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ABSTRACT
Non-alcoholic steatosis is a liver pathology characterized by fat accumulation and severe

metabolic alterations involving early mitochondrial impairment and late hepatocyte cell death.
However, mitochondrial dysfunction mechanisms remain elusive. Using four models of non-
alcoholic steatosis, i.e. livers from patients with fatty liver disease, ob/ob mice, mice fed a
high fat diet and in vitro models of lipotoxicity, we show that outer mitochondrial membrane
permeability is altered and identified a post-translational modification of VDAC, a membrane
channel and NADH oxidase, as a cause of early mitochondrial dysfunction. Thus, in non-
alcoholic steatosis, VDAC exhibits reduced threonine phosphorylation, which increases the
influx of water and calcium into mitochondria, sensitizes the organelle to matrix swelling,
depolarization and cytochrome ¢ release without inducing cell death. This also amplifies
VDAC enzymatic and channel activities regulation by calcium and modifies its interaction
with proteic partners. Moreover, lipid accumulation triggers a rapid lack of VDAC
phosphorylation by GSK3. Pharmacological and genetic manipulations proved GSK3 to be
responsible for VDAC phosphorylation in normal cells. Notably, VDAC phosphorylation
level correlated with steatosis severity in patients. In conclusion, VDAC acts as an early
sensor of lipid toxicity and its GSK3-mediated phosphorylation status controls outer

mitochondrial membrane permeabilization in hepatosteatosis.

Hepatology

Page 2 of 47



Page 3 of 47

Hepatology

INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is accompanied by hepatosteatosis, a clinical
condition characterized by excessive accumulation of lipids within hepatocytes and complex

metabolic alterations "

2. Although reversible in early stages, steatosis can lead to more
aggressive forms of liver injury such as hepatitis, cirrhosis and hepatocarcinoma °
Investigation of patients with hepatosteatosis showed that mitochondria harbor prominent
morphologic and functional abnormalities, suggesting a central role of these organelles in the
pathogenesis * Mitochondria can influence cell fate at the levels of energy production, lipid
metabolism, production and detoxification of reactive oxygen species (ROS) and release of
pro-apoptotic proteins °. All these alterations favor an increase in apoptotic and necrotic
hepatocyte cell death.

The voltage-dependent anion channel (VDAC) or porin is the most abundant protein
expressed in the mitochondrial outer membrane (OM). In physiological conditions, VDAC
allows the flux of ions and metabolites necessary to mitochondrial metabolism and cell
growth ®-7. Thus, VDAC channel closure by tubulin limits mitochondrial metabolism, thereby
decreasing the mitochondrial inner membrane potential (A¥m) *. VDAC is also implicated in
NADH oxidation and then, plays a role in cellular redox metabolism °. In conditions of lethal
stress, VDAC can contribute to the pro-apoptotic mitochondrial membrane permeabilization
(MMP) (for review °), either via homo-oligomerization, direct physical interactions with
endogenous members of the Bcl-2 family (e.g. Bax), adenine nucleotide translocase (ANT)
and virus-encoded Bcl-2-like proteins or via its impact on calcium (Ca®") fluxes and ROS
detoxification. Nonetheless, the exact role of VDAC in MMP and permeability transition (PT)
is debated and the molecular mechanisms that determine VDAC transition from a normal to a

lethal function are elusive.
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Here, we provide evidence that, in steatotic hepatocytes, the lack of VDAC phosphorylation
sensitizes hepatocytes to Ca?'-induced MMP. Using cellular and molecular approaches, we
demonstrate that VDAC lack of phosphorylation is accompanied by the decrease of
interaction with the serine/threonine glycogen synthase kinase 3 (GSK3) and Bcl-Xp in

mitochondria and enhances the stimulation of VDAC functions by Ca*".

MATERIALS AND METHODS

Animal models

Female 6-12 weeks old lean (C57BL/6J) and ob/ob (B6.V-Lepob/J) mice were purchased
from Janvier (Le Genest Saint Isle, France). Male 4-week-old C57BL/6J mice (Harlan, Udine,
Italy) were acclimatized to laboratory conditions for one week before being randomly
assigned to either the high fat or standard chow diet (Altromin-Rieper, Vandoies, Italy).
Collection of human liver biopsies

Eight frozen biopsies were chosen among liver biopsies collected during graft harvesting in
our institution. The study protocol follows the recommendations of the ethical guidelines of
the 1975 Declaration of Helsinki and was approved by our ethical committee.

Cell culture

HHL-5, immortalized non-cancerous primary hepatocytes (a generous gift from Dr A. Patel,
University of Glasgow, UK) '° are cultured in DMEM-F12 (Dulbecco’s Modified Eagle’s
Medium) supplemented with 10% fetal bovine serum, 1% glutamax and 1%
penicillin/streptomycin, in 5% CO, at 37°C supplemented with 2 % BSA and 2 mM
oleate/palmitate (2:1 ratio), as described in the literature '"and the cells were treated with this
medium for 3 to 30 h.

All samples collections and protocols are described in supporting informations.
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RESULTS

Steatosis promotes alteration of mitochondrial membrane permeability (MMP)
Mitochondrial modifications were investigated in mice that become obese due to a genetic
leptin-deficiency caused by the 0b/ob mutation . Transmission electron microscopy revealed
the presence of numerous mega-mitochondria with matrix swelling, loss of internal material
and OM ruptures in a population of isolated mitochondria from 0b/0b mice (Figure 1A).
These structural alterations correlated with an increase in MMP and of mitochondrial volume.
As compared to mitochondria from lean mice, 0b/ob mitochondria exhibited accelerated Ca*'-
induced matrix swelling (Figure 1B) and AWm dissipation (Figure 1C). Permeabilized fatty
acid (FA)-treated human immortalized hepatocytes (HHL-5 cells) 10 (Supplementary Figure
1) also proved to be more sensitive to Ca**-triggered A¥m loss than untreated cells (Figure
1D). Moreover, mitochondria from 0b/0b mice were more permeable to water, both in normal
condition and upon Ca®" stimulation of PT (Figure 2A). In the presence of cyclosporin A
(CsA), the prototypic inhibitor of PT, the permeability of control and 0ob/0b mitochondria was
reduced to similarly low levels (Figure 2A). As a consequence, the pro-apoptotic
intermembrane space protein, cytochrome ¢ (Cyt ¢) was found in the 100.000 x g-
supernatants of isolated ob/ob mitochondria from obese mice (Figure 2B). This was not the
case for the apoptosis-inducing factor (AIF), another pro-apoptotic protein (Figure 2B).
Caspase 3/7 activities were not enhanced by FA accumulation in vitro or in vivo (Figure 2C-
D), suggesting that the apoptotic signaling cascade was not activated. The distribution of Cyt
¢ in ob/ob and lean mouse livers was also analyzed by immunohistochemistry
(Supplementary Figure 2). Cyt ¢ was particularly expressed in portal tracts and in some
centrolobular areas, while lobular hepatocytes presented a lesser staining (Supplementary

Figure 2A,B). In livers obtained from lean mice, a punctate cytoplasmic staining was

Hepatology



Hepatology

observed in hepatocytes, while in steatotic or also some non-steatotic hepatocytes from ob/ob
mice livers a more diffused cytoplasmic staining was observed. These results confirm that in
steatotic livers, more hepatocytes present a cytoplasmic liberation of Cyt ¢ from mitochondria

probably due to an increased membrane permeabilization.

