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A B S T R A C T   

Unraveling the role of VDAC3 within living cells is challenging and still requires a definitive answer. Unlike 
VDAC1 and VDAC2, the outer mitochondrial membrane porin 3 exhibits unique biophysical features that suggest 
unknown cellular functions. Electrophysiological studies on VDAC3 carrying selective cysteine mutations and 
mass spectrometry data about the redox state of such sulfur containing amino acids are consistent with a putative 
involvement of isoform 3 in mitochondrial ROS homeostasis. Here, we thoroughly examined this issue and 
provided for the first time direct evidence of the role of VDAC3 in cellular response to oxidative stress. Depletion 
of isoform 3 but not isoform 1 significantly exacerbated the cytotoxicity of redox cyclers such as menadione and 
paraquat, and respiratory complex I inhibitors like rotenone, promoting uncontrolled accumulation of mito
chondrial free radicals. High-resolution respirometry of transiently transfected HAP1-ΔVDAC3 cells expressing 
the wild type or the cysteine-null mutant VDAC3 protein, unequivocally confirmed that VDAC3 cysteines are 
indispensable for protein ability to counteract ROS-induced oxidative stress.   

1. Introduction 

Mitochondria are a major source of reactive oxygen species (ROS) as 
well as a critical target of the harmful effects of oxidative stress [1–3]: 
because of this they are equipped with multiple defense mechanisms [4]. 
These range from antioxidants enzymes, able to directly quench radical 
species (i.e. superoxide dismutases (SODs), glutathione peroxidase 
(GSH-Px) and peroxiredoxin/thioredoxin (PRX/Trx) systems [5,6]) to 
complex pathways including mitophagy and mitochondrial unfolded 
protein response (mtURP) [7,8]. Mitochondria communicate their redox 
state to targets located in the cytosol and in the nucleus (retrograde 
redox signaling) via mechanisms that are not fully understood but 
mostly rely on the modulation of redox sensitive proteins such as protein 
kinases [9,10]. In 2016, the Voltage Dependent Anion Channel isoform 3 
(VDAC3) was suggested as a putative sensor of mitochondrial ROS levels 
[11,12]. Hitherto, VDAC1 had been considered a key player in 
ROS-induced apoptosis [13] as the responsible for the translocation of 

superoxide anion from mitochondria to cytosol [14]. Located in the 
outer membrane of eukaryotes mitochondria, VDACs form large 
aqueous channels that mediate metabolites exchange across the organ
elle [15,16]. They also participate in a wide range of pathways thanks to 
the interaction with cytosolic enzymes and both pro-apoptotic and 
anti-apoptotic factors [17,18]. The three VDAC isoforms (VDAC1, 
VDAC2 and VDAC3) that exist in mammals are considered functionally 
distinct, despite showing a high sequence similarity [19]. VDAC1 and 
VDAC2 are mainly involved in the regulation of bioenergetic and of 
mitochondria-mediated apoptosis, and also, they feature 
well-established electrophysiological properties which have been thor
oughly investigated in artificial membranes [20]. Knowledge about 
isoform 3 is limited and its biophysical characteristics are still debated. 
The group of Colombini first reported that VDAC3 rarely inserted into 
planar lipid membranes as fully open pores that did not exhibit typical 
voltage-dependent gating [21]. Subsequently, Checchetto et al. 
described very small and ungated channels upon VDAC3 reconstitution 
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under non-reducing conditions [22]. The addition of reductants to the 
refolding procedures [23] or pre-incubation with DTT before electro
physiological analysis [24] significantly increased the current through 
VDAC3 which behaves as canonical voltage-gated VDAC pores albeit 
with a much lower insertion rate than isoform 1 and 2. Swapping ex
periments had previously suggested the involvement of cysteine resi
dues in VDAC3 pore-activity [25]: the replacement of the VDAC3 
N-terminus, containing two cysteines, with the homologous sequence of 
VDAC1, which has none, allowed isoform 3 to completely rescue the 
porin-less yeast temperature-sensitive phenotype [25]. However, the 
proof about the key function of these residues in the gating modulation 
of VDAC3 channels came later in Refs. [26,27]. The diverse content in 
cysteines is, indeed, a distinctive feature of the three isoforms: e.g. in 
human, VDAC1 has two, VDAC2 has nine and VDAC3 has six cysteines 
[28,29]. According to mass spectrometry analysis [30,31], all of these 
residues follow an evolutionarily conserved redox modification pattern, 
being oxidated or reduced probably depending on their location with 
respect to cytosol or IMS. In particular, the observation that the whole 
cysteine content of the isoform 3 is never detected as totally oxidized 
suggests that specific residues may undergo continuous 
oxidation-reduction cycles and strengthens the idea that they might be 
regulated or regulate intracellular ROS levels. However, experimental 
evidence is still missing. Clues from literature support the idea that 
VDAC3 may function as a redox-sensing protein. To date, a compre
hensive proteomic analysis listed stress sensors and redox-mediating 
enzymes among the cytosolic proteins associated with VDAC3 [32] 
and a redox DIGE proteomic study performed on rat heart mitochondria 
identified VDAC3 as a preferred target of mitochondrial ROS generated 
by the complex III [33]. Furthermore, in a VDAC3 knock out mice, Zou 
et al. associated the lack of this isoform with the increase of mitochon
drial ROS following a high-salt diet [34]. In another work [35], the 
authors speculated that the substantial increase of VDAC3 expression in 
non-metastatic endometrial cancers may correlate with dyslipidemia, a 
metabolic risk factor associated with the development of this type of 
tumor. Dyslipidemia could stimulate VDAC3 up-regulation through fatty 
acids and amine synthesis pathways responsible for ROS production 
within mitochondria. Very recently, VDAC3 was identified as severely 
oxidized in HEK293T and HeLa cells exposed to a photosensitizer 
compound that substantially increases mitochondria-specific oxidative 
stress [36]. 

In this work, near-haploid human HAP1 cells devoid of VDAC3 
(HAP1-ΔVDAC3) were compared to VDAC1 knock out (HAP1-ΔVDAC1) 
and parental cell lines to test VDAC3 contribution in oxidative stress 
response. Along with a greater basal ROS production and a remarkable 
increase in the expression of the main antioxidant and detoxifying en
zymes, the absence of VDAC3 considerably worsened cell resistance 
against mitochondrial ROS inducers. As confirmation, transfection of 
HAP1-ΔVDAC3 cell line with a cysteine-null (C0A) VDAC3 showed that 
cysteines are essential for the cell oxidative homeostasis. We here pro
vide compelling evidence of the involvement of VDAC3 in mitochondrial 
redox-regulatory networks. 

2. Results 

2.1. VDAC3 knock out down-regulates mitochondrial biogenesis 

HAP1 are a near-haploid cell line, of human leukemia origin, 
harboring a single copy of each chromosome, except for a disomic 
fragment of chromosome 15. Haploidy renders these cells a powerful 
tool for functional studies as genome editing ensures the full knock out 
of the target gene. In this work, HAP1 cells, devoid of VDAC1 or VDAC3, 
were exploited to analyze the contribution of isoform 3 in mitochondrial 
ROS metabolism and signaling. To this aim, we initially performed a 
phenotypic and molecular characterization of the novel cell lines. As 
shown in Supp. Fig. 1A, B and C, no appreciable differences were 
observed in morphology, proliferation (at least within the first 72 h) and 

