor gene BCS1L (17). Among the protein spots
whose expression was significantly altered, four protein species
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corresponding to cytoplasmic GSN (of �81 kDa) were signifi-
cantly increased by 2.5- to 3.5-fold in patients’ fibroblasts rela-
tive to the controls, as evidenced after peptide mass
fingerprinting (PMF) identification (Fig. 1A). To verify these data,
we performed fractionations of control and BCS1L mutated fi-
broblasts to separate cytoplasm and mitochondria from the re-
mainder cellular compartments. We next analysed the steady-
state levels of GSN in whole cell extracts and in the cytosolic
and mitochondrial fractions by western blot (Fig. 1B). GSN sig-
nals were quantified and normalized relative to b-actin in the
whole-cell lysates and cytosolic fractions, and relative to the
mitochondrial complex II SDHA subunit in the mitochondrial
fractions. Densitometric analyses of at least three independent
experiments revealed significant differences (*P< 0.05) of GSN
levels in the whole cell lysates from three out of the four mutant
fibroblasts relative to the controls, which validate the results ob-
tained from our previous 2D-DIGE analysis (17). While no signifi-
cant differences in GSN levels were detected in the cytosolic
fractions, however, there was a statistically significant increase
(*P< 0.05) of GSN levels in the mitochondrial fractions from all
patient�s fibroblasts relative to the controls.

We next used confocal microscopy to assess the relative
abundance of GSN in control and patients’ fibroblasts with mu-
tations in BCS1L, and to analyse the subcellular localization of
GSN relative to mitochondria labelled with an anti-VDAC1 anti-
body (Fig. 1C). The staining patterns revealed a more intense cy-
tosolic signal of GSN and larger co-localization areas between
GSN and VDAC1 in the mitochondria from patients’ fibroblasts
than those from controls. The co-localization pattern did not
match the entire mitochondrial network, suggesting the exis-
tence of specific interaction areas between mitochondria and
the actin cytoskeleton through GSN.

GSN levels are increased in the mitochondria from
control fibroblasts with antimycin A-induced complex
III enzyme deficiency

We aimed at discriminating whether the mitochondrial enrich-
ment of GSN occurs as a response to the complex III assembly
defects provoked by a non-functional BCS1L, or as a general re-
sponse to complex III enzymatic defects. To determine whether
complex III enzyme deficiency by itself was enough to induce
the expression and mitochondrial localization of GSN, we
analysed the levels of GSN in isolated mitochondria from con-
trol fibroblasts that were previously incubated for 48 h with in-
creasing concentrations (ranging between 2 and 500 nM) of the
complex III inhibitor antimycin A. As an experimental control,
we first measured the spectrophotometric respiratory chain ac-
tivities from complexes II, III and IV. As expected, there was a
specific decline in complex III enzyme activity upon antimycin
A treatment (Fig. 2A). Residual complex III activities of 20 and
5% relative to untreated cells were observed at the antimycin A
concentrations of 2 and 20 nM, respectively. Complex III activity
decreased to undetectable levels at the highest antimycin A
concentrations of 200 and 500 nM. Blue native gel electrophore-
sis (BN-PAGE) in combination with in-gel activity (IGA) assays
additionally ruled out complex I activity defects (Fig. 2B).
Subsequent western blot analysis of 2D-BN-PAGE gels revealed
no structural alterations in the mitochondrial respiratory chain
complexes or supercomplexes in cells treated with the highest
concentrations of antimycin A (not shown).

The steady-state levels of GSN were next analysed by
western blot in whole cell extracts and isolated mitochondria

from antimycin A-treated and untreated fibroblasts (Fig. 2C).
Densitometric analyses of four independent experiments
showed a significant increase (*P< 0.05) of GSN levels in isolated
mitochondria from control fibroblasts that were treated for 48 h
with 200 and 500 nM of antimycin A, in comparison with the
untreated cells. These data were confirmed by confocal micros-
copy analysis (Fig. 2D), which showed a boost in the mitochon-
drial co-localization of the GSN and VDAC1 signals that was
more intense in the cellular perinuclear areas at the highest
concentrations of inhibitor (Supplementary Material, Fig. S1).

GSN levels are increased in the mitochondria from
human cybrids with complex III enzyme deficiency

We extended these analyses to whole-cell lysates
(Supplementary Material, Fig. S2A) and isolated mitochondria
(Fig. 3A) from the human osteosarcoma control cell line 143B
TK�. Cells were incubated for 24 and 48 h with increasing con-
centrations of antimycin A, and densitometric analyses of six
independent experiments showed a significant increase in the
levels of GSN in purified mitochondria from cells treated either
for 24 h with 500 nM antimycin A (*P< 0.05), or for 48 h with 200
and 500 nM of the inhibitor (***P< 0.001).