Calcium regulates VDAC functions in steatosis

To assess the causative link between mitochondrial proteins modification and mitochondrial
dysfunction, the pharmacological regulation of MMP was examined. Thus, Ca®" induced the
maximal swelling and depolarization in 30 min and CsA inhibited Ca*"-induced swelling and
depolarization in both mitochondrion types nearly as efficiently as the Ca®" chelator EGTA
(Figure 3A and B). The VDAC blocker disodium 4,4’-diisothiocyanatostilbene-2,2'-
disulfonate (DIDS) and the permeability transition pore (PTP) inhibitor N-[(3,5-di-tert-butyl-
4-hydroxy-1-thiophenyl)]-3-propyl-N'-(2,3,4-trimethoxybenzyl) =~ piperazine difumarate
(S15176) '* > were less efficient in preventing PT induction in 0b/ob mitochondria than in
control mitochondria (Figure 3A and B). This points to a role for PTP and VDAC in the
differential response to Ca”". No differential effect of bongrekic acid, an adenine nucleotide
translocase (ANT) inhibitor, was observed suggesting that ANT is not involved in the
difference of response of both types of mitochondria to Ca*" (not shown).

Similar levels of VDAC were detected in liver mitochondria extracts from lean and ob/ob
mice (Figure 3C). Nonetheless, isolated ob/ob mitochondria accumulated significantly more
Ca’"_than control mitochondria (Figure 3D). Moreover, control VDAC proteoliposomes
accumulated less Ca®" than proteoliposomes, which contained VDAC purified from ob/ob
mice (Figure 3E, Supplementary Figure 3). Furthermore, the NADH oxidase activity of

VDAC was higher in VDAC purified from 0b/0b mice and was enhanced in the presence of
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Ca** (Supplementary Table 1). Both Ca®" accumulation and NADH oxidase activity were
inhibited by DIDS (Supplementary Figure 4).

Finally, we determined VDAC channel conductance following reconstitution of the pure
native protein into planar lipid bilayer. In the absence of Ca®’, VDAC from lean mice
exhibited classical hallmarks, i.e. alternation of open (0) and closed (c) states at low potentials
with a symetrical behaviour (Figure 4A). At + 20mV, the main difference was that VDAC
purified from o0b/ob mice liver opened permanently (Figure 4, Supplementary Table 2).
Moreover, in the presence of 0.5 mM Ca®*, VDAC from lean mice liver behavior remains
symetrical, the amplitude level of the open states and the opening duration increased
significantly. In contrast, VDAC from 0b/ob mice liver behaved asymmetrically in response
to positive and negative potentials. Thus, at -20mV, the channel permanently closed (Figure
4, Supplementary Table 2). This suggests a remarkable change in the gating properties of

the channel.

VDAC phosphorylation status in steatotic patients and experimental models

In mammals, VDAC is expressed as three homologous isoforms, VDAC1 to VDAC3 which
possess multiple threonine (Thr) residues (Supplementary Figure 5)'°. First, we analyzed the
level of Thr phosphorylation of purified VDAC from liver of lean and ob/ob mice by
immunoblotting with an antibody specific for phosphorylated Thr (P-Thr) and found a unique
34 kDa band co-migrating with VDAC (Figure 5A), consistent with a phosphorylation of
VDAC on one or several Thr residues in lean mice and a lack of phosphorylation in 0b/0b
mice. Second, we analyzed total extracts of human liver biopsies with variable grades of
hepatosteatosis and mitochondrial extracts from mice fed a high fat diet (HFD) confirming the
difference of P-Thr phosphorylation between steatotic and lean samples (Figure SB-C,

Supplementary Table 3). Moreover, VDAC phosphorylation status correlated with the
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severity of the liver pathology (Figure 5B). Third, we investigated the lack of
phosphorylation induced by FA treatment in HHL-5 cells and found that the loss of P-Thr
phosphorylation is significant from 6 hr to 30 hr of FA treatment (Figure SD). To
demonstrate the identity of VDAC as the 34 kDa band identified by P-Thr immunoblotting,
two-dimensional  polyacrylamide gel electrophoresis (2D-PAGE) followed by
immunoblotting was performed. This led to the identification of eight spots reacting with
VDAC-specific antibodies and some of them, with the antibody for P-Thr (Figure SE-F). The
identity of VDAC 1 to 3 in these double-labelled spots was confirmed by nanoliquid
chromatography and mass spectrometry (Supplementary Table 4). Thus, in normal
conditions, VDAC is phosphorylated on one or several Thr residues. This phosphorylation is
significantly reduced in steatotic samples from patients, in fat accumulating HHL-5 cells, as
well as in obese mice. These results reveal the existence of a lipid-induced signaling pathway

leading to the lack of phosphorylation of VDAC.

VDAC interactome changes in steatosis

Next, blue native polyacrylamide gel electrophoresis (BN-PAGE) revealed the existence of
numerous multiprotein complexes (MC) containing VDAC (Figure 6A-B). Surprisingly, a
complex of 175 kDa (MCj7skpa), present in control mitochondria, was totally absent in ob/ob
mitochondria (Figure 6B). MC,7s5kp, contains P-VDAC, the serine/threonine kinase GSK3, the
anti-apoptoptic protein-Bcl-Xp (Figure 6C). Glucokinase, ANT, Akt, P-Akt, Bax, Bak and
cyclophilin D, which are putative partners of VDAC 17 were not present in MCy7skpa (not
shown). Moreover, we observed that GSK3 was similarly associated with both type of
mitochondria and mainly in the cytoplasm, whereas the amount of P-GSK3p increased in
ob/ob mitochondria as well as in cytoplasm. Bcl-X; was found in the complex in lean

mitochondria while in 0b/ob mice, was more abundant into the cytosol, suggesting a

Hepatology

Page 8 of 47



Page 9 of 47

Hepatology

regulatory flux out of the mitochondria (Figure 6D). Thus, MC;75xp, might contribute to the

relative stability of non-steatotic mitochondrial membranes (Figure 6E).