survival rate among HAP1-ΔVDAC1, HAP1-ΔVDAC3 and parental cells. 
However, the quantification of both mRNA and protein levels demon
strated a significant dysregulation in the expression profiles of the other 
two isoforms in the absence of VDAC3: compared to the parental cell 
line, HAP1-ΔVDAC3 displayed an approximate 50% decrease and a 
concomitant approximate 70% increase of VDAC1 and VDAC2 proteins, 
respectively (Fig. 1A and B). VDAC1 knock out, conversely, did not 
considerably alter the expression levels of VDAC2 and VDAC3 (Fig. 1A 
and B). As changes in VDAC function/expression have been related to 
mitochondrial biogenesis dysfunction [37], the effects of VDAC1 and 
VDAC3 depletion on mitochondrial content were assessed by investi
gating the PGC-1α (peroxisome proliferator-activated receptor gamma 
coactivator 1a) signaling cascade. PGC-1α controls mitochondrial 
respiration and biogenesis by coactivating numerous transcription fac
tors, including the nuclear respiratory factors NRF-1. PGC-1α also 
indirectly regulates the mtDNA transcription by modulating the 
expression of the mitochondrial transcription factor A (TFAM), which is 
coactivated by NRF-1. As illustrated in Fig. 1C, the expression of all these 
genes is significantly reduced in both HAP1 K.O. cell lines, although the 
lack of VDAC3 is associated with the greatest variations (more than 50% 
reduction in mitochondrial biogenesis markers). However, mtDNA copy 
number quantification by determining the mtDNA/nDNA ratio and 
western blot analysis of Succinate Dehydrogenase Complex Flavoprotein 
Subunit A (SDHA) (Fig. 1D–E) demonstrated a similar effect of VDAC1 
and VDAC3 knock out on mitochondrial deregulation. The significant 
fall in the mitochondrial mass of both K.O. cell lines was accompanied 
by a considerable hyperpolarization across their inner mitochondrial 
membranes (Fig. 1F, G and 1H), which was more pronounced 
(approximately 38%) in cells devoid of VDAC1 and could be related to 
ADP exhaustion [38]. 

2.2. VDAC3 depletion weakens cellular defenses against ROS and 
stimulates expression of antioxidant enzymes 

Clues about the involvement of VDAC3 in ROS homeostasis have 
been reported elsewhere [32,34–36]. To examine whether or not the 
absence of VDAC3 can influence the intracellular redox state, we 
measured the relative abundance of three antioxidant enzymes. As 
shown in Fig. 2A, catalase, superoxide dismutase 1 (SOD1) and thio
redoxin (TRX) were significantly overexpressed in HAP1-ΔVDAC3 
compared to parental cell line (0.59 ± 0.15, 1.18 ± 0.10 and 1.10 ±
0.11-fold increase, respectively). HAP1-ΔVDAC1 also exhibited an 
increment in catalase and TRX expression (0.74 ± 0.13 and 0.58 ±
0.12-fold increase, respectively) with respect to control cells, whereas a 
reduction of SOD1 (0.30 ± 0.14-fold decrease) was observed, in agree
ment with [39]. Overall, the expression pattern of these major antioxi
dant enzymes demonstrates that cells devoid of VDAC3 experience a 
greater oxidative stress. MitoSOX-Based Flow Cytometry, which spe
cifically detect mitochondrial superoxide, confirmed the highest basal 
level of mitochondrial ROS in HAP1-ΔVDAC3 cells with respect to the 
parental cell line and to cells lacking VDAC1 (Fig. 2B) [40–43]. Inter
estingly, both VDAC1 and VDAC3 depletion led to a diminished amount 
of cytosolic ROS with respect to control cells, as revealed by flow 
cytometry quantification with DCFH probe (Fig. 2C). These findings 
could be a consequence of the enhanced expression of antioxidant en
zymes that quickly remove the excess of ROS from the cytosol or 
otherwise be explained by the minor permeability of superoxide across 
the outer membrane of VDAC1 and VDAC3 K.O. mitochondria. 

2.3. Challenge with ROS producing drugs reveals the importance of 
VDAC3 in fighting oxidative stress 

The impact of drugs that trigger mitochondrial superoxide accumu
lation (i.e. rotenone, menadione and paraquat) was evaluated in HAP1 
cells devoid of VDAC1 or VDAC3. The results suggest that VDAC3 has a 
role in oxidative stress response. According to Fig. 3A, cell survival of 
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wild type HAP1 following paraquat, rotenone and menadione exposure, 
(MTT assay), ranged from 50 to 80%. VDAC3 knock out significantly 
reduced the percentage of viable cells by approx. 15% after paraquat 
and menadione treatments and by 40% upon rotenone administration. 
VDAC1 depletion did not affect cell sensitivity to rotenone and mena
dione, albeit, enhanced cell resistance to paraquat toxicity in accordance 

with Shimada et al. [44]. Relative quantification of protein levels in the 
parental cell line revealed that exposure to rotenone, menadione and 
paraquat mainly affected the expression profile of VDAC3 which is 
substantially up-regulated compared to VDAC1 and VDAC2 (Fig. 3B). To 
examine the endogenous mitochondrial superoxide production after a 
drug challenge in HAP1, control and K.O. cells were loaded with the 

Fig. 1. Molecular characterization of HAP1 cell lines. A. Relative quantification of VDAC1, VDAC2 and VDAC3 mRNAs in HAP1-ΔVDAC1 and HAP1-ΔVDAC3. 
Data are normalized to the β-actin and expressed as means ± SEM (n = 3) and compared to HAP1 parental cells (equals one). B. Western blot illustration and relative 
quantification of VDAC1, VDAC2 and VDAC3 protein levels in HAP1-ΔVDAC1 and HAP1-ΔVDAC3. Data are normalized to the β-tubulin, expressed as means ± SEM 
(n = 3) and compared to HAP1 parental cells. C. Relative quantification of PGC-1α, NRF1 and TFAM (mitochondrial biogenesis markers) mRNAs in HAP1-ΔVDAC1 
and HAP1-ΔVDAC3. Data are normalized to the β-actin and expressed as means ± SEM (n = 4) and compared to HAP1 parental cells. D. Quantification of mito
chondrial DNA (mtDNA) in HAP1 cell lines devoid of VDAC1 or VDAC3. mtDNA amount was measured by Real-Time PCR of the mitochondrial gene COXII and 
normalized to the nuclear gene APP. Data are expressed as means ± SEM (n = 3) and compared to HAP1 parental cells. E. Quantification of mitochondrial content. 
Western blot illustration and relative quantification of mitochondrion-specific protein SDHA level in HAP1-ΔVDAC1 and HAP1-ΔVDAC3. Data are normalized to the 
β-Actin, expressed as means ± SEM (n = 3) and compared to HAP1 parental cells. F. Measurement of mitochondrial mass using MitoTracker Green. Representative 
fluorescence profiles of cells populations for the three cells lines. Histogram reports the average of fluorescence intensity measured by flow cytometry for the three 
HAP1 cell lines after proper gating of fluorescence. Gates were established based on negative and positive controls. Data are indicated as means ± SEM (n = 3) and 
compared to HAP1 parental cells. G. Detection of mitochondrial membrane potential by Mitotracker Red and measured by flow cytometry in each population of the 
three HAP1 cell lines. Histograms show the average fluorescence intensity measured for each gated cell population analyzed. Data are indicated as means ± SEM (n 
= 3) and compared to HAP1 parental cells. H. Quantification of mitochondrial membrane potential normalized for mitochondrial mass in HAP1 cell lines devoid of 
VDAC1 and VDAC3. Data are expressed as means ± SEM (n = 3) and compared to parental cell line. Data were analyzed with One-Way or Two-Way ANOVA; with *p 
< 0.05 **p < 0.01 and ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Analysis of mitochondrial superoxide 
content and quantification of the expression 
levels of the main antioxidant enzymes in HAP1 
cell lines. A. Representative immunoblot and relative 
protein quantification of antioxidant enzymes (Cata
lase, superoxide dismutase 1 (SOD1) and Thioredoxin 
(TRX)) in HAP1-ΔVDAC1 and HAP1-ΔVDAC3. Data 
are normalized to the β-actin, expressed as means ±
SEM (n = 3) and compared to HAP1 parental cell line. 
B. Mitochondrial superoxide determination by Mito
SOX red probe. Representative MitoSOX Red fluo
rescence profiles evaluated by flow cytometry in each 
population of HAP1 cell lines (left). Quantitative 
analysis of the mean fluorescence intensity MitoSOX 
Red in each population of HAP1 cell line. Results are 
expressed as the mean ± SD (n = 3) and compared to 
HAP1 parental cells (right). Results are expressed as 
the mean ± SD (n = 3) and compared to HAP1 
parental cells. C. Intracellular ROS detected by DCFH- 
DA fluorescence measured by flow cytometer. 
Representative fluorescence profiles detected by flow 
cytometry for each cell line (left). Quantitative anal
ysis of the average fluorescence intensity of DCFH-DA 
(%) in each gated population of HAP1 cell lines 
(right). Results are expressed as the mean ± SD (n =
3) and compared to HAP1 parental cell line. Data 
were analyzed with Two-Way ANOVA or One-Way 
ANOVA; with *p < 0.05 **p < 0.01 and ***p <
0.001. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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MitoSOX probe: following treatment with rotenone and menadione, 
flow cytometry measurements detected a significant increase (1.1 ±
0.10 and 0.65 ± 0.12-fold increase, respectively) in the amount of 
oxidized probe within HAP1-ΔVDAC3 cells with respect to the parental 
cell line (Fig. 3C). These same drugs did not remarkably enhance 
mitochondrial ROS production in VDAC1 K.O. cell line, where, on the 
contrary, a conspicuous reduction (0.68 ± 10 - fold decrease) in su
peroxide content was observed upon paraquat administration, 
compared to parental cell line (Fig. 3C). To this regard, unvaried ROS 
production in VDAC3-free cells compared to the wild-type cell line 
following treatment with paraquat may be explained by the down 
regulation of VDAC1, which mediates PQ toxicity. Consistent with the 
fact that oxidative stress caused by ROS can promote the rapid 

