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ARTICLE INFO ABSTRACT
Keywords: Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant disorder characterized by pro-
Adenine nucleotide translocase type 1 (ANT1) gressive muscle weakness. Adenine nucleotide translocator 1 (ANT1), the only 4q35 gene involved in mito-

Facioscapulohumeral muscular dystrophy
(FSHD)

Primary muscle cells

Xenopus laevis, Mitochondrial function

chondrial function, is strongly expressed in FSHD skeletal muscle biopsies. However, its role in FSHD is unclear.
In this study, we evaluated ANT1 overexpression effects in primary myoblasts from healthy controls and during
Xenopus laevis organogenesis. We also compared ANT1 overexpression effects with the phenotype of FSHD

Metabolism muscle cells and biopsies.
Oxidative stress Here, we report that the ANT1 overexpression-induced phenotype presents some similarities with FSHD
Muscle morphological abnormalities muscle cells and biopsies. ANT1-overexpressing muscle cells showed disorganized morphology, altered cyto-

skeletal arrangement, enhanced mitochondrial respiration/glycolysis, ROS production, oxidative stress, mito-
chondrial fragmentation and ultrastructure alteration, as observed in FSHD muscle cells. ANT1 overexpression in
Xenopus laevis embryos affected skeletal muscle development, impaired skeletal muscle, altered mitochondrial
ultrastructure and led to oxidative stress as observed in FSHD muscle biopsies. Moreover, ANT1 overexpression
in X. laevis embryos affected heart structure and mitochondrial ultrastructure leading to cardiac arrhythmia, as
described in some patients with FSHD.

Overall our data suggest that ANT1 could contribute to mitochondria dysfunction and oxidative stress in FSHD
muscle cells by modifying their bioenergetic profile associated with ROS production. Such interplay between
energy metabolism and ROS production in FSHD will be of significant interest for future prospects.

1. Introduction that can spread also to the lower extremity muscles [1-3]. In many
patients, muscle involvement is asymmetric [2]. FSHD severity shows

Facioscapulohumeral muscular dystrophy (FSHD), the third most considerable inter- and intra-familial variability, from almost asymp-
common inherited neuromuscular disorder, is characterized by pro- tomatic to wheelchair dependency [1,3,4]. This highly heterogeneous
gressive weakness and atrophy of facial [1] and shoulder girdle muscles clinical spectrum suggests the involvement of multiple factors, including
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epigenetic regulators [2].

FSHD type 1 (FSHD1), which concerns more than 95% of patients, is
associated with a reduction of the D4Z4 macrosatellite repeat array
(from 1 to 10 D4Z4 units) on chromosome 4 (4q35) [5,6]. It is thought
that in FSHD1, epigenetic derepression of double homeobox 4 (DUX4), a
retrogene within the D474 repeat, causes the disease through a
gain-of-function mechanism [7]. It has been proposed that D4Z4 repeat
array reduction results in the local relaxation of the DNA structure,
leading to upregulated transcription of local genes [8]. DUX4 mis-
expression in skeletal muscle initiates a transcription deregulation
cascade, leading to muscle atrophy, muscle differentiation defects,
oxidative stress and ultimately cell death which are key features of FSHD
[9-12]. A recent study demonstrated that DUX4 expression in FSHD
myocytes is increased by oxidative stress through a DNA damage
response signaling pathway [13].