We next analysed GSN levels in isolated mitochondria from
143B TK�-derived human cybrids that lacked complex III (CIII-
KO) because of a homoplasmic 4—base pair deletion in the mi-
tochondrial MT-CYB gene (11) (Fig. 3B). Western blot followed by
densitometric analyses of four independent experiments
showed a highly significant increase (***P< 0.001) of GSN levels
in purified mitochondria from the mutant CIII-KO cybrids rela-
tive to an isogenic control (CON). In the CIII-KO mutants, it was
possible that the mitochondrial enrichment of GSN required the
loss of the structural integrity of complex III rather than being
because of the enzymatic deprivation of the complex. However,
antimycin A-treatment in the isogenic control cybrids again
showed a gradual increase of GSN levels in the mitochondria
(Fig. 3C), in parallel with a specific decrease in complex III en-
zyme activity (Supplementary Material, Fig. S2B) that was not
associated with structural alterations of this complex
(Supplementary Material, Fig. S2C). These data suggest that the
antimycin A-induced mitochondrial enrichment of GSN is dose-
dependent, and it would arise as a chronic response upon the
inhibition of complex III activity. Altogether, our results demon-
strate that the mitochondrial enrichment of GSN occurs as a
cellular response to complex III enzyme deficiency.

GSN localizes to the mitochondrial outer membrane
where it interacts with VDAC1

To determine the sub-mitochondrial location of GSN, purified
mitochondria from the isogenic control (CON) and CIII-KO
cybrids were treated with increasing concentrations of protein-
ase K to degrade the exposed mitochondrial outer membrane
proteins (Fig. 4). To rule out the presence of cytosolic contami-
nation in the samples, the levels of the eukaryotic translation
elongation factor EEF1A1, one of the most abundant cytosolic
proteins, as well as the levels of the endoplasmic reticulum
marker P4HB, were compared in the cytosolic and mitochon-
drial fractions by western blot (Fig. 4A). After cell fractionation,
mitochondria were treated for 1 h at 4 �C with either 0.01, 0.1 or
1.0 lg/ml of proteinase K in the absence or presence of 1%
Triton X-100, which lyses the mitochondria and should thus re-
sult in complete degradation of all mitochondrial proteins.
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Increasingly stringent proteinase K treatment led to the parallel
degradation of GSN and TOM20 (Fig. 4B), a mitochondrial outer
membrane protein that faces the cytosol, anchored by an N-ter-
minal transmembrane segment. TOM20 is highly sensitive to
proteinase K, whereas the matrix-side proteins, SDHA and
CORE2, are protected by the outer and inner membranes and
are insensitive to proteinase K. In agreement, these two pro-
teins were only degraded upon mitochondrial lysis. The

translation elongation factor EEF1A1 was scarcely detected in
the proteinase K-free mitochondrial preparations, thereby ex-
cluding the contamination of the remainder samples with cyto-
solic components. These data demonstrate that cytosolic GSN is
partially located in the mitochondrial outer membrane.

Previous studies showed the interaction of overexpressed GSN
with VDAC in reconstituted liposomes (27) and in Jurkat T cells
(34). Three VDAC isoforms are ubiquitously expressed in

Figure 1. The levels of cytosolic GSN are increased in the mitochondria from complex III-deficient fibroblasts with mutations in BCS1L. (A) Representative differential

expression pattern of GSN between control (CON) and BCS1L mutant fibroblasts (PAT). Four protein species corresponding to cytosolic GSN (originally labelled as 257,

262, 263 and 279) were detected by 2D-DIGE and mass-spectrometry analyses. The fluorescent signals of each dot on the 2D-DIGE gels were quantified using the

DeCyder software and represented as a 3D plot graph. (B) Ten micrograms of protein extracts from whole cell lysates and cytosolic fractions, and 30 lg of isolated mito-

chondria, were separated on 10% SDS-PAGE gels and analysed by western blot with antibodies that recognize GSN, b-actin (used as a loading control for the whole-cell

and cytosolic fractions), and the SDHA subunit of respiratory chain complex II (loading control for the mitochondrial fractions). Quantitative changes in band intensi-

ties between controls (C1, C2) and patient�s fibroblasts (P1–P4) were evaluated by densitometric scanning with the ImageJ software. The signals from at least three inde-

pendent experiments per fraction were quantified, and normalized by their respective loading controls. Data are presented as the mean 6 SD of the values obtained

from the patients’ fibroblasts relative to the mean control values, set as 1. Mann–Whitney U test: *P<0.05 for patients versus controls. (C) Double immunofluorescence

to detect GSN (green) and the mitochondrial marker VDAC1 (red) in controls (C1 and C2) and patients’ fibroblasts with mutations in BCS1L (P1–P4). Images were taken

with a�63 Plan-Apochromat objective in slices of 0.5 lm. Co-localized pixels (colocal.) are shown in white. Enlarged sections of the co-localization images (delimited by

a white square) are shown in the lowest panels. Scale bar¼ 20 lm.
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mammalian tissues, VDAC1–3, whereof VDAC1 is the most abun-
dant. To establish whether endogenous GSN physiologically inter-
acts with VDAC1 in the mitochondrial outer membrane, we
performed co-immunoprecipitation assays using mitochondrial ly-
sates (MLs) from control (CON) and mutant CIII-KO cybrids (Fig.
5A). In both cases, a single band of �81-kDa corresponding to

endogenous GSN was visible in the ML, which specifically co-
purified with the GSN antibody in the immunoprecipitate (IP). In
addition, the VDAC1 protein and the GSN-binding partner b-actin
were also detected in the co-IPs. In contrast, the respiratory chain
complex I subunit NDUFB8 and the complex II subunit SDHB, used
as negative controls, did not copurify with GSN. Reverse co-