depolarization of the inner mitochondrial membrane potential, rotenone 
and menadione, but not paraquat, markedly increased the percentage of 
HAP1-ΔVDAC3 cells with collapsed ΔΨm (Fig. 3D). As expected, the 
mitochondrial membrane potential of parental and VDAC1 K.O cells was 
similarly affected by rotenone and menadione, whereas paraquat 
induced a considerable hyperpolarization of HAP1-ΔVDAC1 mitochon
dria compared to the other cell lines (Fig. 3D). 

2.4. Cysteine residues are responsible for the ability of VDAC3 to 
counteract mitochondrial ROS overload 

Previous reports led us to speculate that VDAC3 can modulate 
mitochondrial ROS content through the redox modifications of its 

Fig. 3. Effect of mitochondrial ROS-inducers on 
cell viability, VDAC isoforms expression and 
mitochondria functionality. A. Cell viability of 
HAP1 cell lines treated with different concentrations 
of mitochondrial ROS-inducers (i.e., rotenone, 
menadione and paraquat). Data are indicated as the 
mean ± SE (n = 6) and expressed as the percentage 
ratio of the treated cells to the untreated ones. B. 
Relative quantification of VDAC1, VDAC2 and 
VDAC3 protein levels in HAP1 parental cells treated 
with increasing concentrations of rotenone, mena
dione and paraquat. All values are normalized to the 
β-tubulin endogenous control and expressed as 
means ± SEM (n = 3). C. Measurement of mito
chondrial superoxide production via staining with 
MitoSOX Red after treatments with drugs. Data are 
expressed as mean ± SD (n = 3) and compared to 
HAP1 parental cell line. D. Mitochondrial membrane 
potential estimated by TMRM fluorescence measured 
with flow cytometry in HAP1 cell lines after drug 
administrations. Quantifications of percentage of cells 
with collapsed Δψm are indicated as means ± SEM (n 
= 3); mitochondrial membrane potential is normal
ized to mitochondrial mass value and expressed as the 
ratio of the treated cells to the untreated. Data were 
analyzed with Two-Way ANOVA or One-Way 
ANOVA; with *p < 0.05 **p < 0.01 and ***p <
0.001.   
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cysteine residues: most of them are indeed exposed towards the inter 
membrane space, an acidic and oxidative environment where ROS are 
released by Complex I [28]. To confirm this, HAP1-ΔVDAC3 cells were 
transiently transfected with plasmids encoding HA-tagged VDAC3 or 
VDAC3 C0A (i.e. a mutant where all cysteine residues were replaced 
with alanine residues), together with the mitochondrial-targeted Red 
Fluorescent Protein (mtDsRed) used as transfection reporter and as a 
mitochondrial marker. Before transfections, Mito Tracker Red DsRed 
staining allowed to portray the characteristic of mitochondrial network 
in parental and VDAC3 K.O. cells (Suppl. Fig. 2A). Flow cytometry and 
western blot confirmed the expression of the exogenous genes and 
revealed an approx. 70% transfection efficiency for both VDAC3 and 
VDAC3 C0A, which were also properly targeted to mitochondria (Fig. 4 
A, B and Suppl. Fig. 2B). Strikingly, expression of VDAC3 induced nearly 
a 40% increase in HAP1-ΔVDAC3 cell survival after 24h exposure to 50 
and 100 μM rotenone (Fig. 4C). Under the same experimental condi
tions, VDAC3 C0A did not considerably affect the susceptibility of 
VDAC3 knock out cells to the drug. These results are particularly 
impressive since neither VDAC3 nor VDAC3 C0A transfections altered 
mitochondrial content (Fig. 4D and E); furthermore, they did not stim
ulate a compensatory increase in VDAC1 protein level which could 
eventually disguise VDAC3 depletion (Suppl. Fig. 3). The boost in cell 
survival registered upon transfection with the wild type VDAC3 isoform 
is therefore unequivocally due to its cysteine residues that can coun
teract rotenone-induced mitochondrial injury. In support of these data, 
VDAC3 down-regulated catalase, thioredoxin and SOD1 expression 
more than the cysteine-null mutant, suggesting once again that restoring 
the wild-type protein expression is sufficient and necessary to reduce 
oxidative stress (Fig. 4F). 

2.5. VDAC3 preserves mitochondrial respiration upon oxidative stress 
conditions 

Rotenone is a powerful inhibitor of the mitochondrial electron 
transport system (ETS) complex I and exerts its toxicity by increasing 
mitochondrial ROS in the presence of NADH-linked substrates, through 
a mechanism not completely understood [45,46]. Given previous re
sults, we queried whether VDAC3 could protect the mitochondrial 
respiration upon rotenone exposure. To this aim, High-Resolution 
Respirometry (HRR) was used to assay oxygen consumption of HAP1 
cells. 

Fig. 5A displays a representative respirometric curve of untreated 
parental HAP1 cells along with the specific protocol used herein. Briefly, 
oxygen consumption was first measured in intact cells, i.e., in the 
presence of endogenous substrates (ROUTINE state). Then, cells were 
permeabilized and the oxidative phosphorylation sustained by complex 
I was achieved in the presence of NADH-linked substrates (N-pathway, i. 
e. the contribution of complex I to the oxidative phosphorylation). 
Finally, the maximal electron transport (ET) capacity was obtained by 
the complete dissipation of the proton gradient through uncoupler 
titration. 

In order to identify a sublethal rotenone dose, parental HAP1 cells 
were first exposed to increasing concentration of the toxin. In parallel, 
experiments were repeated using myxothiazol as a control. Myxothiazol 
blocks the ETS specifically acting on complex III [47] but without 
exerting any significant effect on ROS level [48,49]. As reported in 
Suppl. Fig. 4A–B, both drugs promoted a similarly significant decrease of 
parental HAP1 oxygen consumption in all the analyzed respiratory 
states in a dose-dependent manner starting from 100 nM, with the effect 
of rotenone being more pronounced than that of myxothiazol. On the 
other hand, no significant variation was observed at 10 nM rotenone. 
Additionally, this concentration did not affect cell viability (Suppl. 
Fig. 4C) nor in the case of rotenone neither upon myxothiazol treatment. 
Contrariwise, while the exposure of HAP1 cells to 10 nM rotenone 
correlated with an increase of about 58% in Mitosox signal in compar
ison to the untreated control, upon myxothiazol the Mitosox signal 