Despite major progress in understanding FSHD genetic basis, the
mechanisms that contribute to the initial muscle mass loss and weakness
are not fully understood. Besides DUX4, other genes in the 4q35 region
[e.g. double homeobox 4 centromeric (DUX4c), adenine nucleotide
translocator 1 (ANT1), FSHD region gene 1 and 2 (FRG1, FRG2)] could
be derepressed and act as modifiers [7,14-17] thus contributing to FSHD
pathogenesis, either independently or synergistically. However, mRNA
expression studies of all these genes including ANT1 in FSHD are
controversial. Gabellini et al. reported a 10 fold higher ANT1 transcript
levels in FSHD than in control skeletal muscle biopsies using 3 FSHD
muscle biopsies [18]. Conversely, using real-time PCR, no consistent
difference in steady-state ANT1 mRNA levels normalized to those for 18
S rRNA was observed when comparing FSHD and analogous
disease-control muscle biopsy samples from patients with unrelated
neuromuscular disease involving myopathic changes or denervation
atrophy [19]. In the study of Klooster et al. [20], using quantitative
RT-PCR, no significant difference in relative mRNA expression of the
gene ANT1 was observed between the 10 FSHD and 10 control muscle
biopsies and between 4 controls and 4 FSHD primary myoblasts and
myotubes [20]. Conversely, Tsumagari et al. observed that ANT1 mRNA
was upregulated 2-fold in FSHD vs. control myoblasts, although not in
myotubes [21]. These discrepancies in the transcriptional level of ANT1
in FSHD skeletal muscle were proposed to partly be explained by the
different technological approaches and variation in source of RNA
(muscle pathology, duration of disease, etc.) [22]. At protein level, only
limited data are available for ANT1 gene. In the study of Klooster et al.
[20], ANT1 protein level could not be reliably detected in both FSHD
muscle biopsies (n = 10) and cell cultures (n = 4). However, in our
previous study [23], ANT1 protein levels were higher in 17 FSHD muscle
biopsies compared with 16 healthy controls and this result was sup-
ported by the work of Macaione et al. performed in 8 FSHD and 8 control
muscle biopsies [16]. The discrepancy between these results is not
entirely clear but may partly be explained by the protein extract prep-
aration, the choice of antibodies etc. Moreover, the work of Kim et al.
brings a new evidence of ANT1 upregulation in FSHD [24]. A new
enhancer element in the 4qA allele was proposed to regulate the
expression of the FRG1 and ANT1 genes specifically in FSHD cells
through a direct interaction with the respective gene promoters. This
hypothesis was supported by the finding that (1.5-3 fold) up-regulation
of these two genes in FSHD patients is consistent with the relatively
weak effect of the 4gA enhancer in the luciferase assay [24]. This study
reveals the first evidence of 4gA p-satellite repeats (BSR) implication in
the transcriptional regulation of the 4q35 locus and precisely, in ANT1
gene transcriptional activity [24]. Furthermore, the zinc-finger protein
555 (ZNF555) binding to a D4Z4 4gA located enhancer was shown to
play a critical role in regulating ANT1 promoter activity, particularly in
FSHD [24]. Therefore, a new working model of the functional role of the
4qA allele in the transcriptional control of the ANT1 gene in FSHD pa-
tients was proposed where the cooperative 4qA f-satellite repeats (BSR)
binding with the ZNF555 transcriptional factor could be a critical step in
the formation of a transcriptionally productive complex [24]. These
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results were in general agreement with the study of abnormal chromatin
conformation changes in FSHD myoblasts [21,25,26] leading to the
direct interactions between the 4gA region and the long distance genes
in 4935 [27]. They are also consistent with the current model of inter-
action between distantly located enhancer and promoter through for-
mation of the DNA loop enabling their physical interaction [28,29].
Finally, transgenic mice muscle-specifically overexpressing ANTI do not
seem to develop muscular dystrophy [30]. However, the absence of
ANT1 levels evaluation in ANT1 overexpressing mouse was a consid-
erable limitation given that ANT1 is highly abundant in muscle mito-
chondria [31]. Thus, whether Antl overexpression does, or does not,
cause muscle pathology remains undetermined. Recently, the estab-
lishment of Antl-transgenic mice using the Antl genomic locus and its
native promoter support the idea that moderate overloading of ANT1
induces muscle atrophy [32].

ANT1 is predominantly expressed in post-differentiated tissues, such
as heart and skeletal muscle, and catalyses ADP/ATP exchange across
the mitochondrial inner membrane [33]. ANT1 mutations or altered
expression have been associated with a growing list of human diseases.
Moreover, we previously showed that the reduced physical performance
of patients with FSHD is associated with mitochondrial dysfunction and
oxidative stress [34], and can be improved by antioxidant supplemen-
tation [35]. The organization of mitochondria is altered in skeletal
muscle biopsies from patients with FSHD. Large mitochondrial pools in
the intermyofibrillar and subsarcolemmal compartments [34] and
abnormal mitochondrial aggregation near blood capillaries [36] can be
observed. The mitochondrial ultrastructure also is altered with some
badly formed cristae and apparent swelling [34]. Ex vivo experiments
showed that FSHD primary myoblasts are more sensitive to exogenous
pro-oxidants [37,38]. Moreover, control myoblasts fuse to form
branched myotubes with aligned nuclei. Conversely, FSHD primary
myoblasts fuse to form thin and branched myotubes (atrophied myo-
tubes) with aligned nuclei, or large myotubes with randomly distributed
nuclei (disorganized myotubes) [37]. DUX4 expression induces atrophic
myotubes and associated FSHD markers [12], and its silencing nor-
malizes the FSHD atrophic myotube phenotype, but not the disorganized
phenotype [12]. Since high levels of ANT1 are observed in FSHD muscle
biopsies, and FSHD is associated with mitochondrial dysfunction and
oxidative stress [16,23,34-38]. ANT1 remains an attractive candidate
gene and could be involved in the pathogenesis of FSHD [16,18,21,23,
24-29]. In this study, we thoroughly evaluated the effects of ANT1
overexpression in primary myoblasts from healthy controls and during
Xenopus laevis organogenesis. We also compared ANT1 overexpression
effects with the phenotype of FSHD muscle cells and biopsies (age--
matched with the healthy controls).