Figure 2. The levels of cytosolic GSN are increased in the mitochondria from antimycin A-treated fibroblasts. Control fibroblasts (CON) were cultured for 48 h in the

presence of 2, 20, 200 and 500 nM of antimycin A (AA). Cells were collected, and (A) the enzyme activities of the mitochondrial respiratory chain complexes II–IV (CII–

CIV) were measured. Enzyme activities are expressed as the percentages relative to untreated cells of *cU/U citrate synthase (CS), where CS activity was calculated as

mU/mg protein. (B) Sixty micrograms of mitochondrial protein from antimycin A-treated control fibroblasts were extracted with a digitonin:protein ratio of 4 g/g and

analysed by BN-PAGE in combination with complex I in-gel activity (CI-IGA) assay, or alternatively, with western blot and immunodetection of the complex II SDHA

subunit, used as a loading control. (C) Fifteen micrograms of protein extracts from whole cell lysates and isolated mitochondria were separated on 10% SDS-PAGE gels.

GSN levels were analysed by western blot, using b-actin and SDHA as loading controls for the whole-cell lysates and the mitochondrial fractions, respectively. The sig-

nals from four independent experiments per fraction were quantified, and normalized by their respective loading controls. Data are presented as the mean 6 SD of the

values obtained from the antimycin A-treated fibroblasts relative to the untreated cells. Mann–Whitney U test: *P<0.05 for treated versus untreated cells. (D) Double

immunofluorescence to detect GSN (green) and the mitochondrial marker VDAC1 (red) in untreated cells (CON) and control fibroblasts incubated with increasing con-

centrations of antimycin A (2, 20, 200 and 500 nM). Images were taken with a�63 Plan-Apochromat objective in slices of 0.5 lm, and magnified with a�2 confocal

zoom. Co-localized pixels (colocal.) are shown in white. Enlarged sections of the co-localization images (delimited by a white square) are shown in the lowest panels;

see also Supplementary Material, Figure S1.
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immunoprecipitation assays using an antibody against VDAC1
(Fig. 5B) successfully pulled down the endogenous GSN, but not
NDUFB8, thereby demonstrating a physical interaction between
both proteins in human cybrids.

GSN downregulation induces the oligomerization of
VDAC1 without structural alterations of the OXPHOS
complexes

Since these data suggested a functional interplay between GSN
and VDAC1, we analysed the effect of GSN knockdown on

VDAC1 levels by SDS-PAGE of subcellular fractionations from
CIII-KO mutants and their isogenic control cybrids (CON) that
were transfected with a mix of two small interfering RNAs
(siRNAs) targeting exons 4 and 11 of GSN mRNA. Both in whole-
cell lysates (Supplementary Material, Fig. S3A) and isolated mi-
tochondria (Fig. 6A and B), GSN siRNAs effectively knocked
down the endogenous GSN protein by 80% in the control cybrids
and by 70% in the CIII-KO mutants, compared with cells trans-
fected with unspecific scrambled siRNAs (Sc). In these samples,
GSN silencing did not induce significant variations in the
steady-state levels of the VDAC1 protein.

Figure 3. The levels of cytosolic GSN are increased in the mitochondria from complex III-deficient cybrids. (A) Control 143B TK� cells were cultured for 24 and 48 h in

the presence of 2, 20, 200 and 500 nM of antimycin A (AA). Cells were collected and 15 lg of mitochondrial protein extracts were separated on 10% SDS-PAGE gels. GSN

levels were analysed by western blot, using SDHA as a loading control. The signals from six independent experiments were quantified, normalized by SDHA, and data

are presented as the mean 6 SD relative to the control values, set as 1. Mann–Whitney U test: *P<0.05 and ***P<0.001 for mutants versus controls. (B) Fifteen micro-

grams of protein extracts from whole-cell lysates and isolated mitochondria from control (CON) and mutant (CIII-KO) cybrids were separated on 10% SDS-PAGE gels.

GSN levels were analysed by western blot, using b-actin and SDHA as loading controls for the whole-cell lysates and the mitochondrial fractions, respectively. The sig-

nals from four independent experiments per fraction were quantified, normalized by their respective loading controls, and data are presented as the mean 6 SD rela-

tive to the control values, set as 1. Mann–Whitney U test: *P<0.05 and ***P<0.001 for mutants versus cntrols. (C) Control cybrids (CON) were cultured for 48 h in the

presence of 2, 20, 200 and 500 nM of antimycin A. Antimycin A-treated and CIII-KO cybrids were processed as in (A) and GSN levels were analysed by western blot, using