GSK3 phosphorylates VDAC

Prompted by the fact that GSK3 can phosphorylate VDAC, we assessed the proportion of
inactive, phosphorylated GSK3 among total GSK3 protein (P-GSK3/GSK3 ratio) in
mitochondrial fraction by immunoblotting. In isolated functional mitochondria from lean and
ob/ob livers, P-Thr phosphorylation of VDAC was inversely related to that of GSK3 (Figure
7A). Moreover, upon addition of FA to HHL-5 cells, P-Thr of VDAC decreased (0.46
fold+0:1) and P-GSK3 increased (1.45 fold+0.2) (Figure 7B) as the sensitivity of
mitochondria to Ca®" stimuli increased (Figure 7C). These effects on VDAC phosphorylation
(Figure 7B) and inner membrane depolarization (Figure 7C) could be reversed by exposure
to wortmannin (Wort), a phosphoinositide 3-kinase (PI3K) inhibitor that stimulates GSK3
kinase activity and decreases GSK3 phosphorylation '*. Indeed, Wort rescues partially VDAC
phosphorylation (0.74 fold+0.07) from FA treatment (Figure 7B). In the absence of FA,
SB216763, a specific GSK3 inhibitor 1 decreased P-Thr of VDAC (0.65fold+0.1) (Figure
7B) and increased the sensitivity to Ca*" (Figure 7C), mimicking FA accumulation and
steatotic condition. To demonstrate that GSK3 is the kinase or, at least, one of the kinases that
contribute to VDAC phosphorylation in lean condition, we reduced its expression of 80% by
siRNA and observed a 46% decreased in P-Thr VDAC in HHL-5 cells (Figure 7D). Finally,
using recombinant (i.e. VDACI1, GSK3, Bcl-X;) and native purified proteins (i.e. VDAC), we
observed that in vitro VDAC and Bcl-Xp can be direct substrates for phosphorylation by

GSK3p and suggests that no other kinase is needed (Supplementary Figure 5).

DISCUSSION
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Unraveling the initial molecular mechanisms leading to fatty liver disease in humans is of
major clinical importance. Since activation of signaling pathways may precede the clinical
symptoms ! a series of models of liver steatosis were used to study the early stage of
NAFLD. This led us to show, for the first time, that liver steatosis in humans is associated
with a lack of VDAC phosphorylation. This modification was also observed both in a genetic
model of obesity, the ob/ob mice, which is devoid of inflammation and fibrosis, at least in
young animals " and in the steatotic liver of HFD-fed mice. No change in other
phosphorylable amino acids, such as tyrosine or serine was observed (not shown). These
observations suggest that VDAC lack of phosphorylation may represent a hallmark of
steatosis in mammals.

In addition to their impaired metabolic function *, we show for the first time that mitochondria
from ob/ob mice are more prone to Ca*-induced PT, water and small molecules entry, and
Cyt ¢ release, suggesting a sensitization of the mitochondrial pathway of apoptosis. Indeed,
tumor necrosis factor (TNF)-induced apoptosis and Ca*" release by endoplasmic reticulum
have been shown to be responsible of the massive hepatocyte loss observed in late stages of
NAFLD ** 2!, The absence of apoptosis and caspase activation in ob/ob mice might be
explained by the earliness of the model *2. The cellular experiments revealed that intracellular
FA -accumulation is rapidly followed by VDAC dephosphorylation and A¥m loss
sensitization. Thus, our current data obtained in ob/ob mice and FA-treated cells offer novel
insights into the early phases of NAFLD pathogenesis and early mitochondrial alterations.
Importantly, we found differences in VDAC functions that were exacerbated by Ca”". Thus,
the level of VDAC phosphorylation proved to modulate the ionic channel permeability of
VDAC in response to Ca®", which may influence mitochondrial OM permeability > **,
Moreover, the overstimulation of oxidase function of VDAC purified from ob/ob mice by

Ca®" may affect the cellular metabolism by increasing NAD" levels available either for redox
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processes, ADP-ribosylation reactions or sirtuin-mediated deacetylations 2. Thus, VDAC
phosphorylation is a sensor of lipotoxicity controlling the balance between adaptive response
to protect cells from lipotoxicity and stress response to favor hepatocyte cell death.

Lipid-induced lack of VDAC phosphorylation results in an increase of its hetero-
oligomerization state and a change in its interactome. In normal mitochondrial membranes,
VDAC was found in an hetero-oligomer of 175kDa (MCj7skp,) that was not detected in the
mitochondria of steatotic hepatocytes suggesting that this complex is involved in the
stabilization of mitochondrial OM via an interaction with Bel-X;, which exerts anti-apoptotic
function in mitochondrial membrane *°. MC 75, also contains a fraction of GSK3 supporting
the hypothesis that mitochondria-associated GSK3 is the kinase involved in the
phosphorylation of VDAC in normal conditions, while we can not exclude the association of
other kinase or phosphatase. GSK3 activity is inhibited by phosphorylation on serine residues
induced by the activation of upstream kinases depending on tissue- and pathological contexts
>’ In ob/ob mice, total GSK3 has been found to be less phosphorylated **, but our data
indicate that the mitochondrial fraction of GSK3 from 0b/0b mice is more phosphorylated.
Unexpectedly, Bcl-X; and GSK3 were also enriched in the cytoplasm of 0b/0b mice. Based
on the evidence that Bcl-Xp could be a direct target for GSK3 in vitro, it is tempting to
speculate for a role of GSK3 phosphorylation of Bcl-X in steatosis. All the pharmacological
or genetic manipulations designed to target directly or indirectly GSK3 converged to propose
that VDAC is phosphorylated on a Thr residue by, at least, this kinase. This is reminiscent of
previous studies in ischemia/reperfusion of cardiomyocytes * or cancer cells *° showing the
modification of VDAC phosphorylation by GSK3 on Thr51, that would block VDAC
interaction with hexokinase and favor tubulin interaction in vitro >'. Therefore, our functional
data are clearly consistent with a tissue specific role for GSK3 in protecting hepatocytes

against lipotoxicity in steatosis. Moreover, GSK3 is a pleitropic kinase involved in
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metabolism via its glycogen synthase activity regulation, in insulin signaling pathway ** and
in insulin resistance mechanisms *. Irrespective of the molecular mechanisms linking FA
accumulation and GSK3 phosphorylation, mitochondria-associated GSK3 may link
metabolism and MMP via its physical and functional interaction with VDAC.

Based on the hypothesis that VDAC is Thr phosphorylated by GSK3 and the solution
structure of VDAC '®, we speculate that at least some phosphorylated Thr residues are
exposed to the cytosol. However, since VDAC is encoded by three distinct isoforms with
multiple threonines (from 26 to 31 Thr per isoform), the residues critical for the lipid-related
regulation of VDAC remain still elusive.

In conclusion, we identified a novel phosphoregulated mitochondrial complex, MC7s¢pa, that
is present in normal mitochondria, yet absent from steatotic mitochondria and involved in
mitochondrial Ca*" and water homeostasis of healthy hepatocytes. Thus, the activation of
GSK3 (or the inhibition of the corresponding phosphatase(s)) and/or the pharmacological
stabilization of VDAC phosphorylation might constitute a strategy to limit mitochondrial

damage and tissue injury in obesity-linked liver pathologies.

FIGURE LEGENDS

Figure 1. Steatosis and FA accumulation alters mitochondrial morphology,
mitochondrial membrane potential and swelling sensitivity to calcium

(A) Representative morphology of isolated liver mitochondria from lean and 0ob/0ob mice by
transmission electron microscopy. Scale bar = lum. (B) Kinetic measurement of matrix
swelling (optical density at 540 nm) (n=10) and (C) transmembrane potential (rhodamine 123

fluorescence arbitrary units) of isolated mitochondria from lean and ob/ob mice livers in

response to 25 uM Ca®" addition at ty (n=10). (D). Effect of 24 h of treatment of immortalized
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hepatocytes (HHL-5) with 2 mM fatty acids (FA) on the sensitivity of permeabilized cells to
25 uM Ca*-induced depolarization (rhodamine 123 fluorescence, arbitrary units) (n=3).