2. Materials and methods
2.1. Quadriceps biopsies and human primary cells

The following quadriceps biopsies and derived human primary
myoblast cultures used in this study: FSHD8 (39-year-old man; 6 D4Z4
units), FSHD10 (20-year-old woman; 4 D4Z4 units), FSHD 14 (25-year-
old man; 4 D4Z4 units) and 3 age- and sex-matched healthy controls (C:
C1: 20-year-old woman; C2: 29- and C3: 43-year-old men) were pro-
vided by CHU Montpellier biobank (DC-2008-594). Upon differentia-
tion, these FSHD cell cultures showed a disorganized myotubes
morphology as previously described [37].

2.2. Human primary cell cultures

Primary myoblasts were cultured on poly-lysine coated coverslips in
the presence of 1/1000 collagen, as previously described [37]. Cells
were cultured at 37 °C in a humidified atmosphere of 5% CO3 in pro-
liferation medium: Dulbecco’s modified Eagle’s medium (DMEM; Sigma
Aldrich, Saint Quentin-Fallavier, France) supplemented with glutamine
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(Sigma Aldrich), 20% foetal bovine serum (FBS) (Eurobio), 2% Ultroser
G (Biosepra, Cergy Saint Christophe, France), 50 pg/ml gentamycin
(Sigma Aldrich). In 80% confluent myoblasts, myogenic differentiation
was induced by switching to differentiation medium (DMEM, 2% FBS,
50 pg/ml gentamycin) for 3 days before analysis. According to our
previous study [37], the proliferation rates of all FSHD and healthy
control myoblasts were comparable. The mean doubling time of FSHD
and healthy control myoblasts was very similar (41.7 + 6.5 and 41 +
3.6, respectively).

2.3. ANT1 overexpression in primary myoblasts

Primary myoblast cultures from 3 healthy control primary myoblast
cultures (C: C1: 20-year-old woman; C2: 29- and C3: 43-year-old men)
were used for the transfection experiments. Primary myoblasts were
plated (2 x 10° cells per well) in six-well plates for 24 h before trans-
fection (1 pg/well) of a pCMV6 plasmid expressing human ANT1 or
empty vector (CMV promoter-derived mammalian expression vector
from Origene) with Turbofectin (Origene Technologies Gmbh, herford,
Germany) [39] (standard ratio of 3:1), according to the manufacturer’s
recommendations. Four conditions were studied: healthy control cells
without Turbofectin (C), cells incubated only with Turbofectin (T), cells
transfected with Turbofectin and the empty vector (V-) or the ANT1
plasmid (V+). Myoblasts were harvested 48 h after transfection and
myotubes after 3 days of differentiation. The mean doubling time of C, T,
V-, V4 was very similar (C: 41 h + 3.6, T: 40.6 h + 4; V-: 39 h + 4; V+:
40.3h + 2.5).

2.4. ANT]1 overexpression in Xenopus laevis embryos

2.4.1. X. laevis care and in vitro fertilization

Adult wild type X. laevis females were purchased from Xenopus Ex-
press Farm (Vernassal, France). Testicles were isolated from adult wild
type X. laevis males from the institute. All experiments were performed
according to the animal welfare regulations of the District Government
of Lower Franconia. In vitro fertilization was performed as described
[40]. Embryos were staged according to the Normal Table of X. laevis
[41] and cultured in modified Ringer’s solution [42] in charcoal agar
plates with 0.5% sulfadiazine at 20 °C. Animal care and experimental
procedures were approved by the Wiirzburg institutional animal care
and use committee in accordance with the University of Wiirzburg
ethical guidelines (agreement number 55.2-2532-2-604).