decreased (Suppl. Fig. 4D), suggesting a reduction of ROS production 
upon blockage of the ETS, in accordance with previous observations 
[50]. HRR experiments were also performed in HAP1-ΔVDAC3 cells 
transfected with constructs encoding VDAC3 or VDAC3 C0A, and 
exposed to the sublethal doses of rotenone and myxothiazol. While the 
transfections per se did not change respiration in any analyzed state 
(Suppl. Fig. 5), the absence of VDAC3 made HAP1 extremely sensitive to 
10 nM rotenone: not only did the toxin halve cell viability (Fig. 5B) but 
significantly affected the respiration. As shown in Fig. 5C, VDAC3 knock 
out cells underwent a significant reduction of about 40% in the oxygen 
consumption during ROUTINE state, and of 65% and 70% in N-pathway 
and ET capacity, respectively. In contrast, absence of VDAC3 had no 
impact for cell viability or respiration of HAP1 (Fig. 5D–E) when cells 
are exposed to myxothiazol, since no significative variations were 
observed in all the conditions tested here. In any case, the 
re-introduction of VDAC3 with transient transfection almost nullified 
the harmful effect of rotenone, restoring cell survival and oxygen con
sumption in all the analyzed states (Fig. 5B–C). The expression of the 
cys-null mutant also improved both cell survival (Fig. 5B) and respiration 
(Fig. 5C) although the oxygen consumption levels never reached those of 
cells expressing VDAC3 WT. Again, no significative variations were 
observed upon VDAC3 WT or C0A mutant expression in VDAC3 knock 
out cells exposed to 10 nM myxothiazol (see Supplementary Table S1 for 
raw data). 

Overall, these results indicate that VDAC3, and particularly the 
cysteine residues, is pivotal in maintaining mitochondrial functionality 
upon oxidative stress conditions. 

3. Discussion 

VDAC3 is the most recently discovered VDAC isoform [50]. Its ex
istence raised questions about porin redundancy in the outer mito
chondrial membrane. As for gram-negative bacteria, where many outer 
membrane porins absolve to specialized functions [51], mammalian 
VDAC isoforms accomplish distinct roles within the cell [52]. In 
particular, VDAC3 has recently been proposed to function as a sensor for 
the oxidation-reduction potential present in the mitochondrion [26,28]. 
To challenge this hypothesis, we deeply investigated the behavior of the 
human HAP1 cell lines devoid of VDAC1 or VDAC3 in response to ROS. 
Indeed, VDAC1 has been suggested to be involved in ROS homeostasis as 
well [41,53,54]: however, unlike VDAC3, isoform 1 would promote 
oxidative stress as speculated by Maldonado et al. [55] and demon
strated by Yang et al. [56]. The near haploid chromosomal status of 
HAP1 ensures the complete removal of the target gene: notwithstanding, 
in the particular case of VDAC, the remaining isoforms can potentially 
compensate for the knockout of a specific isoform and hence mask the 
effects of its depletion. For instance, in mouse embryonic stem (ES) cells, 
upon VDACs knock out a compensatory increase in VDAC1 expression 
was registered in VDAC2− /− and VDAC3− /− [56]. 

The preliminary characterization of HAP1-ΔVDAC1 and HAP1- 
ΔVDAC3 cells revealed no significant changes in the protein levels of 
VDAC2 and VDAC3 in HAP1-ΔVDAC1, whereas a simultaneous down- 
regulation of VDAC1 and up-regulation of VDAC2 was registered in 
HAP1-ΔVDAC3 cells. Interestingly, these data are in agreement with the 
positive association between VDAC1 and VDAC3 protein expression and 
the negative correlation of VDAC2 with VDAC1 detected in endometrial 
cancer cells [35]. Both knock out cell lines exhibited a considerable 
reduction in mitochondrial content with a concomitant increase in 
mitochondrial membrane potential. In other words, cells lacking VDAC1 
or VDAC3 share a fewer number of mitochondria that, however, are 
more polarized. In accordance with our data, Magrì et al. previously 
reported that the absence of the endogenous yeast VDAC1 induces a 
metabolic rewiring through the down-regulation of mitochondria [37]. 
On the other hand, explaining the reasons for mitochondrial hyperpo
larization upon VDACs knock out is arduous: one hypothesis is that it 
could be correlated to ADP depletion and loss of FOF1 ATPase activity, 
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Fig. 4. Evaluation of HAP1-ΔVDAC3 cell profile upon transfection with VDAC3 wild type and VDAC3 cys-null mutant. A. Transfection efficiency of HAP1- 
ΔVDAC3 transfected with VDAC3 wild type (+VDAC3) and VDAC3 cys-null (+VDAC3 C0A) mutant was calculated by relative western blot quantification of VDAC3 
proteins in HAP1-ΔVDAC3 compared to the endogenous protein level in HAP1 parental cells. Data were normalized with β-actin, expressed as means ± SEM (n = 3). 
Anti-HA is shown as control. B. Fluorescence microscopy analysis of subcellular distribution of VDAC3 and VDAC3 C0A in HAP1- ΔVDAC3 by indirect immuno
fluorescence targeting the HA tag. Mitochondria were visualized by expressing the mitochondrial-targeted mtDsRed protein. Both exogenous proteins are co-localized 
with mitochondria. C. Cell viability of HAP1-ΔVDAC3 upon transfection with an empty vector (pCMS) or plasmid encoding either for the VDAC3 (+VDAC3) or the 
VDAC3 C0A (+VDAC3 C0A) and treated with different concentration of rotenone. Data show the mean ± SE (n = 3) and are expressed as a percentage ratio of the 
treated cells to the untreated ones. D. Quantification of mitochondrial content. Immunoblot illustration and relative quantification of mitochondria-specific protein 
COX IV level in HAP1-ΔVDAC3 upon transfection. Data are normalized to the β-Actin, expressed as means ± SEM (n = 3) and compared to HAP1-ΔVDAC3 
transfected with empty vector. E. Quantification of mtDNA in HAP1-ΔVDAC3 upon transfection. mtDNA amount was measured by Real-Time PCR of the mito
chondrial gene COXII and normalized to the nuclear gene APP. Data are expressed as means ± SEM (n = 3) and compared to HAP1-ΔVDAC3 transfected with empty 
vector. F. Quantification of the main antioxidant enzymes in HAP1-ΔVDAC3 upon transfection. Representative immunoblot and relative protein quantification of 
Catalase, superoxide dismutase 1 (SOD1) and thioredoxin (TRX). Data are normalized to the β-Actin, expressed as means ± SEM (n = 3) and compared to HAP1- 
ΔVDAC3 transfected with the empty vector. Data were analyzed with One-Way or Two-Way ANOVA; *p < 0.05 **p < 0.01 and ***p < 0.001. 
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Fig. 5. Oxygen consumption analysis upon rotenone and myxothiazol exposure. A. Representative curve displaying the respirometry profile of untreated HAP1 
parental cells and the SUIT protocol applied. The respiratory states Routine, N-pathway and ET capacity were achieved in intact or permeabilized cells with the 
specific addition of substrates and inhibitors, as following: PMG, pyruvate, malate and glutamate; Dig, digitonin; CCCP, carbonyl cyanide 3-chlorophenylhydrazone; 
AZ, sodium azide. B. Cell viability of HAP1-ΔVDAC3 upon transfection with an empty vector (pCMS) or plasmid encoding either for the VDAC3 (+VDAC3) or the 
VDAC3 C0A (+VDAC3 C0A) and treated with 10 nM rotenone. Data show the mean ± SE (n = 3) and are expressed as a percentage ratio of the treated cells to the 
untreated ones. C. Quantitative analysis of the oxygen consumption in the analyzed states of HAP1-ΔVDAC3 transfected with empty vector (pCMS) or construct 
carrying VDAC3 (+VDAC3) or VDAC3 C0A mutant (+VDAC3 C0A) attained after the exposure to 10 nM rotenone. Data are indicated as the mean ± SE (n = 3) and 
expressed as the ratio of the treated cells to the untreated ones. D. Cell viability of HAP1-ΔVDAC3 upon transfection with an empty vector (pCMS) or plasmid 
encoding either for the VDAC3 (+VDAC3) or the VDAC3 C0A (+VDAC3 C0A) and treated with 10 nM myxothiazol. Data show the mean ± SE (n = 3) and are 
expressed as a percentage ratio of the treated cells to the untreated ones. E. Quantitative analysis of the oxygen consumption in the analyzed states of HAP1-ΔVDAC3 
transfected with empty vector (pCMS) or construct carrying VDAC3 (+VDAC3) or VDAC3 C0A mutant (+VDAC3 C0A) attained after the exposure to 10 nM 
myxothiazol. Data are indicated as the mean ± SE (n = 3) and expressed as the ratio of the treated cells to the untreated ones. Data were analyzed by one-way 
ANOVA, with *p < 0.05, **p < 0.01 and ***p < 0.001. 
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which in turn decreases the utilization of the electrochemical gradient 
[38]. An alternative interpretation may involve the so-called “incom
plete mitochondrial outer membrane permeabilization (MOMP)” which 
occurs under caspase-inhibited conditions. As widely reported, VDAC1 
is essential for mitochondria-mediated apoptosis [18]: for instance, it is 
required for full processing and activation of caspase-8 [57]. Hence, 
cells totally devoid of VDAC1 (ΔVDAC1) or carrying a 50% reduction in 
the expression level of this protein (ΔVDAC3) likely fail to undergo 
mitochondrial permeabilization. Accordingly, depletion of VDAC1 or 
VDAC2 by small interfering RNA have been reported to prevent mito
chondrial membrane potential dissipation in H460 cells exposed to the 
cytotoxic isoflavone ME-344 [43]. Moreover, it is worthy of note, that 
the hyperpolarization of the mitochondrial inner membrane has been 
demonstrated to anticipate excessive ROS generation [58]. VDAC3 
knock out cells effectively disclosed a significant boost in mitochondrial 
ROS under physiological conditions, as previously observed in H460 
cells where VDAC3 was reduced by silencing [43]. This finding perfectly 
matches with changes in the expression levels of the main intracellular 
antioxidant enzymes that were all up-regulated within HAP1-ΔVDAC3 
cells: this is evidence of an enhanced imbalance between production and 
accumulation of intracellular ROS. The absence of VDAC1 also increased 
catalase and thioredoxin expression, although, differently from VDAC3 
depletion, down-regulated SOD1 and lowered the basal level of mito
chondrial ROS. 