SDHA as a loading control. The signals from two independent experiments were quantified, normalized by SDHA, and data are presented as the mean 6 range relative

to the untreated control values, set as 1. Mann–Whitney U test: ***P<0.001 for mutants versus controls; see also Supplementary Material, Figure S2.
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The VDAC isoforms may co-exist in different oligomerization
states (38–41), as well as bound to a pro-apoptotic Bax–Bak pore
(of�400 kDa) that causes the mitochondrial outer membrane per-
meabilization (MOMP) to induce cell death (41–43). Therefore, we
analysed the putative effect of GSN silencing on the assembly of
VDAC1-containing complexes by BN-PAGE using isolated mito-
chondria from control and CIII-KO cells (Fig. 6C). For the accurate
determination of the molecular weights of the VDAC1 complexes,
we compared the VDAC1 signals with those from mitochondrial
OXPHOS complexes of known size on 2D-BN/SDS-PAGE gels (Fig.
6D). In untransfected control cells (Fig. 6C and D), VDAC1 is pre-
sent in a minor band (a) with an apparent molecular weight of
�400 kDa, compatible with the size of the Bax–Bak apoptotic pore
(42,43). VDAC1 is also present in five bands: three major bands (b,
c, d) with apparent molecular weights of �370, 310 and 250 kDa,
respectively; and in two lower bands (e, f) with apparent molecu-
lar weights of �125 and 60 kDa, respectively. Since the VDAC iso-
forms have an average molecular weight of �31 kDa, these five

bands could represent VDAC1 oligomers compatible with struc-
tural arrangements containing 12 (b), 10 (c), 8 (d), 4 (e) and 2 (f) cop-
ies of VDAC units. Transfection of GSN siRNAs did not induce
major changes in the levels and distribution of the VDAC1 com-
plexes in control cybrids, except for a slight accumulation of the
lowest band of �60 kDa (band f) that is compatible with the di-
meric form of VDAC1. Compared with the control cells, the
untransfected CIII-KO cybrids showed a slight increase (�1.2-fold)
of VDAC1 steady-state levels in the mitochondrial fractions (Fig.
6A and B), as well as higher levels of the oligomeric VDAC1 struc-
tures (Fig. 6C). In particular, there was a clear accumulation of an
intermediate complex (indicated with an asterisk) with an appar-
ent molecular weight of �180 kDa. This band could represent
structural rearrangements of six copies of VDAC units, and it
would arise as a result of complex III dysfunction. Transfection of
GSN siRNAs in the CIII-KO cybrids induced a prominent accumu-
lation of VDAC1 in band f, and a minor increase in the levels of
the remainder oligomeric complexes (a–e).

Figure 4. GSN localizes to the mitochondrial outer membrane. (A) Fifteen micrograms of protein extracts from cytosolic fractions and isolated mitochondria from con-

trol cybrids were separated on 10% SDS-PAGE gels. In order to rule out the presence of cytosolic contamination in the mitochondrial fractions, the levels of the transla-

tion elongation factor EEF1A1 (50.1 kDa), and of the endoplasmic reticulum protein P4HB (precursor of 57.1 kDa, mature processed form of 55.3 kDa) were analysed by

western blot relative to b-actin (41.7 kDa) and SDHA (72.7 kDa), respectively, used as markers for the cytosol and mitochondria. (B) Mitochondria purified from control

(CON) and mutant (CIII-KO) cybrids were treated (þ) or not (�) with the protease inhibitor phenylmethylsulfonyl fluoride (PMSF) and 1% Triton X-100 (TX100), together

with increasing concentrations of Proteinase K (ranging between 0.01 and 1 lg/ml). Fifteen micrograms of mitochondrial protein were separated on 10% SDS-PAGE gels,

and the mitochondrial location of GSN was analysed by western blot, using TOM20 as a marker for the outer membrane, CORE2 and SDHA as markers for the mito-

chondrial inner membrane and matrix, and EEF1A1 as a control for cytosolic contamination.
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We further analysed in control 143B TK� cells the effect of
GSN silencing on VDAC1 levels (Fig. 6A and B) and on the assem-
bly of VDAC1 complexes (Fig. 6E). Both in whole-cell lysates
(Supplementary Material, Fig. S3B) and isolated mitochondria
(Fig. 6A), GSN siRNAs effectively knocked down the endogenous
GSN protein by 80–90%, which led to a slight increase (�1.3-fold)
in VDAC1 levels. These discrepancies with regard to the effect
of GSN knock-down between the cybrids and their parental 143B
cell line could be explained by the higher silencing efficiency
achieved in the latter. In untransfected cells, VDAC1 was pre-
sent in the six expected bands, a–f (Fig. 6E). Transfection of GSN
siRNAs in 143B TK� cells induced not only the accumulation of
VDAC1 in band f, but also a prominent increase in the levels of
the highest band of �400 kDa (band a). Additionally, there was
an accumulation of two intermediate complexes (indicated
with arrows) with apparent molecular weights of �180 and
90 kDa, compatible with structural rearrangements of VDAC
units in hexamers and trimers, respectively. In these cellular
models, the accumulation of VDAC1 in dimers (band f), trimers,
hexamers and in the �400 kDa complex (band a) did not corre-
late with a clear decrease in the levels of the four remainder
oligomeric complexes (b–e). These observations suggest that
GSN would regulate the formation of the �400 kDa complex
through the modulation of specific low molecular weight
VDAC1 oligomers.