2.4.2. Plasmids

The human ANT1 cDNA sequence (SLC25A4) in the pHRTK-P229
plasmid was amplified with primers including the restriction sites Xbal
and Sall (ANT1 Forward: 5-GTCGACATGGGTGATCACGCTTGGAGC-3/,
Reverse: 5'-TCTAGATTAGACATATTTTTTGATCTC-3', Biomers, Ulm,
germany) and the Phusion High-Fidelity DNA Polymerase (Thermo
Fisher Scientific). Cycling conditions were: initial denaturation at 94 °C
for 2 min, 25 cycles of 94 °C for 30 s, 52 °C for 30 s, 72 °C for 90 s,
followed by a final extension at 72 °C for 10 min. The target cDNA band
was recovered and purified with the NucleoSpin® Extract II Kit
(Macherey-Nagel GmbH, Diiren, Germany) and cloned in the pCMV-
Sport6 vector (Invitrogen, Thermo Fisher Scientific), following the
manufacturer’s instructions. After plasmid linearization, both SP6 and
T7 promoters could be used for in vitro synthesis of capped mRNA.

2.4.3. mRNA synthesis and microinjection

In vitro synthesis of capped ANT1 mRNA and of the antisense ANT1
mRNA were performed using the mMESSAGE mMACHINE® SP6 and T7
Transcription Kits, respectively (Thermo Fisher Scientific), according to
the manufacturer’s instructions. After synthesis, mRNAs were purified
with the RNeasy-Mini-Kit (Qiagen, Courtaboeuf, France). Approx-
imatively 50 ng of capped ANT1 mRNA was injected in one blastomere
of each 2-cell stage X. laevis embryo, as described [43,44]. As control,
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embryos were injected with antisense ANT1 mRNA, and the
non-injected side of each embryo was used as internal control.

2.5. RNA isolation and quantitative PCR analysis of human muscle cells

Total RNA from muscle cells was prepared using the RNeasy® kit
(Qiagen) and quantitated using NanoDrop spectrophotometer (Thermo
Fischer Scientific). First strand cDNA was synthetized using the Super-
Script III Kit (Invitrogen) following the manufacturer’s instructions.
ANTI1, MFN1, MFN2, DRP1, OPA1, MnSOD relative expression was
normalized to ribosomal protein, large, PO (RPLP0O) mRNA levels (Sup-
plementary Table 1). The reaction mixtures were prepared according to
the instructions of the SYBR Green Kit (Roche Diagnostics, Meylan,
France) and real time quantitative reverse transcription PCR (RT-PCR)
was performed using a Roche Lightcycler 480 system (Roche Di-
agnostics) and the following program: 95 °C for 2 min, followed by 37
cycles at 95 °C for 10 s, and 60 °C for 40 s. The relative expression levels
were calculated using the 2 ~22%* method.

2.6. Protein extraction and western blotting from muscle biopsies and cells
and X. laevis

Protein extracts from human quadriceps biopsies (20 pg) and from
cells (40 pg) were obtained as previously described [23,37]. Briefly,
muscle powder from muscle biopsy specimens was homogenized in 1 ml
buffer A [20 mM hydroxyethylpiperazine ethanesulfonic acid pH 7.5, 1
mM EDTA, 1 mM dithiothreitol, 1 mM MgCl2, 400 mM NaCl, 20% (v/v)
glycerol, 0.75 mM spermidine, 0.15 mM spermine, 0.1% (v/v) Nonidet
P40] with protease inhibitors. Primary muscle cells were lysed in hy-
pertonic buffer containing 50 mM Tris pH7, 50 mM NaCl, 0.1% NP40,
anti-proteases and 1 mM DTT. Samples were separated by SDS-PAGE
and immunoblotted with an anti-ANT1 antibody (sc-9300, 1:1000,
Santa Cruz Biotechnology, Le Perray-en-Yvelines, France), as previously
reported [23]. Densitometry analyses were performed using Image J
(NIH, Bethesda, MD) and values were normalized to loading controls
(cytochrome ¢ (muscle biopsies, sc-7159, 1:500, Santa Cruz Biotech-
nology), tubulin (primary muscle cells, T9026, 1:10000, Sigma
Aldrich)). Protein extraction and western blotting were performed in
X. laevis as previously described [45]. Vitellogenin was used as loading
control.