Treatments with drugs triggering mitochondrial ROS generation 
clearly pointed out the extreme vulnerability of cells lacking VDAC3 
compared to the control and to the cells devoid of VDAC1. Consistent 
with these observations, the parental cell line drastically overexpressed 
VDAC3 in response to prolonged exposure to rotenone, menadione and 
paraquat, stressing the importance of this specific VDAC isoform in 
fighting oxidative stress. To this regard, it should be outlined that, under 
physiological conditions, VDAC3 transcript is the less abundant isoform, 
despite its promoter retains the greater transcriptional activity 
compared to those of VDAC1 and VDAC2 [59]. As proposed by Zing
hirino et al. [59], this discrepancy could be related to the minor stability 
of VDAC3 transcripts. Alternatively, cells would maintain the activity of 
VDAC3 promoter constitutively high in order to promptly increase 
protein expression upon specific stimuli [59]. However, the mechanism 
by which VDAC3 is up-regulated following oxidative insults needs to be 
elucidated: in the light of above, we speculate that this mechanism may 
include both an increase of mRNA stability and the modulation of gene 
expression, through the use of a polypyrimidine stretch localized within 
VDAC3 promoter and identified as a target of oxidative and metabolic 
stress [60]. 

Furthermore, HAP1-ΔVDAC3 mitochondria showed the highest 
increment in superoxide content, upon rotenone and menadione chal
lenge, which proves they failed to counterbalance the overproduction of 
free-radical species. Rotenone and menadione also induced a sharp 
collapse of ΔΨm in these cells suggesting a severe impaired mitochon
drial function. Paraquat did not generate the same output, presumably 
because of VDAC1 down-regulation associated to VDAC3 depletion. 
VDAC1 is indeed fundamental for paraquat-mediated cytoxicity as, upon 
toxin-mediated redox cycling, VDAC1-deficient mitochondria experi
ence the lowest amount of superoxide [43]. The role of rotenone, 
menadione and paraquat-generated mitochondrial ROS in apoptosis has 
been confirmed [45,61,62]. Our MTT assays proved that, after drug 
treatments, VDAC3 depletion yields the lowest cell viability compared to 
the other cell lines. These data, at first suggesting just a greater pro
pension of VDAC3 K.O. cells to apoptosis, are particularly meaningful as 
removal of isoform 3 is accompanied by the down-regulation of the 
pro-apoptotic VDAC1 and the up-regulation of the anti-apoptotic 
VDAC2. Complementation of HAP1-ΔVDAC3, by reintroducing the 
wild type protein, restored most of the analyzed parameters approxi
mately to levels measured in the HAP1 parental cell line. Interestingly, 
removal of all cysteine residues abolishes the protective effect of VDAC3 
against mitochondrial oxidative damage, leaving only the canonical 

pore-forming activity [22,23,25,26]. This undoubtedly implies that the 
involvement of VDAC3 in mitochondrial ROS-sensing is strictly depen
dent on its cysteine content. HRR measurements of HAP1 cells chal
lenged by ROS producing drugs additionally supported our conclusions. 
VDAC3 knock out significantly affected mitochondrial respiration of 
HAP1 cells exposed to rotenone, even at sublethal doses. Interestingly, 
we found that at nanomolar concentration rotenone promotes only a 
partial and not significant inhibition of complex I activity, with no effect 
on cell viability, but a still significative impact for mitochondrial ROS 
production. 10 nM rotenone had a negligible impact on oxygen flow of 
HAP1 parental or HAP1-ΔVDAC3 cells transfected with a plasmid 
encoding VDAC3, while dramatically affecting oxygen consumption of 
cells transfected with the empty vector. This suggests that VDAC3 is 
essential for the proper functioning of mitochondria upon oxidative 
stress. This finding is reinforced by two distinct aspects. First, no com
parable effects were observed upon exposure to myxothiazol. Similarly, 
to rotenone, myxothiazol promoted a significant inhibition of ETS in a 
dose-dependent manner without increasing mitochondrial ROS pro
duction. In this case, the absence of VDAC3 had no effect for oxygen 
consumption, once again underlining the pivotal role of VDAC3 in 
counteracting ROS triggered by rotenone. Second, the expression of the 
cys-null VDAC3 in HAP1-ΔVDAC3 cells did not restore the physiological 
oxygen flow in presence of endogenous substrates, while partially 
improved oxygen consumption of permeabilized VDAC3 knock out cells. 
This indicates that the absence of cysteine residues makes VDAC3 un
able to efficiently counteract the rotenone effect. The partial improve
ment in oxygen flows here observed could depends on the cys-null 
mutant ability to form canonical VDAC-like channels [23,26]. It has 
been recently shown that VDAC overexpression counteracts mitochon
drial respiratory impairment by increasing the availability of adenylates 
and substrates. As a result, the respiration was overall improved [63]. 
Anyhow, cys-null VDAC3 is not able to fully recover oxygen flow as 
VDAC3, and this strengthens once again the pivotal role exerted by 
cysteine residues. 