We also analysed the effects of GSN silencing on the assem-
bly of the OXPHOS system by BN-PAGE in combination with CI
IGA and western blot (Supplementary Material, Fig. S3C). In the
control cybrids, CI activity and the levels of free OXPHOS com-
plexes and supercomplexes appeared normal upon GSN knock-
down. The CIII-KO cybrids showed a simultaneous loss of
complex III and supercomplexes, but the levels of complexes II,
IV and V remained comparable to the control cells. GSN silenc-
ing in these mutant cells did not induce any relevant structural

alteration of the OXPHOS complexes. These results rule out a
relevant role for GSN in the structural maintenance of the
OXPHOS system.

GSN downregulation induces mitochondrial cytochrome
c release and apoptotic cell death

The oligomeric assembly of VDAC units was previously shown
to be coupled to apoptosis induction (39,44–46). Consequently,
we investigated the functional effect of GSN knockdown on mi-
tochondrial cytochrome c release into the cytosol and on the
cellular viability of control and CIII-KO mutant cybrids. In the
cytosolic fractions of GSN-silenced cells we observed a clear in-
crease in the levels of mitochondrial cytochrome c, which was
more evident in the control cybrids than in the CIII-KO mutants
lacking complex III (Fig. 7A). In parallel, the untransfected con-
trol cells exhibited faster growth rates in glucose containing-
culture media than the CIII-KO cells, as expected (Fig. 7B). Upon
transfection with GSN siRNAs, there was a significant decrease
in cell survival that was again more evident in the controls than
in the CIII-KO mutants. These data suggested that the downre-
gulation of GSN expression prompts cytochrome c release and
apoptotic cell death. Accordingly, epifluorescence terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
assays (Fig. 7C and D) showed an increase of �2.7-fold in the
amounts of apoptotic nuclei in control cybrids transfected with
GSN siRNA relative to the same cells transfected with scrambled
siRNAs. In agreement with our previous observations, GSN si-
lencing provoked an increase of �1.8-fold in the amounts of ap-
optotic nuclei in mutant cybrids relative to the cells transfected
with unspecific siRNAs. Since antimycin A-induced complex III
deficiency did not lead to the release of cytochrome c to the cy-
toplasm (Fig. 7E), in agreement with the low levels of cyto-
chrome c in the cytoplasmic fractions from the CIII-KO mutants
that are totally devoid of complex III (Fig. 7A), we conclude that
the increased cell death is specific to the effect of GSN knock-
down rather than to the inhibition of complex III activity.

Based on our data, respiratory chain dysfunction induces the
expression and mitochondrial location of cytosolic GSN to regu-
late VDAC1 oligomerization and apoptosis induction.

Discussion
In this work, we have studied the functional relevance of the
actin-binding protein GSN in mitochondrial respiratory chain
deficiency. Former differential proteomic analyses of cultured
skin fibroblasts from complex III-deficient patients revealed a
significant upregulation of cytosolic GSN expression as a novel
pathophysiological mechanism underlying respiratory chain
dysfunction (17). However, the molecular mechanisms that trig-
gered the physiological upregulation of GSN expression and its
functional involvement on mitochondrial function remained
unclear. Our current results demonstrate that: (1) GSN levels are
specifically increased in isolated mitochondria from cells with
complex III enzyme deficiency associated with structural alter-
ations of the complex. (2) The inhibition of complex III activity
with antimycin A is sufficient to promote the upregulation and
mitochondrial localization of GSN. (3) GSN localizes to the mito-
chondrial outer membrane, where it interacts with VDAC1. (4)
VDAC1 oligomers are relatively more abundant in cybrids lack-
ing complex III than in control cells, indicating that complex III
dysfunction induces the oligomerization of VDAC1. (5) The
downregulation of GSN expression in control cells also leads to

Figure 5. GSN interacts with VDAC1. GSN co-immunoprecipitation assays in

cybrids. (A) Isolated mitochondrial extracts from control (CON) and mutant (CIII-

KO) cybrids were immuno-precipitated using an antibody against GSN. (B) The

same samples were immuno-precipitated using an antibody against VDAC1.

Samples were subsequently analysed by SDS-PAGE and western blot with the

indicated antibodies. ML, mitochondrial lysate; IP, immunoprecipitate; SN, su-

pernatant (unbound fraction or flow-through).
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the accumulation of VDAC1 dimers and oligomers, in parallel
with the induction of apoptotic changes in the cell, such as the
release of mitochondrial cytochrome c into the cytosol and the
fragmentation of nuclear DNA (as measured by TUNEL assays),
and increased cell death. Altogether, our data indicate that GSN
expression is physiologically upregulated as a response to respi-
ratory chain complex III dysfunction, and suggest that the in-
creased expression and mitochondrial localization of GSN
would play a protective role against apoptosis through the regu-
lation of the oligomeric state of the VDAC membrane pores.