Values are mean of triplicates samples + SD.

Figure 2. Steatosis alters mitochondrial water permeability, cytochrome c location, but
does not activate caspases 3/7

(A) Mitochondrial membrane water permeability expressed as a rate constant (K, s') of
1solated mitochondria from lean (solid bars) and ob/ob (empty bars) mice livers in response to

Ca’" and CsA (means+SD, P <0.05and P < 0.01) (n=4). (B) Subcellular localization of

Cyt.c and AIF determined by fractionation of total liver from lean and 0b/0b mice in
mitochondria and cytosol and followed by immunoblotting analysis. One representative
immunoblot of 3 independent experiments is shown (C, D) Caspases 3/7 activity ratio in
HHL-5 cells treated (empty bars) or not (solid bars) with 2 mM FA and in total liver lysates
from lean (solid bars) and ob/ob (empty bars) mice. Caspases activity was measured by a

fluorimetric assay (n=3).

Figure 3. Steatosis impacts Ca’*-stimulated channel function of VDAC in 0b/0b mice

(A) Effect of pharmacological inhibitors on Ca*"-induced mitochondrial matrix swelling.
Triplicates of mitochondrial proteins are incubated with inhibitors (1 mM EGTA, 5 uM CsA,
40 uM DIDS, 6 uM S15176), then with 25 pM Ca*" and optical density of the suspension was
recorded for 30 min. (B) Effect of inhibitors on the transmembrane potential by the measure
of the dequenching of Rhod123 fluorescence. P < 0.05 vs. lean mice (n=5). (C) Expression
level of VDAC revealed by SDS-PAGE and immunoblotting. ATPase B-subunit is used as a
loading control (n=12). (D) Ca®" accumulation in the matrix of isolated mitochondria

determined by the fluorescent probe Rhod2 (n=3). (E) Ca*" accumulation in VDAC
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reconstituted in proteoliposomes determined by the fluorescent probe Fluo4-dextran. VDAC
was purified to homogeneity from lean and 0b/ob mice liver and reconstituted into liposomes
containing Fluo4-dextran. 20 pM Ca*’ pulses were added onto liposomes and fluorescence
was recorded until equilibration. The solid and empty bars correspond to the lean mice and

ob/ob mice, respectively. Results are means=SD, "P < 0.05 vs. lean mice, n=3.

Figure 4. Differential modulation of VDAC single channel by Ca’

Single' VDAC channels were reconstituted spontaneously into planar lipid bilayers upon
addition of purified VDAC from lean (A) and ob/ob (B) mice livers to the cis-compartment
containing 1 M KCI, 10 mM HEPES pH 7.4 with or without 0.5 mM Ca®". The resultant
channel activity was recorded for at least 2 min at + 20 mV. For analysis, the data were
filtered to 1 kHz, digitized at 4 kHz and collected on a Pentium computer using Axoxcopel0
and a digidata 1440A. Experiments have been repeated 3 times giving similar results. c:

closed channel; O : open channel.

Figure 5. Threonine phosphorylation of VDAC is reduced in steatosis

Phosphorylation of VDAC (P-Thr) in (A) purified VDAC from lean (3 animals) and ob/ob
mice (3 animals), (B) total liver of steatotic patients classified in grade 0 (3 patients), grade 1
(2 patients) and grade 2 (3 patients), (C) liver of non-diet mice (ND, 3 animals) and mice fed
a high-fat diet (HFD, 6 animals) for 24 weeks, and (D) fatty acids (FA)-induced steatotic cells
(results are representative of n=3 experiments). Expression and phosphorylation of VDAC
were determined by immunoblotting and densitometric analysis (30 pg proteins/lane).
Indicated results are means + Standard Deviation (SD) with ‘P < 0.05 and P < 0.01 vs. lean
or non-diet mice. (E) Identification of VDAC variants by 2D-SDS-PAGE of mitochondrial

proteins isolated from lean mice liver and (F) determination of their threonine
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phosphorylation status. One representative gel and one immunoblot of 3 independent
experiments are shown. Circles indicate the position of VDAC as revealed by immunoblotting

and spectrometric analyses.

Figure 6. Steatosis modulates VDAC interactome

(A) Mitochondrial proteins from lean mice were separated by 2D BN-PAGE and proteins
were stained by silver nitrate. The horizontal insert indicates the position of VDAC-
containing complexes and the vertical insert indicates the position of MCi75kpa. (B) VDAC
position in 2D BN-PAGE gels of proteins from lean and ob/ob mice liver was revealed by
immunoblotting with an anti-VDAC mAb. A circle indicates the position of a VDAC
containing complex, named MC;7s5kp, and shows its absence in obese mice liver. (C)
Composition of MCj75kp,, analyzed by immunoblotting of mitochondrial proteins from lean
mice after 2D BN-PAGE. (D) Comparison of GSK3 3, P-GSK3f and Bcl-Xy subcellular
localisation between lean and 0b/ob mice after cellular fractionation followed by separation
by SDS-PAGE. (E) Scheme of the 175 kDa complex centered on VDAC. In physiological
conditions, P-VDAC interacts with BcL-X and GSK3, protecting the mitochondria from Cyt

c release.

Figure 7. Pharmacological and genetic manipulation of GSK3 phosphorylation
modulates VDAC phosphorylation and mitochondrial sensitivity to Ca**

(A) Phosphorylation of VDAC and GSK3 in isolated mitochondria from lean and ob/ob mice
liver. Proteins were immunoblotted for VDAC, GSK3, P-GSK3 and P-Thr and analyzed by
densitometry. P < 0.05 vs. lean mice. (n=4) (B) Effect of 24 h-treatment of HHL-5 cells with
2 mM FA +/- 2 h pre-treatment with 20 uM SB216367 or 200 nM Wortmannin (Wort) on

phosphorylation of VDAC and GSK3. Total proteins were analyzed by immunoblotting and
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densitometry (means=SD, P < 0.05 and = P < 0.01) (n=4). (C) Effect of kinase inhibitors on

the transmembrane potential of HHL-5 (rthodamine 123 fluorescence arbitrary units) cells

treated or not with 2 mM FA in response to 25 uM Ca*" addition at t, (n=10) (*P < 0.05 and

P < 0.01) (n=3). (D) Silencing of GSK3 by a pool of 4 siRNAs for 48 h decreases VDAC

phosphorylation in HHS cells as shown by immunoblotting. Scramble siRNA is a negative

control. Densitometry (arbitrary units) is given under each band. Results are representative of

3 independent experiments.
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GSK3-mediated VDAC phosphorylation controls outer mitochondrial membrane

permeability during lipid accumulation

Cecile MARTEL"?, Maya ALLOUCHE?, Davide DEGLI ESPOSTI, Elena FANELLI®, Céline
BOURSIER®, Céline HENRY?®, Joel CHOPINEAU*, Giuseppe CALAMITA?, Guido KROEMER®*"?,
Antoinette LEMOINE®", Catherine BRENNER""

SUPPLEMENTARY MATERIALS AND METHODS

Materials
All cell culture reagents were purchased from Invitrogen (Paisley, Scotland, UK). When not

indicated, chemicals were from Sigma (St. Louis, MO).