In conclusion, as hypothesized before [29–31], we demonstrate that 
VDAC3 protects mitochondria from oxidative stress-induced impair
ment, although the underlying molecular mechanism remains elusive. In 
particular, experimental results obtained with the VDAC3 mutant 
completely devoid of cysteine residues suggest that these amino acids 
are crucial for the protein ability to perceives changes in the amount of 
mitochondrial reactive oxygen species. Accumulation of oxidative 
modifications within VDAC3 cysteines may be used indeed as a redox-
state marker of mitochondria by inducing conformational changes 
which, in turn, could signal the ROS load of the single mitochondrion to 
other proteins or organelles. Accordingly, VDAC3 could contribute to 
mitochondrial quality control in two ways: i) over-oxidated VDAC3 may 
undergo ubiquitination [64] and promote the clearance of defective 
mitochondria or, ii), ROS-induced conformational changes could drive 
protein incorporation into membranous structures secreted by mito
chondria under oxidative stress called mitochondria-derived vesicles 
(MDVs), that participate in maintaining a healthy and functional mito
chondrial network. Another possible explanation is that, in response to 
increased levels of mitochondrial ROS, VDAC3 is “sacrified” through the 
retro-translocation pathway (N-end rule pathway) which translocates a 
protein containing an oxidated N-terminal cysteine (i.e. VDAC3 contains 
a cys in position 2 which becomes the actual N-terminal residue 
following removal of the starting methionine) to the cytosolic protea
some for its degradation [12]. The lack of evidence of VDAC3 cys2 
oxidation, suggests, that indeed, each protein containing this altered 
amino acid residue could be immediately destroyed by the N-end rule 
pathway. To this regard, Messina et al. [32], identified the 
valosin-containing protein (VCP) also known as transitional endo
plasmic reticulum ATPase (TER ATPase) or p97 in mammals, as a 
VDAC3 interactor. VCP is part of the ubiquitin-proteasome system [65] 
and is also required for the proper functioning of the lysosomal system 
and autophagy [66], hence it is involved in the “extraction” of proteins 
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from the outer mitochondrial membrane (OMM) and other membranes 
to be subsequently ubiquitinated and degraded. 

4. Methods 

4.1. Cell culture and treatment 

Near-haploid human HAP1 cell (C631), and derived cell lines HAP1 
VDAC1 knock out (HZGHC005706c002) and HAP1 VDAC3 knock out 
(HZGHC005689c006) cells were obtained from Horizon Discovery. 
Knockout clones were edited by CTRISPR/Cas system. VDAC1 knock out 
clone contains a 2 pb deletion in exon 6 while, VDAC3 knock out clone 
contains a 17 bp deletion in exon 7. HAP1 cell lines were maintained at 
37 ◦C in the presence of 5% CO2 in Iscove’s modified Dulbecco’s media 
(IMDM) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/ 
ml penicillin and 100 μg/ml streptomycin. Each cell line was treated 
with different compound: Menadione (15 or 25 μM dissolved in 0,01% 
DMSO) for 3 h; Rotenone (50 or 100 μM dissolved in 0,01% DMSO) for 
24 h and Paraquat (50, 100 or 500 μM dissolved in H2O) for 24 h. 
Subsequently, the cells were used for cell viability assay describe below. 

4.2. Cell viability assay 

Cell viability was evaluated by 3-(4,5-dimethylthiazolyl-2)-2,5- 
diphenyltetrazoliumbromide (MTT) assay. HAP1 cell lines were plated 
in 96-well plates at 10,000 cell/well and after 24 h received the indi
cated treatment. Subsequently, MTT was added to the culture medium to 
reach final concentration of 5 mg/ml. After incubation at 37 ◦C for 3 h, 
the medium was removed and the formazan crystals produced were 
dissolved by adding 100 μl of dimethyl sulfoxide. The absorbance at 590 
nm was determined using the microplates reader Varioskan (Thermo 
Scientific). Data were statistically analyzed by two-way ANOVA fol
lowed by Dunnett’s multiple comparisons test. 

4.3. Quantitative Real-time PCR 

Quantitative Real-time PCR was used to analyze the level of 
expression of the following genes: VDAC1, VDAC2, VDAC3, NRF-1, 
TFAM, PCG-1α. Total RNA was extracted using TRIzol® Reagent 
(ThermoFisher Scientific) according to manufacturer’s instructions. 
RNA concentration and purity were measured by a spectrophotometer 
and 1 μg was used to synthesize cDNA by QuantiTect Reverse Tran
scription kit (Qiagen). For each experiment, three independent Real- 
Time PCR runs were performed in triplicate using the QuantiTec SYBR 
Green PCR Kit (QIAGEN). Analysis was performed in the Mastercycler ep 
realplex (Eppendorf) in 96-well plates. Thermocycling program con
sisted in a first activation at 95 ◦C for 15 min, followed by 40 cycles at 
95 ◦C for 15 s, annealing at 57 ◦C for 15 s, extension at 68 ◦C for 15 s and 
a final step at 72 ◦C for 10 min. Analysis of relative expression level was 
performed using the housekeeping β-actin gene as internal calibrator by 
the ΔΔCt method [67]. Data were statistically analyzed by one-way 
ANOVA followed by Dunnett’s multiple comparisons test. 

4.4. Mitochondrial DNA analysis 

To determinate the relative amount of mitochondrial DNA in the 
HAP1 cell lines, total DNA was extracted as described in Ref. [68]. 
Briefly, total DNA (20 ng) was used as a template in real-time PCR with 
primers for the COXII gene in mitochondrial DNA and nuclear gene for 
APP. Analysis of mtDNA/nDNA ratio was calculated by following the 
classical ΔΔCt method. Data were statistically analyzed by one-way 
ANOVA. 

4.5. Measurement of the mitochondrial membrane potential, 
mitochondrial mass and mitochondrial superoxide 

ΔΨm was measured using alternatively two different probes suitable 
for determining mitochondrial membrane potential changes: 
tetramethyl-rhodamine methyl ester (TMRM), and Mito Tracker red. 
Both probes accumulate into active mitochondria due their positive 
charge whereby the reduction of ΔΨm leads to the release of them. 
Conventional fluorescent stains for mitochondria, such as TMRM, are 
readily sequestered by functioning mitochondria and they are subse
quently washed out of the cells once the mitochondrion’s membrane 
potential is lost. This characteristic makes TMRM very useful in exper
iments where sudden changes must be detected. However, when using 
dual staining of mitochondria, TMRM should be used paying attention to 
its spectral features. Here we used the Mito Tracker Green (Thermo
Fisher) probe that allow measurements of mitochondrial mass being a 
probe that accumulates into mitochondria independently of the mito
chondrial membrane potential status. Thus, when using flow cytometry, 
values measured for mitochondrial membrane potential could be 
normalized to the mitochondrial content per cell. In this case, to avoid 
false interpretation of results due to the overlap between Mito tracker 
Green emission spectrum and TMRM excitation spectrum, we used Mito 
tracker red, because of its spectral properties which allow a better signal 
detection when using simultaneously to others green probes. 

After treatments, 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 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 mitochondrial probes (either 200 nM TMRM or 300 
nM Mito tracker Green and 300 nm Mito tracker Red). In all cases 20 μM 
verapamil were added as a multi drug-resistant pump inhibitor (Sigma). 
Cells were then detached by a short treatment with trypsin–EDTA, re- 
suspended in the above described buffer, supplemented with 1% FCS 
to neutralize the trypsin and immediately analyzed on a CyFlow® ML 
flow cytometer (Partec) in FL3 and FL1 log mode. Only viable cells 
detected by reading the scattering indicated as FSC and SSC, were 
considered for our analysis.The threshold physiological value of ΔΨm 
was estimated by using cells exposed to 10 μM of the uncoupling agent 
FCCP as a negative control. Compensation algorithms were applied 
between FL1 and FL3 channels, when signals from Mito tracker Green 
and Mito tracker Red were read in the same cells, to normalize ΔΨm/ 
mitochondrion/cell. 

Mitochondrial superoxide, was measured by using MitoSOX Red 
(ThermoFisher) whose specificity for superoxide has been shown by the 
manufacturer. Briefly, cells were stained with 5 μM MitoSOX Red in 
Krebs Ringer Buffered Saline for 10 min at 37 ◦C, and FL2 median 
fluorescence intensity was measured by flow cytometry. 