Previous evidences in different cellular models of health and
disease showed that GSN plays a role in the mitochondrial apo-
ptotic pathway (23), and overexpression of the full-length GSN

has been generally related to the prevention of apoptosis
(22,27,34). GSN has been reported to play such protective anti-
apoptotic role through its binding to VDAC, a major channel at
the outer mitochondrial membrane of eukaryotes that regulates
the flux of respiratory and metabolic substrates, as well as en-
ergy exchange, between mitochondria and the cytosol and it is
a key regulator in apoptosis. The binding of GSN to VDAC has
been proposed to induce reduced conductance and activity inhi-
bition of the VDAC channel, thereby restraining mitochondrial
pro-apoptotic signals such as the loss of membrane potential
and cytochrome c release (22,27). However, it can be argued that
the defective conductance of the VDAC channel probably alters
the exchange of ATP/ADP and all other larger respiratory

Figure 6. GSN down regulation induces the oligomerization of VDAC complexes without affecting OXPHOS structures. (A) Silencing assays were performed with a mix

of two GSN siRNAs in control cybrids (CON), in mutant cybrids lacking complex III (CIII-KO) and in control 143B TK� cells. Upon two rounds of transfection and silencing

for 48 h, mitochondria were isolated from untransfected (Un), mock-transfected (Sc), and GSN siRNA-transfected (siGSN) cybrids. GSN and VDAC1 levels were analysed

by SDS-PAGE and western blot, using SDHA as a loading control. (B) The optical densities of the immunoreactive bands for GSN were quantified, normalized by SDHA,

and presented as means 6 SD of the values obtained from three independent siRNA experiments. Values are expressed relative to the untransfected control cybrids

(Un). (C) Mitochondria were extracted from CIII-KO mutant cybrids and their isogenic controls (CON) with 4 g/g digitonin-to-protein ratio. The effect of GSN knockdown

on the assembly of VDAC1 complexes (a�f) was investigated by BN-PAGE, followed by western blot and immunodetection with the VDAC1 antibody. Asterisk indicates

the accumulation of a specific VDAC1 complex in the mutant cybrids. (D) The distribution pattern of VDAC1-containing complexes (a-f) relative to OXPHOS structures

was analysed in control cybrids (CON) by 2D-BN/SDS-PAGE and western blot with antibodies against VDAC1, the complex I subunit NDUFA9, the complex II subunit

SDHA, the complex III subunits CORE2 and RISP, the complex IV subunit COX5A, and the complex V subunits a-ATPase and ATP8. (E) The effect of GSN knockdown on

the assembly of VDAC1 complexes was investigated in control 143B TK� cells by 2D-BN/SDS-PAGE, followed by western blot and immunodetection with the indicated

antibodies. Arrows indicate the specific accumulation of VDAC1 complexes in the GSN siRNA-transfected cells; see also Supplementary Material, Figure S3.
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metabolites, which in turn would lead to outer membrane per-
meabilization and premature cell death as previously suggested
(47), rather than stimulating a protective anti-apoptotic
response.

The role for VDAC in MOMP and apoptosis is well known, al-
though the molecular mechanisms behind remain unclear [for
a review, see (48)]. Since the internal diameter of a monomeric
VDAC pore is 2.5–3.0 nm, which is insufficient to pass a folded
cytochrome c protein, it was alternatively proposed that the dy-
namic homo- or hetero-oligomerization of the VDAC isoforms
would induce apoptosis through the formation of a larger flexi-
ble pore capable of releasing pro-apoptotic proteins from the

mitochondrial intermembrane space (39,44–46). In agreement,
we observed in control cells a direct correlation between de-
creased GSN levels and the structural reorganization of VDAC1,
the most abundant VDAC isoform, which appeared accumu-
lated in a �400 kDa complex as well as in low order assemblies
below �200 kDa compatible with VDAC1 dimers, trimers and
hexamers. In parallel with the accumulation of these specific
VDAC1 complexes, GSN silencing led to increased levels of cyto-
chrome c in the cytosol and apoptotic cell death, suggesting that
the accumulation of these oligomeric VDAC1 structures could
be involved in apoptosis induction. Interestingly, cybrids with
severe complex III structural alterations showed high steady-

Figure 7. GSN down regulation induces cytochrome c release and apoptotic cell death. (A) The effect of GSN knockdown on cytochrome c release was investigated in

control cybrids (CON) as well as in mutant cybrids lacking complex III (CIII-KO). Fifteen micrograms of cytosolic protein from untransfected (Un), mock-transfected (Sc),

and GSN siRNA-transfected (siGSN) cybrids were separated on 10% SDS-PAGE gels and analysed by western blot and immunodetection with the indicated antibodies.