Animal models

Female 6-12 weeks old lean (C57BL/6J) and ob/ob (B6.V-Lepob/J) mice were purchased
from Janvier (Le Genest Saint Isle, France). Male 4-week-old C57BL/6J mice (Harlan, Udine,
Italy) were acclimatized to laboratory conditions for one week before being randomly
assigned to either the high fat or standard chow diet (Altromin-Rieper, Vandoies, Italy). The
high fat (HFD; 42% of saturated fat; 70% calories from fat; kJ) and standard (non diet, ND;
4% of saturated fat; 10% calories from fat; kJ) diets were provided in small pellets for 25

weeks.

Animal tissue collection

Mice were maintained in a 12-hour day/night cycle at controlled room temperature and
provided free access to food and water. Five mice of each group were sacrificed at week 25
after being placed on the respective diet. Blood was collected just before sacrifice for serum
biochemical analysis. Livers were quickly excised, cleaned completely with ice-cold

phosphate-buffered saline (PBS), and preserved in liquid nitrogen until use. Pieces of the
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remaining liver tissues were processed by histochemistry for the assessment of the degree of
liver steatosis by employing an automated method **. The protocol was conducted according

to the Guide Principles for the care and use of laboratory animals.

Collection of human liver biopsies

Eight frozen biopsies were chosen among liver biopsies collected during graft harvesting in
our institution. Steatosis was graded by two pathologists, depending on the percentage of cells
presenting lipid vacuoles in their cytoplasm, in grade 0 (<5 %), grade 1 (5-30 %) and grade 2
(30-60 %). The study protocol follows the recommendations of the ethical guidelines of the

1975 Declaration of Helsinki and was approved by our ethical committee.

Cell culture

HHL-5, immortalized non-cancerous primary hepatocytes (a generous gift from Dr A. Patel,
University of Glasgow, UK) '° are cultured in DMEM-F12 (Dulbecco’s Modified Eagle’s
Medium) supplemented with 10% fetal bovine serum, 1% glutamax and 1%
penicillin/streptomycin, in 5% CO, at 37°C. To induce lipid vacuoles formation, the usual
culture medium was supplemented with 2 % BSA and 2 mM oleate/palmitate (2:1 ratio), as

described in the literature ' and the cells were treated with this medium for 3 to 30 h.

Isolation of mouse liver mitochondria

Mitochondria were isolated from the liver of lean or 0b/0b mice in an iso-osmotic buffer (0.3
M sucrose, 5 mM TES, 0.2 mM EGTA, 1 % BSA, 5 mM sodium fluoride, 1 mM sodium
pyrophosphate, 1 mM sodium orthovanadate, pH 7.2) by differential centrifugation and
purified on Percoll gradient according to a previous work '*>. The cytosolic fraction

(supernatant) was then obtained by centrifugation at 100.000 x g for 1 h at 4°C.
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Transmission electron microscopy

Isolated mitochondria were fixed in 4% glutaraldehyde, 0.1 M sodium cacodylate for 1 h at
room temperature (RT) and then, washed in 0.1 sodium cacodylate, 0.4 M sucrose for 1 h at
RT. Samples were then paraffin-embedded, sliced, mounted on slides and the images were

obtained at the electron microscopy facility (INRA, Jouy-en-Josas, France).

Enzymatic assays on mouse liver mitochondria

All assays were performed in 96-well plates (200 ul) at 37°C in a spectrofluorimeter (TECAN
genios, TECAN, Austria). For absorbance and optical density measurements, transparent
microplates were used and for fluorescent measurement, black microplates were used.
Mitochondria (25 pg of proteins/200ul) were diluted in a hypo-osmotic buffer (10 mM Tris-
MOPS, pH 7.4, 5 mM succinate, 200 mM sucrose, 1 mM Pi, 10 uM EGTA, 2 uM freshly-
added, rotenone). Various doses of Ca*', considered as a PT inducer, were added. Several
pharmacological inhibitors, such as EGTA, a Ca®' chelator, CsA, PTP inhibitor *°, DIDS,
which targets VDAC ** and S-15176, a PTP inhibitor '* '° were added to mitochondrial
suspension concomitantly with Ca*" or not. Simultaneously, the mitochondrial swelling was
immediately measured by the decrease in optical density at 540 nm and the depolarization of
the mitochondria was measured by the rhodamine 123 (1 uM) fluorescence dequenching (Aex:
485nm, Aem: 535nm, Molecular Probes) *°. Ca®" entry in the mitochondrial matrix was
measured by fluorescence using rhodamine 2 (Aex = 540 nm and Aem = 595 nm). For NADH
oxidase activity of VDAC, mitochondria (10 pg) were incubated 10 min at 37°C with or
without several doses of DIDS (10 to 80 uM). Then, 250 pM NADH was added 15 min

before the addition of 300 uM ferricyanide to start the reaction. NADH oxidase activity was
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measured by following the decrease of fluorescence of NADH (Aex = 360 nm, Aem = 465 nm,

adapted from °.

Native VDAC purification

VDAC was purified from mitochondria from lean and 0b/ob livers *’. Briefly, mitochondria
(5 mg/ml) were lysed by osmotic chock in 10 mM Tris, pH 7.0 for 30 min and centrifuged 1 h
at 100.000 x g. The pellet containing the mitochondrial membranes was solubilized (5 mg/ml
of protein) in 10 mM Tris,3% Triton X-100, pH 7 for 30 min and centrifuged 1 h at 100.000 x
g. All steps were performed at 4°C. The supernatant containing the mitochondrial membrane
proteins was loaded onto a dry hydroxyapatite/celite (2:1) column, and then VDAC was
collected in the flow through. Purity of VDAC purification was verified by SDS-PAGE,

followed by silverstain or immunodetection.

Recombinant VDAC

His-tagged hVDAC1 was produced in E. coli XL-1 Blue strain (Agilent, U.S.) using a

pQE30-rhVDACI construct. Protein production was induced by addition of 1mM IPTG for 4

h at 37°C. The bacteria were collected and the biomass was suspended in buffer A (1:50 v/v,

20 mM Tris, pH 7.9, 200 mM NaCl and 1mM PMSF). After homogenization by pulse

sonication, the inclusion bodies were washed extensively in buffer A before being solubilized

in buffer B (1:20 v/v, 6M urea—HCIl, 20 mM Tris—HCI, pH 7.9. 500 mM NaCl., and 10%

glycerol) at 4°C. Denatured hVDACI1 was collected by centrifugation at 18.000 x g for 20

min. The protein was purified using a Ni NTA resin (Qiagen, Germany) pre-equilibrated with

buffer B. After extensive washing the thVDACI1-bound resin, elution was performed with a

linear gradient of imidazole (10 to 300 mM). Glycerol and imidazole were removed and the

concentration of NaCl was lowered to 50 mM by dialysis. hVDACI in denaturing buffer was
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refolded by drop wise dilution at 4°C with stirring into refolding buffer (25 mM sodium

phosphate pH 7.0, 100 mM NaCl, 1 mM EDTA, 5 mM DTT, 2% lauryl dimethylamine oxide

(LDAO)) to vield a final protein: detergent micelle ratio of ~1:20. After overnight stirring at

4°C the refolded VDAC sample was dialyzed against phosphate buffer to remove urea.