4.6. Growth curve 

The day 0, 80000 cells from each HPA1 cell lines (parental, DVDAC1 
and DVADC3) were seeded in 12 well plates. Then cells were collected 
and counted each 24h for 5 days by using flow cytometry. The CyFlow® 
ML analyses concentrations of any particle or cell subpopulations of 
interest using True Volumetric Absolute Counting. This unique method 
is solely based on the fundamental definition of absolute counting 
respectively the particle concentration (c) which is equal to the counted 
number (N) of particles (e.g. cells) in a given volume (V), c = N/V. In the 
CyFlow® ML, the volume is measured directly by mechanical means, 
rather than by calibration with expensive beads eliminating any errors 
related to varying bead concentrations or bead aggregation. The 
CyFlow® ML allows the analysis of a fixed volume as defined by the 
distance between two platinum electrodes reaching into the sample tube 
with a given diameter. 
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4.7. Flow cytometry 

20,000 cells per sample were analyzed using a CyFlow® ML flow 
cytometer (Partec) system equipped with three laser sources and 10 
optical parameters with dedicated filter settings and a high numerical 
aperture microscope objective (50 × NA 0.82) for the detection of 
different scatter and fluorescence signals. The cells were excited by an 
air-cooled argon 488 nm laser and then the signal from Mitotracker 
Green was read on FL1, Mitosox on FL2, detectors while the signal from 
TMRM, Mitotracker Red DsRed on FL3 detector. Data obtained were 
acquired, gated, compensated, and analyzed using the FlowMax soft
ware (Partec) and FCS Express 4 software (DeNovo). Data reported were 
obtained for three sets of independent experiments, each performed in 
triplicate and based on 20,000 events for each group. Cytometric pro
files reported in each Figure are representative of one of the three sets of 
measurements. Data were statistical analyzed by chi-square test. A p <
0,001 was taken as significant. 

4.8. Western blots 

1 × 106 cells for each line were collected and lysed in extraction 
buffer (50 mM Tris pH 7.4, 150 mM NaCl, EDTA 1 mM, 1% TRITON X- 
100 and protease inhibitors). After lysis, the supernatant was collected 
and the protein content was measured in triplicate using the Bradford 
reagent with bovine serum albumin (BSA) as a standard. 50 μg of total 
protein of each sample were separated using SDS/PAGE electrophoresis, 
transferred to a PDVF membrane (Amersham Hybond P 0.45; GE 
Healthcare Life Sciences) and blocked in 2,5% BSA at room temperature 
for 1h. The membranes were incubated overnight at 4 ◦C with primary 
antibodies against VDAC1 (1:1000, ab34726, Abcam), VDAC1 (1:200, 
ab154856, Abcam), VDAC2 (1:300, ab37985, Abcam), VDAC3 (1:100, 
ab130561, Abcam), COX IV (1:3000 #3E11, Cell Signaling Technology), 
HA-Tag (1:1000, #3724, Cell Signaling Technology), Oxidative Stress 
Defense (Catalase, SOD1, TRX, smooth muscle Actin) western blot 
cocktail (1:1000, ab179843, Abcam), SDHA (1:000, ab14715, Abcam), 
β-Actin (1:1000, #3700, Cell Signaling Technology), β-Tubulin (1:2000, 
#2146, Cell Signaling Technology) and after the washing step with 
secondary antibodies IRDye® 800CW Donkey anti-Mouse IgG (1:20000, 
926–32212, Li-Cor Biosciences), IRDye® 680RD Donkey anti-Rabbit IgG 
(1:20000, 926–68073, Li-Cor Biosciences) and IRDye® 800CW Donkey 
anti-Goat IgG (1:20000, 926–32214, Li-Cor Biosciences). The mem
branes were scanned using the Odyssey CLx imaging system (Li-Cor 
Biosciences). Data were analyzed with ImageStudioLite software (Li-Cor 
Biosciences) and β-Tubulin or β-Actin was used as an internal control for 
normalizing protein loading. Data were statistically analyzed by one- 
way ANOVA followed by Dunnett’s multiple comparisons test. 

4.9. Cell transfection 

HAP1 ΔVDAC3 cells were transfected with the pCMS-MtDsRed [69] 
carrying the encoding sequence of human VDAC3 or VDAC3 C0A in 
frame with the HA-tag at the C-terminus. The empty pCMS plasmid was 
used as control. Cells were seeded in a 6-well or 96-well plates and 
transfected using 5 μg DNA per well by Lipofectamine 3000 (Life 
Technologies) according to manufacturer’s instructions. Further ana
lyzes were performed after 48 h. 

4.10. Indirect immunofluorescence of adherent cells 

In order to detect the expression of VDAC3, following transfection 
with pCMS-MtDsRed-VDAC3-HA, we used indirect immunofluores
cence. 48h post-transfection, cells growth on coverslips, were fixed in 
4% formaldehyde, washed three times in PBS 1x, and incubated 10 min 
in 50 mM NH4Cl. Cells were then permeabilized by using 0.3% Triton X- 
100. Unspecific binding was blocked by 30 min in 0.2% gelatine in PBS. 
To detect the expression and localization of VDAC3-HA in mtDsRed 

overexpressing cells, coverslips were incubated overnight with anti-HA 
(rabbit 1:100, Santa Cruz Biotechnology, Inc.). After PBS washing, cells 
were exposed for 1h at RT to the secondary anti-rabbit antibody Alex
aFluor 488. After PBS washing, cells were exposed for 1 h at RT to the 
secondary antibody (anti-rabbit 1:2000, ThermoFischer). Coverslips 
were mounted by using DAPI-Fluoromount-G to stain nuclear DNA. Co- 
localization with mitochondria was obtained by merging the HA signal 
with the signal from the fluorescent reporter mtDsRed. A Leica DMI 
6000B epifluorescence inverted microscope with Adaptive Focus Con
trol was used. This system is outfitted with a controllable X-cite mercury 
lamp and an extensive collection of filter cubes (360, 488, 560, 604 nm 
excitation) for fluorescent microscopy, and a halogen lamp for bright 
field and DIC. It is equipped with 4 bright lenses (10, 20, 40, 63x), a 
high-resolution Hamamatsu Orca R2 CCD camera (1344 × 1024 pixels), 
and motorized stage (XY only). Images were obtained by using the Leica 
LAS Extended Annotation software. 

4.11. High-Resolution Respirometry 

Effect of rotenone and myxothiazol for the respiratory capacity of 
parental or ΔVDAC3 HAP1 cells was investigated by High-Resolution 
Respirometry using the two-chamber system O2k-FluoRespirometer 
(Oroboros Instruments). Parental HAP1 were exposed for 24 h to 
increasing concentration of rotenone or myxothiazol ranging from 10 
nM to 10 μM. 24 h transfected ΔVDAC3 HAP1 cells were incubated with 
10 nM rotenone, 10 nM myxothiazol or DMSO for additional 24 h and 
the respiratory states were then determined by a specific substrate- 
uncoupler-inhibitor titration (SUIT) protocol modified from Ref. [58]. 
Briefly, oxygen consumption in intact cells was first analyzed. Next, 
plasma membranes were permeabilized with 4 μM digitonin, without 
disturbing mitochondrial membranes, and the oxygen flow related to 
oxidative phosphorylation driven by the complex I activity (N-pathway) 
was attained by the addition of pyruvate (5 mM), glutamate (10 mM), 
malate (2 mM) and ADP (2.5 mM). The maximal capacity of electron 
transport (ET) was finally determined by titration with the uncoupler 
carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 0.5 μM) up to the 
complete dissipation of the proton gradient. The activity of the respi
ratory chain enzymes was inhibited by the addition of 100 mM sodium 
azide. All substrates were purchased by Sigma Aldrich. 

At least three independent experiments for each condition tested 
were performed in mitochondrial respiration buffer Mir05 (Oroboros 
Instruments) at 37 ◦C under constant stirring of 750 rpm. Instrumental 
and chemical background fluxes were calibrated as a function of the 
oxygen concentration using DatLab software (Oroboros Instruments). 
Oxygen consumption in intact cells or correspondent to N-pathway and 
maximal ET capacity in cells exposed to rotenone or myxothiazol was 
expressed as pmol/s per million cells and normalized to their respective 
untreated controls. 

4.12. Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM). 
Dependent variables were analyzed by one-way or two-way ANOVA 
followed by Dunnett’s multiple comparisons test using GraphPad Prism 
version 9.0.0 (GraphPad Software, San Diego, California USA). A value 
of P < 0.05 was considered significant. In particular, * indicates a P <
0.05, ** indicates a P < 0.01, *** indicates a P < 0.001. 
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L. Nieminen, D. Kögel, J.H.M. Prehn, Dissipation of potassium and proton gradients 
inhibits mitochondrial hyperpolarization and cytochrome c release during neural 
apoptosis, J. Neurosci. 21 (2001) 4551–4563, https://doi.org/10.1523/ 
JNEUROSCI.21-13-04551.2001. 