2.7. Muscle cell immunocytochemistry

For immunofluorescence staining, cells were fixed with 4% para-
formaldehyde (Electron Microscopy Science) and incubated with PBS/
0.5%Triton X-100. Cells were then incubated at RT for 1 h with the
following antibodies: anti-ANT1 antibody (sc-9300, Santa Cruz
Biotechnology), AB2 (MS-1372 P1, Interchim, Montlucon, France),
Troponin T (T6277, Sigma Aldrich), or Alexa Fluor 488 conjugated
phalloidin (ab176757, Abcam). After incubation with Alexa 488 con-
jugated secondary antibody at RT for 1 h, cells were washed in PBS 3
times, and coverslips were mounted using Fluoroshied (F6057, Sigma
Aldrich). Fluorescence was visualized using a Zeiss microscope.

2.8. Whole mount immunostaining

For whole mount X. laevis experiments, 3-day-old X. laevis tadpoles
were fixed in Dent’s fixative (80% methanol, 20% dimethyl sulfoxide) at
—20 °C overnight, followed by bleaching and labelling, as previously
described [44]. The anti-desmin primary antibody (1:13, Sigma-Aldrich)
was followed by anti-mouse peroxidase-conjugated IgG (1:3500, Dia-
nova), and antibody interaction visualization using diaminobenzidine.

2.9. Myotube fusion

To analyse the myotube phenotype, cell staining was performed as
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previously described [37]. After 3 days of differentiation, myotubes
were incubated with anti-troponin T or -phalloidin antibodies and DAPI
to visualize myotubes and nuclei. The Myogenic Fusion Index (MFI) was
determined by dividing the number of nuclei in multi-nucleated myo-
tubes by the total number of nuclei in a given microscopic field [37]. The
Deformed Myotube Index (DMI) was calculated as the proportion of
myotubes with deformed morphology characterized by abnormal
repartition of nuclei [37].

2.10. Oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) in muscle cells

OCR, an indicator of mitochondrial respiration [46] and ECAR, a
measure of lactic acid levels formed during the conversion of glucose to
lactate during glycolysis [47], were measured using a XF-96 Analyzer
(Agilent technologies, Seahorse Bioscience Europe, Copenhagen,
Denmark). OCR and ECAR measurement were performed in myoblasts
and myotubes at the METAMONTP facility, Montpellier, France. Myo-
blasts were grown in proliferation medium. Then, 24 h after plating,
medium was switched to differentiation medium for 3 days to obtain
myotubes. Healthy control (C) and FSHD myoblasts were plated (5000
cells/well for myoblasts study and 10,000 cells/well for myotube study)
on XF Cell Culture 96-well plates (# 101085-004, Agilent) to obtain a
cell monolayer as previously reported [48]. For overexpression experi-
ments, after plating (5000 cells/well for myoblasts study and 10,000
cells/well for myotube study), healthy control myoblasts (C: C1:
20-year-old woman; C2: 29- and C3: 43-year-old men) were transfected
with Turbofectin alone (T), empty vector (V-), or ANT1 expression
plasmid (V+). Myoblasts and myotubes from V+, FSHD and controls (C,
T, V-) were studied on separate XF Cell Culture 96-well plates.

For the mitochondrial stress test, cell medium was replaced by the
assay medium (Seahorse Bioscience) supplemented with 1 mM pyru-
vate, 10 mM glucose, and 2 mM glutamine at 37 °C for 30 min, followed
by measurements with the XF Cell Mito Stress Kit (Agilent). OCR (pmol
(02)/min/pg protein) and ECAR (pH/min/ug protein) were evaluated in
the same well at baseline and after sequential addition of inhibitors, as
described in the Seahorse Agilent protocol. Briefly, baseline rates were
measured and then mitochondrial function inhibitors (2 mM oligomy-
cin, 2 mM carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP), and 1 mM rotenone/0.5 pM antimycin A) were sequentially
added. Five mitochondrial bioenergetic parameters were calculated
from the profile (Supplementary Fig. la): basal respiration (basal
cellular respiration minus non-mitochondrial respiration), maximal
respiratory capacity (maximal uncoupled respiration minus non-
mitochondrial respiration), ATP-linked OCR (basal respiration minus
oligomycin-inhibited respiration), proton leak (oligomycin-inhibited
respiration minus non-mitochondrial respiration), and NMOC (rotenone
+ antimycin A-inhibited respiration). OCR/ECAR ratios were calculated
at baseline and after FCCP injection. Finally, baseline ECAR and OCR
measurements were converted to ATP synthesis rates (Jatp production) tO
allow the direct comparison of the glycolytic (JaTpgly) and oxidative
(JaTpox) ATP production rates [49] and the conversion to the percentage
of total ATP production. These calculations are reliable only for myo-
blasts [50].