(B) Effect of GSN knockdown on cell survival. Control and CIII-KO cybrids were transfected with GSN or scramble (Sc) siRNAs and were incubated for 24 h in glucose-con-

taining media. Transfected cells were then plated on P12 plates at 3�104 cells per plate and counted on a daily basis for 3 days. Each data point represents the

mean 6 SD of the values obtained from at least two independent analyses per cell line, each with two experimental replicates. (C) Increased apoptotic cell death was

observed by epifluorescence TUNEL assay in cybrids transfected with GSN siRNAs. Transmitted light images are shown on the left and TUNEL images on the right of

each panel. Images were taken with a Zeiss LD A-Plan 20�/0.35 Ph1 objective. Unlabelled, negative control. DNAseI, positive control after 10-min incubation with

10 units/mL DNAse I. (D) Apoptotic nuclei from two independent TUNEL analyses were quantified after the examination of at least 103 cells from each experimental

condition. Data are expressed as the mean 6 SD of the values obtained from cells transfected with GSN siRNA (siGSN) relative to the scrambled control (Sc) values, set

as 1. (E) Control cybrids (CON) were cultured for 48 h in the presence of 2, 20, 200 and 500 nM of antimycin A (AA). Antimycin A-treated and CIII-KO cybrids were col-

lected, cytoplasmic fractions were isolated and 15 lg of cytosolic protein extracts were separated on 10% SDS-PAGE gels. GSN and cytochrome c levels were analysed by

western blot, using b-actin as a loading control.
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state levels of GSN in parallel with a general accumulation of
the VDAC1 complexes. These mutants were repeatedly more re-
sistant to the transfection with GSN siRNAs, and GSN silencing
mostly induced the accumulation of VDAC1 dimers, neither
provoking the accumulation of the �400 kDa complex nor a dra-
matic effect on cell growth arrest and apoptosis induction.
These differences with regard to the more dramatic effect of
GSN knockdown in the control cells could be a consequence of
the higher GSN siRNA transfection efficiencies in the controls,
or alternatively, they could reflect the presence of chronic cellu-
lar adaptations to prolonged respiratory chain dysfunction in
the mutants. In this regard, it is tempting to speculate that GSN
could prevent the formation of the �400 kDa complex, which is
compatible with a structure previously described as the pro-
apoptotic Bax–Bak pore that regulates MOMP and subsequent
cell death (31,40–42). In fact, the formation of the Bax–Bak pore
requires the presence of VDAC2 (42,43), and in rat cerebellar
granule neurons VDAC1 has been shown to colocalize with Bax
in five oligomers with molecular masses ranging between �120
and 500 kDa (41). Based on our data, however, we cannot ex-
clude the fact that the �400 kDa complex could alternatively
represent the binding of VDAC1 to other unrelated proteins, or
even the association of native VDAC isoforms in higher order
multimeric assemblies (38,40). A more extensive experimental
analysis needs to be done in order to elucidate the molecular
mechanisms and players that regulate the oligomerization of
the VDAC proteins, as well as the physiological roles of the dif-
ferent VDAC structures.

Altogether, our results argue in favour of a protective molec-
ular mechanism that involves the mitochondrial location of the
cytoskeletal protein GSN to prevent apoptosis through the mod-
ulation of VDAC assemblies. It remains to be solved whether
this is a specific response to mitochondrial complex III func-
tional defects, or whether this is a general cellular response to
respiratory chain dysfunction. Our work paves the way for fu-
ture studies focusing on the molecular mechanisms that regu-
late the functional interactions between mitochondria and the
cytoskeleton in experimental models of health and mitochon-
drial disease, which represents an exciting research field await-
ing to be explored.

Materials and Methods
Cell cultures and antimycin A inhibition

Primary skin fibroblasts from patients and healthy donors (age
and sex-matched) were cultured in 1 g/l glucose-containing
Dulbecco’s modified Eagle’s Medium (DMEM) (Invitrogen) sup-
plemented with 10% fetal bovine serum (FBS), 100 IU/ml penicil-
lin and 100 IU/ml streptomycin at 37 �C and 5% CO2.
Transmitochondrial cybrids and 143B TK� cells were cultured in
4.5 g/l glucose-containing DMEM medium (Lonza) supplemented
with 10% FBS and antibiotics. To block mitochondrial complex
III activity, antimycin A was added to the culture medium at
concentrations ranging between 2 and 500 nM and cells were in-
cubated for 24 and 48 h in the presence of the inhibitor. In all ex-
periments, cells were balanced for passage number.

2D-DIGE, mass spectrometry and data analyses

2D-DIGE, protein identification by MALDI-TOF/TOF and data-
base search analyses were performed in whole-cell protein ex-
tracts from control- and patient-derived fibroblasts harbouring
mutations in the BCS1L gene as previously described (17).

Statistical significance in protein abundance was assessed using
Student’s t test and analysis of variance analyses. We consid-
ered statistical significance to be at the 95% confidence level
(P< 0.05).

Respiratory chain enzyme activities

Mitochondrial respiratory chain enzyme activities were per-
formed according to established methods (36), and expressed
relative to the citrate synthase activity.

Indirect immunofluorescence

Cells were fixed with 4% paraformaldehyde for 15 min at 37�

and permeabilized for 15 min with 0.1% Triton X-100. Cells were
incubated in blocking buffer containing 10% goat serum for 1 h
at room temperature. The rabbit polyclonal anti-gelsolin and
anti-VDAC1 (Abcam) were used as primary antibodies. Texas
Red-conjugated anti-mouse and Alexa FluorVR 488-conjugated
anti-rabbit (Molecular probes) were used as secondary antibod-
ies. After appropriate rinsing, cover slips were mounted in
ProLong Gold antifade reagent (Molecular Probes) on glass
slides, and cells were viewed with a Zeiss LSM 510 Meta confo-
cal microscope and a 63� plan-apochromat objective.