[59] F. Zinghirino, X.G. Pappalardo, A. Messina, G. Nicosia, V. De Pinto, F. Guarino, 
VDAC genes expression and regulation in mammals, Front. Physiol. 12 (2021) 
708695, https://doi.org/10.3389/fphys.2021.708695. 

[60] C. Nepal, Y. Hadzhiev, P. Balwierz, E. Tarifeño-Saldivia, R. Cardenas, J.W. Wragg, 
A.-M. Suzuki, P. Carninci, B. Peers, B. Lenhard, J.B. Andersen, F. Müller, Dual- 
initiation promoters with intertwined canonical and TCT/TOP transcription start 
sites diversify transcript processing, Nat. Commun. 11 (2020) 168, https://doi.org/ 
10.1038/s41467-019-13687-0. 

[61] Y.J. Jang, J.H. Won, M.J. Back, Z. Fu, J.M. Jang, H.C. Ha, S. Hong, M. Chang, D. 
K. Kim, Paraquat induces apoptosis through a mitochondria-dependent pathway in 
RAW264.7 cells, Biomol Ther (Seoul) 23 (2015) 407–413, https://doi.org/ 
10.4062/biomolther.2015.075. 

[62] D.N. Criddle, S. Gillies, H.K. Baumgartner-Wilson, M. Jaffar, E.C. Chinje, 
S. Passmore, M. Chvanov, S. Barrow, O.V. Gerasimenko, A.V. Tepikin, R. Sutton, O. 
H. Petersen, Menadione-induced reactive oxygen species generation via redox 
cycling promotes apoptosis of murine pancreatic acinar cells, J. Biol. Chem. 281 
(2006) 40485–40492, https://doi.org/10.1074/jbc.M607704200. 

[63] A. Magrì, P. Risiglione, A. Caccamo, B. Formicola, M.F. Tomasello, C. Arrigoni, 
S. Zimbone, F. Guarino, F. Re, A. Messina, Small hexokinase 1 peptide against toxic 
SOD1 G93A mitochondrial accumulation in ALS rescues the ATP-related 
respiration, Biomedicines 9 (2021) 948, https://doi.org/10.3390/ 
biomedicines9080948. 

[64] Y. Sun, A.A. Vashisht, J. Tchieu, J.A. Wohlschlegel, L. Dreier, Voltage-dependent 
anion channels (VDACs) recruit Parkin to defective mitochondria to promote 
mitochondrial autophagy, J. Biol. Chem. 287 (2012) 40652–40660, https://doi. 
org/10.1074/jbc.M112.419721. 

[65] H. Meyer, M. Bug, S. Bremer, Emerging functions of the VCP/p97 AAA-ATPase in 
the ubiquitin system, Nat. Cell Biol. 14 (2012) 117–123, https://doi.org/10.1038/ 
ncb2407. 

[66] J.-S. Ju, C.C. Weihl, Inclusion body myopathy, Paget’s disease of the bone and 
fronto-temporal dementia: a disorder of autophagy, Hum. Mol. Genet. 19 (2010) 
R38–R45, https://doi.org/10.1093/hmg/ddq157. 

[67] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real- 
time quantitative PCR and the 2(-Delta Delta C(T)) Method, Methods 25 (2001) 
402–408, https://doi.org/10.1006/meth.2001.1262. 

[68] P.M. Quiros, A. Goyal, P. Jha, J. Auwerx, Analysis of mtDNA/nDNA ratio in mice, 
Curr. Protoc Mouse Biol. 7 (2017) 47–54, https://doi.org/10.1002/cpmo.21. 

[69] M.F. Tomasello, F. Guarino, S. Reina, A. Messina, V.D. Pinto, The voltage- 
dependent anion selective channel 1 (VDAC1) topography in the mitochondrial 
outer membrane as detected in intact cell, PLoS One 8 (2013), e81522, https://doi. 
org/10.1371/journal.pone.0081522. 

S. Reina et al.                                                                                                                                                                                                                                    

https://doi.org/10.1007/s00018-019-03342-8
https://doi.org/10.1007/s00018-019-03342-8
https://doi.org/10.1016/j.it.2004.05.001
https://doi.org/10.1007/s12035-018-1164-z
https://doi.org/10.1007/s12035-018-1164-z
https://doi.org/10.1038/onc.2008.63
https://doi.org/10.1038/cr.2009.98
https://doi.org/10.1038/cr.2009.98
https://doi.org/10.1016/j.abb.2010.01.008
https://doi.org/10.1016/j.abb.2010.01.008
https://doi.org/10.1124/jpet.120.000009
https://doi.org/10.1074/jbc.M109.033431
https://doi.org/10.1074/jbc.M109.033431
https://doi.org/10.1074/jbc.M210432200
https://doi.org/10.1046/j.1471-4159.2003.01908.x
https://doi.org/10.1111/j.1432-1033.1991.tb16180.x
https://doi.org/10.1186/s12858-015-0051-8
https://doi.org/10.1046/j.1471-4159.2001.00548.x
https://doi.org/10.1016/0003-9861(85)90293-0
https://doi.org/10.1038/s41579-019-0294-2
https://doi.org/10.1038/s41579-019-0294-2
https://doi.org/10.1016/j.bbabio.2010.01.031
https://doi.org/10.1016/j.bbabio.2010.01.031
https://doi.org/10.4161/15548627.2014.991665
https://doi.org/10.3390/biom10111485
https://doi.org/10.3390/biom10111485
https://doi.org/10.3389/fonc.2017.00004
https://doi.org/10.33594/000000274
https://doi.org/10.1186/1471-2407-10-380
https://doi.org/10.1186/1471-2407-10-380
https://doi.org/10.1523/JNEUROSCI.21-13-04551.2001
https://doi.org/10.1523/JNEUROSCI.21-13-04551.2001
https://doi.org/10.3389/fphys.2021.708695
https://doi.org/10.1038/s41467-019-13687-0
https://doi.org/10.1038/s41467-019-13687-0
https://doi.org/10.4062/biomolther.2015.075
https://doi.org/10.4062/biomolther.2015.075
https://doi.org/10.1074/jbc.M607704200
https://doi.org/10.3390/biomedicines9080948
https://doi.org/10.3390/biomedicines9080948
https://doi.org/10.1074/jbc.M112.419721
https://doi.org/10.1074/jbc.M112.419721
https://doi.org/10.1038/ncb2407
https://doi.org/10.1038/ncb2407
https://doi.org/10.1093/hmg/ddq157
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1002/cpmo.21
https://doi.org/10.1371/journal.pone.0081522
https://doi.org/10.1371/journal.pone.0081522

	Voltage Dependent Anion Channel 3 (VDAC3) protects mitochondria from oxidative stress
	1 Introduction
	2 Results
	2.1 VDAC3 knock out down-regulates mitochondrial biogenesis
	2.2 VDAC3 depletion weakens cellular defenses against ROS and stimulates expression of antioxidant enzymes
	2.3 Challenge with ROS producing drugs reveals the importance of VDAC3 in fighting oxidative stress
	2.4 Cysteine residues are responsible for the ability of VDAC3 to counteract mitochondrial ROS overload
	2.5 VDAC3 preserves mitochondrial respiration upon oxidative stress conditions

	3 Discussion
	4 Methods
	4.1 Cell culture and treatment
	4.2 Cell viability assay
	4.3 Quantitative Real-time PCR
	4.4 Mitochondrial DNA analysis
	4.5 Measurement of the mitochondrial membrane potential, mitochondrial mass and mitochondrial superoxide
	4.6 Growth curve
	4.7 Flow cytometry
	4.8 Western blots
	4.9 Cell transfection
	4.10 Indirect immunofluorescence of adherent cells
	4.11 High-Resolution Respirometry
	4.12 Statistical analysis

	Author contributions
	Fundings
	Declaration of competing interest
	Appendix A Supplementary data
	References