For the glycolysis stress test, cells were incubated in the assay me-
dium (Seahorse Bioscience) with 2 mM glutamine without glucose at
37 °C for 30 min before measurements with the Glycolytic Stress Test Kit
(Seahorse Bioscience). ECAR and the corresponding OCR were measured
in the same wells at baseline and after sequential addition of 10 mM
glucose, and pharmacological inhibitors of OXPHOS (2 pM oligomycin)
and glycolysis (100 mM 2-DG) as described by the manufacturer. Four
parameters were calculated from the profile (Supplementary Fig. 1b):
glycolysis (ECAR rate following the addition of glucose minus non-
glycolytic acidification), glycolytic capacity (maximal ECAR rate
following the addition of oligomycin minus non-glycolytic acidifica-
tion), glycolytic reserve (glycolytic capacity minus glycolysis) and non-
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glycolytic acidification (2-DG-inhibited ECAR). Results were expressed
as mpH/min/ mg protein. After each experiment, the protein content per
well was quantified using the BCA assay kit (23227, Pierce, Thermo
Fisher Scientific), and used for normalization.

2.11. Lactate measurement in myoblasts and myotubes and in the
corresponding supernatants

Lactate was measured using Ultra Performance Liquid Chromatog-
raphy coupled to a triple-quadrupole mass spectrometer (Acquity UPLC
— XEVO TQD, Waters Corporation). Calibrators, controls and samples
(100 pL/each) were treated with 100 pL of 10% trichloroacetic acid/1
mM [?Hy]-3-hydroxybutyrate as internal standard. After mixing and
centrifugation (14000xg, 4 °C, 15 min), supernatants were transferred
to Acquity vials and placed in the sample manager (injection volume =
10 pL). Samples were analysed on an Acquity Premier CSH Phenyl-Hexyl
column, 100 mm x 2.1 mm, 1.7 pm (Waters Corporation). The chro-
matographic mobile phase was constituted of 0.1% formic acid (v/v) in
water and 0.1% formic acid (v/v) in acetonitrile delivered at a flow rate
of 0.4 mL/min at 50 °C. Lactate ionization was performed using negative
electrospray ionization and the XevoTQD monitored the following
transitions: m/z 88.7 to m/z 43.0 and m/z 104.8 to m/z 60.0 for lactate
and [?H,]-3-hydroxybutyrate, respectively.

2.12. Transmission electron microscopy (TEM) of muscle biopsies and
cells and X. laevis embryos

Muscle quadriceps biopsies were fixed and embedded as previously
described [34]. TEM of muscle quadriceps biopsies was carried out at
the Centre Regional d’Imagerie Cellulaire (CRIC) of Montpellier
(France).

V—+ and FSHD and control myoblasts (C, T, V-) were fixed, embedded
in Epon and processed for TEM according to standard procedures (for
details see Ref. [51]). Control (uninjected and antisense mRNA-injected)
and ANT1 mRNA-injected X. laevis embryos were fixed and embedded as
described [52], and ultrathin sections were cut using a Leica EM UC7
microtome. Semi-thin sections were stained with methylene blue Azur
11, rinsed with water, and air-dried. Then, samples from primary myo-
blasts and X. laevis embryos sections were analysed using a JEOL
JEM-2100 transmission electron microscope equipped with a TemCam
F416 4 k x 4 k (Tietz video and Imaging Processing Systems, Gauting,
Germany).

2.13. Mitochondrial mass of myoblasts

2.13.1. MitoTracker staining and imaging

Mitochondrial mass was monitored using the MitoTracker green
probes [53] in V+ and control (C, T, V-) myoblasts. After incubation in
pre-warmed growth medium containing 100 nM of probe at 37 °C for 30
min, cells were immediately washed twice in cold PBS and analysed
using a Zeiss microscope. The fluorescence intensity of MitoTracker
relative to the cell volume was quantified using Image J.

2.13.2. Citrate synthase activity

Mitochondrial mass was monitored using citrate synthase activity
(citrate synthase activity assay kit (Ab119692)) [54] in FSHD and C
myoblast samples. Citrate synthase activity was measured spectropho-
tometrically in myoblast samples at 30 °C using a Beckman spectro-
photometer. Citrate synthase activity was monitored by recording the
changes in absorbance at 412 nm for 150 sec and normalized to protein
concentration.