The protein purity was verified by 10% SDS-PAGE by staining with Coomassie brilliant blue

G=250. The protein concentrations were determined using using BCA assay with bovine

serum albumin as the standard. The pure thVDACI concentration was about 0.5 mg/ml.

To assess hVDACI correct folding and activity, we performed CD measurements and BLM

single channels measurements. In the presence of 0.5 mM Ca>" the classical hallmarks of

VDAC were observed: at low membrane potentials (below 30 mV) (a permanently open state

with a single-full conductance of about 2600 to 3000 pS in 1 M KCI was observed. At higher

voltages closing events and numerous subconductance states were observed.

Planar lipid bilayer experiments

Planar lipid bilayers were formed by painting phosphatidylcholine from soy beans (azolectin
from Sigma type IV S) dissolved in decane (30mg/ml) across a 200-um aperture in a
polysulfonate cup (Wamer Instruments) separating 2 chambers 1.2 mL each. The trans
chamber compartment was connected to the headstage input of a bilayer voltage clamp
amplifier (BLM 120, Biologic). The cis chamber was held at virtual ground. Voltages were
applied to the planar lipid bilayers through Ag-AgCl electrodes connected to the chambers via
agar/KCl bridges. Both cis and trans chamber solutions were composed of 1 M KCI, 10mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), pH 7.4 with or without
0.5mM CaCl,. 3-4pl of purified VDAC from lean and 0b/0ob mice (initial concentration of
0.2-0.3mg/ml) were diluted 50-fold in 1% octyl-polyoxyethylene and added to the cis-

compartment. Single VDAC channels were reconstituted spontaneously upon addition of the
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protein to the solution. For analysis, the data were filtered to 1 kHz, digitized at 4 kHz and
collected on a Pentium computer using AxoxcopelO (Molecular Devices) and a digidata

1440A (Molecular Devices). Data were analyzed with Clampfit 9.0.

Ca’" transport in proteoliposomes
Ca’" entry through VDAC pores into proteoliposomes was measured by following the

increase of the fluorescence of fluo-4-dextran at Aex = 485 nm, Aem = 535 nm for 30 min *®.

Stopped flow light scattering

Mitochondria from lean or obese mice were subjected rapidly to a hypertonic osmotic
gradient of 140 mOsm created by mannitol, and the time course of the related shrinkages was
followed at 20°C from the increase in scattered light (A = 450 nm) using a BioLogic MPS-200
(BioLogic, Italy) stopped-flow reaction analyzer (dead time of 1.6 ms; 99% mixing efficiency
in < 1 ms). The data were fitted to a single exponential function and the related rate constant
(Ki, s=1) of the water efflux out of the mitochondria, a biophysical parameter correlated to the
organelle membrane water permeability *° was measured. The medium osmolarity was
verified by freezing point depression, using a Halbmikro-Osmometer (Knauer, Berlin,
Germany). In some experiments, mitochondria were incubated for 10 min in the presence or
the absence of 25 uM Ca”" prior the osmotic upshock. In another series, I pM CsA was added

or not to the mitochondrial suspensions 5 min before the Ca®" treatment.

NADH-ferricyanide reductase activity

The NADH-ferricyanide reductase activity of VDAC from lean and 0b/0b mice was measured

. 38
according to ~".
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Lipid labeling

Lipid vacuoles were stained with the fluorescent probe Nile Red. Briefly, after treatment, cells
were_washed in PBS, incubated with 100 uM Nile Red in HBSS (Hank's Buffered Salt
Solution) for 20 min at 37°C and washed in PBS. Fluorescence of Nile Red was measured in
white microplates of 96 wells in a spectrofluorimeter (Genios TECAN) at Aex = 552 nm, Aem
= 636 nm or micrographs were taken on a Leica fluorescence microscope (cells were

previously seeded on slides).

Mitochondrial membrane depolarization in permeabilized cells
Mitochondrial membrane depolarization, in permeabilized cells, was determined using

rhodamine 123 in permeabilized cells (adapted from *).

RNA interference

Cells: were cultured in 6-well plates and transfected at 70% confluence by using
DharmaFECT 4 reagent (Dharmacon), with small interfering RNAs (siRNAs) specifically
targeting human GSK3f (ON-TARGETplus SMARTpool GSK3B, Dharmacon) or the

control (ON-TARGETplus Non-targeting pool, Dharmacon) for 48h.

Caspase 3/7 assays
Active caspase-3/7 was determined with Apo-ONE homogenous Caspase-3/7 Assay

(Promega, Madison, WI, USA), following the manufacturer’s instructions.

SDS-PAGE and immunoblot

Proteins (30 pg) in Laemmli buffer were separated by sodium dodecyl-sufate polyacrylamide

gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Millipore).
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Membranes were incubated overnight at 4°C with the following antibodies: anti-VDAC and
anti-ANT (polyclonal serum, Genosphere, Paris, France), anti-phosphothreonine, anti-GSK3,
anti-phosphoGSK3 and Bcl-XL 54H6 (Cell Signaling), anti-AIF (Chemicon), anti-
cytochrome ¢ (BD Biosciences), anti-ATPase B-subunit (Mitosciences), f-actin HRP (Santa
Cruz). Proteins were detected on a Chemidoc XRS (Biorad) by using the ECL method
according to the manufacturer’s instructions (Millipore) and quantification of protein bands

density was realized with Quantity One (BioRad).

Two-dimensional gel electrophoresis

Mitochondrial proteins were solubilized in 100uL of isoelectric focusing (IEF) solution (7 M
urea, 2 M thiourea and 1% w/v Triton-X100). Proteins were centrifuged at 10.000 x g for 10
min. The supernatant was quantified with 2-D Quant kit (GE Healthcare, Vélizy-
Villacoublay, France). The first dimension IEF was performed on 18 c¢cm dry strips pH 6-11
(GE-Healthcare). IEF was performed on Protean IEF Cell (BioRad, Marnes la Coquette,
France). Prior to SDS-PAGE, 12% polyacrylamide gels (1 x 170 x 250 mm) were prepared in
EttanDALTsix Gel Caster (GE Healthcare) and strips were positioned at the surface of the
SDS-PAGE gel. SDS-PAGE was carried out in EttanDALTsix (GE Healthcare) as following:
80V, . 10mA/gel, 1W/gel for 30 min and 600V, 40mA/gel, 13W/gel. Gels were then washed in
ddH,O for 5 min and fixed in 40% ethanol/7% acetic acid solution for 1 h before SyproRuby
(BioRad) staining over night in the dark. Gels were scanned with Typhoon 9400 (GE
Healthcare) using ImageQuant software (GE Healthcare). Gels were stained with colloidal
Coomassie Blue (GE Healthcare) and scanned with ImageScanner (GE Healthcare) using