GSN siRNA transfection

For siRNA transfection, isogenic controls and CIII-KO mutant
cybrids were plated in 10 ml of DMEM supplemented with 10%
FBS in 10-cm dishes with a cell density of 7.8� 105 cells per plate.
The next day, cells were transfected with 4 lg of two mixed GSN
siRNAs (SASI_Hs01_00209953 and SASI_Hs01_00209954, Sigma
Aldrich) that targeted GSN mRNA (reference sequence
NM_000177) in the presence of 52 ll X-treme GENE siRNA
Transfection Reagent (Roche), to achieve a final concentration of
0.15lM siRNA in a total volume of 10 ml per plate. The negative
control used was MISSIONVR siRNA Universal Negative Control
(Sigma Aldrich). Cells were incubated at 37 �C in a CO2 incubator
for 48 h. Cells were then subjected to a second siRNA transfection
cycle and they were incubated for 48 h prior to the experimental
analyses.

TUNEL assay

Apoptotic cells were analysed using the In Situ Cell Death
Detection kit, Fluorescein (Boehringer Mannheim, Mannheim,
Germany)—based on the TUNEL method, according to the man-
ufacturer’s protocols. As a positive control, 10 units/ml DNAse I
(Thermo Scientific) were used.

Subcellular fractionation

Mitochondrial and cytoplasmic fractions from cultured cells
were isolated with the Mitochondria Isolation Kit human MACS
(Miltenyi Biotec), according to the manufacturer’s guidelines.
Samples were mixed with an equal volume of Laemmli sample
buffer 2� (Biorad) containing 5% (v/v) 2-mercaptoethanol and
were boiled for 5 min at 95 �C. Between 20 and 40 lg proteins
were separated on 10% SDS-PAGE gels and transferred to
PROTRANVR nitrocellulose membranes (Whatman GmbH).
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Immunoprecipitations

Around 4� 106 transmitochondrial cybrids were resuspended in
isosmotic buffer [sucrose 0.25 M, Tris–HCl 20 mM pH 7.8, EDTA
0.2 mM and 0.1 mM phenylmethylsulfonyl fluoride (PMSF)].
After 5 min of incubation, cells were homogenized using
Readyprep TM Minigrinders (Biorad), and centrifuged at 1000g
for 10 min to separate nuclei and unbroken cells. The superna-
tant was collected and further centrifuged at 10 000g for 25 min.
The supernatant (cytosolic fraction) was centrifuged again at
10 000g for 25 min. The pellet, containing the heavy membranes
(mitochondrial fraction), was washed twice with isosmotic buf-
fer and centrifuged at 10 000g for 25 min to eliminate contami-
nants. The pellet was resuspended in 50 ll of PBS and 0.1 mM
PMSF. Immunoprecipitation assays were performed with 800 mg
of mitochondrial protein extracts, incubated overnight at 4 �C
with 25–50 mg of antibody covalently fixed in resin columns us-
ing the Co-Immunoprecipitation Kit (Pierce) according to the
manufacturer’s guidelines. The flow through (unbound fraction)
was mixed with an equal volume of Laemmli sample buffer 2�
(Biorad) containing 5% (v/v) 2-mercaptoethanol and the IP was
mixed with 45 ml of Lane Marker Sample Buffer (Pierce) with
100 mM DTT (Fluka BioChemika). Samples were boiled for 5 min
at 95 �C, loaded onto 10% SDS-PAGE gels and analysed by west-
ern blot.

Blue native electrophoresis and IGA assays

Mitochondrial pellets and blue native analyses were performed
as described before (37). Native PAGETM NovexVR 3–12% Bis–Tris
Protein Gels (Life Technologies) were loaded with 60 lg of mito-
chondrial protein. After electrophoresis, proteins were trans-
ferred to nitrocellulose or PVDF membranes at 40 V overnight
and probed with specific antibodies.

Antibodies

Western blot analyses were performed with antibodies raised
against the following human proteins: monoclonal GSN and b-
Actin (Sigma); polyclonal GSN, VDAC1, NDUFA9, NDUFB8,
SDHA, SDHB, CORE2, RISP, COX5A and a-ATPase (Abcam); ATP8,
TOM20 and EE1FA1 (Santa Cruz); CYTC (Cell Signaling
Technology); and PH4B (EnoGene). Peroxidase-conjugated anti-
mouse or anti-rabbit IgGs (Molecular Probes) were used as sec-
ondary antibodies. Immunoreactive bands were detected with
an ECL prime Western Blotting Detection Reagent (Amersham
Biosciences) in a ChemiDocTM MP Imager (Biorad). Optical densi-
ties of the immunoreactive bands were measured using the
ImageLabTM (Biorad) and the ImageJ analysis softwares.

Statistical data analysis

All experiments were performed at least in triplicate and results
were presented as mean 6 standard deviation (SD) values, un-
less indicated. Statistical P values were obtained by application
of the Mann–Whitney U test using the SPSS v21.0 program.

Supplementary Material
Supplementary Material is available at HMG online.
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