2.14. Mitochondrial membrane potential of myoblasts

Mitochondrial membrane potential was detected in myoblasts with
the Muse™ Cell Analyzer (Millipore, Billerica, MA, USA). V+, FSHD and
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control (C, T and V-) myoblasts were suspended in the working solution
of the Muse MitoPotential Kit (MCH100110, Merck Millipore) and
incubated at 37 °C for 25 min, according to the manufacturer’s recom-
mendations. Then, cells were incubated with 5 pl of Muse 7-aminoacti-
nomycin D (7-AAD) at RT for 5 min to monitor cell death. The analysis
was performed using the Muse Cell Soft V1.4.0.0 Analyser Assay (Merck
Millipore). Cells incubated with 100 pM H302 for 5 min were used as
positive control to validate the assay results. For this cytometry assay, a
single assay result was derived from 3000 individual fluorescence
measurements to decrease statistical error.

2.15. Mitochondrial dynamics and motility in FSHD myoblasts using the
MitoSelect® technology

MitoSelect® analyses of intact living primary myoblasts were per-
formed by Innovative Concepts in Drug Development investigators
(ICDD, Gemenos, France), blind to the donor status (C/FSHD cells with
disorganized phenotype). The Mitoselect® technology is a high content
analysis of mitochondrial behaviour using 4D live-cell imaging to
identify mitochondrial phenotypes associated with disease states [55]. It
quantifies patterns of mitochondrial behaviour along four dimensions:
mitochondrial dynamics, motility, organization and permeability with
the captures of 48 descriptors. Mitochondria were visualized using
MitoTracker green (Thermo Fisher) on a Zeiss Axioplan microscope,
equipped with a temperature-controlled stage to maintain the sample at
37 °C, and the Slidebook 4.2 image acquisition software (Intelligent
Imaging Innovation). In each imaging session, 3 to 5 cells were recorded
allowing the analysis of motility and dye retention in 70-80 individual
mitochondria/sample, and the analysis of mitochondrial dynamics and
organization in 300-700 mitochondria/sample. Image analysis was
performed with the Micvl.1-Mitostream® image analysis software
(ICDD). Descriptors measuring the mitochondrial fusion-fission balance
(scale), mitochondrial velocity (um/min), mitochondrial organization
(in ATP-demanding hubs, such as the microtubule-organizing centre,
perinuclear area, and focal adhesion points along the plasma mem-
brane), and dye retention rate as a surrogate measure of mitochondrial
permeability were studied. Raw data (captured images) and quantifi-
cation from image analysis (database) were stored in their original
format.

2.16. Reactive oxygen species (ROS) production and oxidative stress

2.16.1. Measurement of intracellular ROS production by dihydroethidium
in muscle cells

In V+ and FSHD and control (C, T and V-) myoblasts, intracellular
ROS production was measured by cytometry using the Muse Oxidative
Stress Kit (MCH100111, Merck Millipore). Briefly, cell suspensions were
incubated in the working solution of Muse® reagent at 37 °C for 30 min,
and then intracellular ROS production (percentage of ROS-positive cells)
was detected with the Muse™ Cell Analyzer (Merck Millipore). For
cytometry assay, a single assay result was derived from 3000 individual
fluorescence measurements to decrease statistical error. The analysis
was performed using the Muse Cell Soft V1.4.0.0 Analyser Assay (Merck
Millipore).

In V+ and FSHD and control (C, T and V-) myotubes, intracellular
superoxide activity was detected using dihydroethidium (DHE) (Invi-
trogen). Myotubes were incubated in medium containing 2 pM DHE in
the dark at 37 °C for 30 min, according to the manufacturer’s in-
structions. Images were recorded with a fluorescent Zeiss microscope
and a 590-nm long-pass filter. DHE fluorescence signal was quantified in
nuclei and averaged per images and per cell culture. DHE fluorescence
signal was analysed using Image J software.

2.16.2. Measurement of mitochondrial superoxide production with
MitoSOX in myoblasts
Mitochondrial superoxide levels were assessed by incubating V+ and
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FSHD and control (C, T and V-) myoblasts with MitoSOX (5 pM) at 37 °C
for 30 min. Following incubation, myoblasts were washed twice and
mounted for fluorescence assessment using a Zeiss microscope. The
fluorescence intensity of MitoSOX per cell was measured using Image J.
Experiments were performed in C, T, V-, V+ and in FSHD and C myo-
blasts. MitoSOX fluorescence signal was quantified in cells and averaged
per images and experiments.