LabScan software (GE Healthcare).
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2D BN-PAGE

2D Blue Native (BN) PAGE was carried out, as previously described in *'. Briefly,
mitochondria (2 mg) from lean and 0b/ob mice liver were centrifuged for 10 min at 6.800 x g
at 4°C and resuspended in a lysis buffer (750 mM aminocaproic acid, 50 mM bis-Tris, 2 mM
EDTA, 1% Triton X-100, 5 mM sodium fluoride, ]| mM sodium pyrophosphate, 1| mM
sodium orthovanadate) for 30 min at 4°C. Mitochondrial proteins were centrifuged for 15 min
at 72.000 x g (airfuge, Beckman) and the protein concentration of the supernatant was
determined using the micro-BCA assay (Pierce, Illinois). Mitochondrial proteins (50 pg) in
loading buffer (5% glycerol and 0.3% Coomassie blue) were loaded in a 4-15% BN-PAGE
gradient gel (BioRad) and the migration was carried for 2-3 h at 50 mA. The BN gel strips
were cut with a scalpel and denatured in 120 mM Tris pH 6.8, 20% glycerol, 4% SDS, 100
mM dithiothreitol (DTT), 0.02% bromophenol blue for 10 min at 95°C. The strips were
loaded in a 12% SDS-PAGE gel and a classic SDS-PAGE migration was carried out,

followed by Western-blot or silverstain.

Mass spectrometry analysis

In-gel digestion was performed according to a standard trypsin protocol. Gel pieces were
washed twice by successive separate baths of 50/50 ammonium carbonate (NH4CO3) 50 mM
and acetonitrile (ACN). Gels were dried and reduction with 10 mM DTT in 25 mM NH4COs
and alkylation with 55 mM iodoacetamide in 25 mM NH4CO; were performed. Digestion was
subsequently performed for 6 h at 37°C with 100 ng of modified trypsin (Promega) dissolved
in 50 mM NH4COs. The peptides were extracted successively with 0.5 % trifluoroacetic acid
(TEA) and 50% ACN. Peptide extracts were dried in a vacuum centrifuge and suspended in
20 uL 0of 0.05% TFA, 0.05% formic acid, and 2% ACN. HPLC was performed on an Ultimate

3000 LC system (Dionex). A 4 pl sample was loaded at 20 pl/min-1 on a precolumn cartridge
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(stationary phase: C18 PepMap 100, 5 um; column: 300 um i.d., 5 mm; Dionex) and desalted
with 0.08% TFA and 2% ACN. After 4 min, the precolumn cartridge was connected to the
separating PepMap C18 column (stationary phase: C18 PepMap 100, 3 pm; column: 75 um
i:d:, 150 mm; Dionex). Buffers were 0.1% HCOOH, 2% ACN (A) and 0.1% HCOOH and
80% ACN (B). The peptide separation was achieved with a linear gradient from 0 to 36% B
for 18 min at 300 nl / min-1. Including the regeneration step at 100% B and the equilibration
step at 100% A, one run took 50 min. Eluted peptides were analysed on-line with a LTQ-
Orbitrap mass spectrometer (Thermo Electron) using a nanoelectrospray interface. Ionization
(1.3 kV ionization potential) was performed with liquid junction and a capillary probe (10 um
i.d.; New Objective). Peptide ions were analysed using Xcalibur 2.07 with the following data-
dependent acquisition steps (1): full MS scan in orbitrap (mass-to-charge ratio (m/z) 300 to
1600, profil mode) and (2) MS/MS in linear trap (qz = 0.25, activation time = 30 ms, and
collision energy = 45%; centroid mode). Step 2 was repeated for the four major ions detected
in step 1. Dynamic exclusion time was set to 90 s. A database search was performed with

XTandem 2010.01.01.4 (http://www.thegpm.org/TANDEM/).

In vitro phosphorylation

One-pmole of recombinant hGSK3 DO 000000000000 0000O0000O0 was

added to 0.1 pmole of mVDAC, hVDAC and hBcl-X; in the presence of 625 pmol ATP in a

buffer containing 25mM MOPS, pH 7.2, 12.5mM glycerol 25 mM MgCl,, 5 mM EGTA, 2

mM EDTA and 0.25 mM DTT. The mix was incubated for 30 min at 30°C under mild

stirring, heat-inactived and ATP was quantified by bioluminescence in microtiter plates as

indicated (Kit ATP HS II, Roche, USA). Controls (Co.) were determined by omission of the

kinase in VDAC and Bcl-XL-containing samples in each experiments, blanks (0) were

Hepatology

Page 36 of 47



Page 37 of 47

Hepatology

11

determined by omission of ATP and maximal phosphorylation was obtained with a synthetic

substrate (S, SignalChem, Interchim, France).

Immunohistology

Four livers samples, two from control female mice and two from ob/ob mice were obtained

for immunostaining experiments. Immunohistology was performed on 4um paraffin

embedded formalin fixed liver sections using a mouse anti-human cytochrome ¢ (BD

Biosciences, Franklin Lake, NJ, USA). Antigen retrieval was obtained by heat at 97°C in a

citrate buffer at pH 6. The revelation system was based on a one-step biotin free

immunoperoxydase stain (Envision, DAKO. Glostrup, Denmark) using 3.3-diamino-

benzidine (DAB) chromogene (DAKO, Glostrup, Denmark) substrate followed by Hemalun

counterstaining. Negative controls for each slide were processed concurrently with probed

samples by omitting primary antibody.

Statistical analysis
Data were analyzed using Student’s t-test for all pair-wise comparisons of growth rates and
mean_responses to the different treatments tested. Results are presented as the mean =+

standard deviation (SD) of replicates experiments. Significance: *: p<0.05, **: p<0.01.
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Supplementary Table 1. NADH oxidase activity of VDAC is enhanced in ob/
ob mice.

VDAC NADH oxidase activity was measured by a colorimetric enzymatic assay
(A = 340 nm) on VDAC purified from isolated mitochondria from lean and ob/ob
mice in the presence and absence of 500 pM Ca2+ (n=3). Enzymatic initial rates
were calculated from the linear part of the curve using a molar extinction
coefficient of 6220 M-1.cm-1 for NADH and expressed in nmol/min/mg. n=3.

NADH oxidase activity NADH oxidase activity
without Ca®* (nmoll  with Ca* (nmol/min/

min/mg) mg)
lean 346.8 277.23
ob/ob 600.82 1128.02
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Supplementary Table 2. Electrophysiological characteristics of VDAC purified
from liver of lean and ob/eb mice in presence of phosphatase inhibitors.
Characterisitics have been calculated from current traces presented in Figure 5. Dwell
time, opening time (ms). Interevent, time between each event. -, no experimental data.
N, number of events for main (C1) and secondary (C2) amplitude level.

VDAC Conditions Amplitude Main Main Main Secondary  Secondary  Secondary N for

levels amplitude, dwell interevent amplitude,  dwell time  interevent Clic2
Cl(pA) time (ms) C2ipA) ims) {ms)
(ms)

lean -Ca” +20mV 1 T3 02 2 - - - 10540
—(.'a!‘—lllm\-' | -54+8 1k 154 - - - 10340

+Ca' +20mV 2 108=21 141 144 G1+49 24 445 1547

+Ca’ 20mV 2 RG] 205 218 i) b LS 2121

ahinh -Ca’ +20mY 2 G 17383 - 16407 [EE] 1053 111

-Ca’ -20mY | 104 18536 - - - - L0
+Ca +20my 2 424 § 144 L& 2043 1.33 Si 30/439
+Ca'-20mY | -5l 20 145 - - - 10240
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Supplementary Table 3. Clinical and histological features of liver donors. When
present, inflammation is always represented by polymorphonuclear infiltrates. Severity
of inflammation is graded as absent, mild, moderate or severe.

Body Mass GammaGT (ILWL) Taotal Bilirubin
Indax [micromaliL] Steatosis
Patient  Sex Age [y {kgim?*) ABT WL ALT fILLY {gradae) Inflammation
1 F 44 225 ra 38 Ad 3 n Slsalosis (0 abiinl
2 F 1] 24.6 4 24 4r 12 iy skealosis (1) absenl
K] M 54 25,6 30 25 al i i skealosis (1) absenl
Sloatose Macm
4 £] 04 23.4 42 21 17 21 0% mici 3013 absoni
Slealosis Macio
b M L] a8 47 33 1d A B niero O°F (1) rriled
Steatosis Macro
20% micro 12%
A 1] 63 320 a8 44 ER 17 2] rrilcd
Slualosis Macin
10%: imiero 4%
r ] 44 24.d b3 1h i @4 (2] absunl
Steatosis Macro
0% micro 30%
] ] 54 26.2 58 55 TE = iZ] rrilel
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Supplementary Table 4. VDAC isoforms identification by nLC/ms/ms/ms.
Mitochondrial proteins have been separated by 2D-SDS-PAGE. Spots co-identified
by anti-VDAC and anti-P-Thr immunoblotting and peptides that have been
identified by mass spectrometry are reported and the sequence coverage has been
indicated (n=2).

NDACH, saquence covarage: B2% _ VDAC sequance coverage: 34%  VDACS, seguance coversge: 3%
WCEFFLYLLLWENMAVF T ADLGK DIFMK. DIFFEGFGFGLYE DAFHE

DVFTH GFEFGLVE DIFMKGFEFGLVE GGFEME

SAACVTH ECECVEFSTSESSMTOTGH ASGNLETH

GYGFELK LTFOTTFSPNTGH VENYGLTFTOH
DAFTHIGYGFGLIK SHFANGYR LTLOTIFY PHT K
SENGLEFTSSGSANTETTH F A LEOHNFALEYK
TREEMELEFTSSEEANTETTH VOLDETAS 150 IETSIMLANT AGEMNTE
SENGLEFTSSGSANTET THVMGELETK VMM SSLIGVGYTOTLRPGVE FOIALK

VNGSLETH LTLSALVOGK VNN ASLIGLEY TOTLRPEWK
WTEYGLTFTER LILEMIDGK
WHTONTLGTEITYEDGLAR

LTFOSSFEPNTGE

EHINLECOVDFOWGPEIR
GALVLGYEGWLAGYOMMFETSK
NTOSRFAWGEYE
TOEFOLHTHNYNDGTEF GGENVOK
LETAVNLAWTAGNSNTR
FGiAAK

YO DPDACFSRAK

VNN ESLIGLGY TATLKPGIK
LTLEAL LD G

NVNAGGHK

LTLEALLD GRNVNAGGHK
HVRAGGHKLGLGLEFOA
LGLGLEFOS
RVRAGGHKLGLGLUEFQA
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Supplementary Figure 1. Fatty acids (FA) accumulation in the cytoplasm of HHL-5
cells.

HHL-5 cells were treated with 2 mM FA, stained with 100 nM Nile Red for 30 min at 37°C.
Cells were observed by fluorescence microscopy (A, B) or total fluorescence (C) was
measured by fluorimetry (TECAN, Aex = 552nm, Aem = 636nm) to quantify FA
intracellular accumulation. **P < 0.01 vs. untreated (-), n=4. Scale bar, 10 uM.
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Supplementary Figure 2. A) Immunohistochemical staining of cytochrome ¢ (Cyt ¢) in a steatotic liver
from ob/ob mouse. Increased and diffuse cytoplasmic staining is observed in hepatocytes at portal tracts
(PT) and in steatotic hepatocytes (S and black arrows) (400x and 1000x). B) Immunohistochemical staining
of Cyt ¢ in a normal liver from wt mouse. Punctate and cytoplasmic staining is observed in particular in
hepatocytes at portal tracts (black arrows) (200x and 1000x).
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Supplementary Figure 3. Purification to homogeneity of mouse liver VDAC.

(A) Silverstain of a SDS-PAGE gel of 0ob/ob mice liver mitochondrial proteins and purified
VDAC. (B) The presence of VDAC and the absence of ANT in the purified fraction of
VDAC. Proteins (5 pug) were separated by SDS-PAGE and analyzed by immunoblotting.
MW, molecular weight markers. One representative gel and one immunoblot of 3
independent experiments are shown.
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Supplementary Figure 4. Effect of DIDS, a VDAC blocker, on VDAC functions.

(A, B) Effect on NADH oxidase activity. Isolated mitochondria (10 pg) from lean (A) and
ob/ob (B) mice liver were treated by 80 uM DIDS and NADH oxidase activity of VDAC
was measured by a colorimetric enzymatic assay (A = 340 nm). (C, D) Ca2+ accumulation
in the mitochondrial matrix of isolated mitochondria (25 mg) from lean (C) and ob/ob (D)
mice liver was determined by the fluorescent probe Rhod2 (2 mM, lex = 549nm, lem =
578nm, 37°C, n=3). Mitochondria were exposed to 50 uM DIDS prior to 25 uM Ca2+.
**P<0.01 vs. untreated (-).n=5. Lean mice (black bars) and ob/ob mice (white bars).
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Supplementary Figure 5. Alignments of mouse VDAC protein sequences showing
homologies and threonin residues (T) in grey.

Sequences are from UniProtKB (mVDACI, Q60932; mVDAC2, Q60930 and mVDACS3,
Q60931). A star (*) indicates identical amino acids and a point (.) or a double point (:)
indicates similar amino acids.
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Supplementary Figure 6. VDAC and Bcl-X, are direct phosphorylation substrates for GSK3p. Native purified mouse VDAC (mVDAC, A)
human recombinant VDAC (hVDAC, B) and human recombinant Bcl-X; (hBcl-X; C) can be phosphorylated by GSK3[ as shown by
measurement of ATP content following incubation at 30°C for 30 min under stirring. Optimal doses are presented for each protein. 0, Sample
without ATP, Co., control sample containing the substrate protein (VDAC or Bcl-X, ), buffer and ATP but no kinase. S, synthetic substrate for
hGSK3p. RLU, relative unit measurement. The results are representative of three independent experiments.