2.16.3. Ascorbyl free radicals (AFR) measurement by electron
paramagnetic resonance spectroscopy in FSHD and control cells

Myoblasts and myotubes from healthy controls (C) and patients with
FSHD were cultured in proliferation and differentiation medium,
respectively, at 37 °C in a humidified atmosphere of 5% CO2. Super-
natants were collected after 48 h of proliferation (myoblasts) and 72 h of
differentiation (myotubes), placed in cryotubes and quickly frozen in
liquid nitrogen [56]. AFR was measured after addition of dimethyl
sulfoxide (DMSO) (AFR/DMSO) (1:1) to evaluate ascorbate concentra-
tion released in supernatants. Upon reacting with free radicals, ascor-
bate is oxidized to ascorbyl radical anion (also referred to as AFR).
AFR/DMSO content is considered as a good marker of the cellular
oxidative stress level. The method is detailed in Ref. [56]. EPR spectra of
AFR were recorded at 9.8 GHz from supernatant, dimethyl sulfoxide
(1:1) mixtures by averaging 4 scans with instrument parameters: mi-
crowave power, 10 mW; modulation frequency, 100 kHz; modulation
amplitude, 0.883 G; time constant, 81.92 ms; receiver gain, 5 x 105 and
sweep rate, 1.07 G/s.

2.16.4. Protein carbonylation in muscle cells and in X. laevis embryos

The Oxyblot Protein Oxidation Detection Kit was used to quantify the
presence of carbonyl groups in V+ and FSHD and control (C, T and V-)
myoblasts and myotubes as well as in 3-day-old X. laevis control (unin-
jected or antisense mRNA-injected) and ANT1 mRNA-injected embryos
(according to the manufacturer’s instructions. Signals were revealed
using enhanced chemiluminescence (Roti® Lumin and Carl Roth Alpha
Innotech Corporation, San Leandro, CA) for X. laevis embryos and C and
FSHD myoblasts and myotubes and a Licor Odyssey scanner (Licor) for
C, T, V-, V+ myoblasts and myotubes. Protein carbonyl content was
calculated by adding the integrated density of individual protein bands.
Normalization was performed using GAPDH [57] for C, T, V-, V+
myoblasts and tubulin for C, T, V-, V4+ myotubes and C and FSHD
myoblasts and myotubes. Protein concentration was used to normalize
protein carbonyl content in X. laevis samples.

2.17. Data availability

All data supporting the findings described in this manuscript are
available in the article and from the corresponding author upon
reasonable request.

2.18. Statistical analysis

All analyses were performed using the Sigma Stat program (Jandel).
N are indicated in the figure legends. The Shapiro-Wilks test was used to
confirm data normality. Parametric continuous data were presented
using mean and standard deviation (SD); non-parametric data using
median and interquartile range. Sample sizes for studies was chosen
based on observed effect sizes and standard errors. In order to verify the
effect size in the comparisons of averages between control and FSHD
samples, Cohen’s d was calculated and the value of d was considered
small if 0.20 < d < 0.5 and large when d > 0.80. Statistical significance
was determined using the paired Student’s t-test, unpaired Student’s t-
test for two group analyses. One-way Analysis of Variance (ANOVA)
(with Holm-Sidak multiple comparison or Tukey test) was used to
compare more than two groups. When considering categorical data
contingency analyses were performed to determine the probability that
the frequency distribution differ across groups using a Chi-square



S. Arbogast et al.

analysis. Statistical significance was set at p < 0.05. *P < 0.05, **P <
0.01 and ***P < 0.001.

3. Results

3.1. ANT1 overexpression leads to a disorganized myotube phenotype, as
observed in FSHD myotubes

To evaluate the impact of ANT1 overexpression, we incubated each
healthy control myoblast (C: C1: 20-year-old woman; C2: 29- and C3:
43-year-old men) culture with the transfection reagent Turbofectin
alone (T) or together with the ANT1 construct (V+), or empty vector (V-
). We confirmed ANT1 overexpression in V+ myoblasts and myotubes,
compared with control cells without transfection reagent (C), T, and V-
cells by RT-qPCR (Supplementary Fig. 2) and by Western blot analysis
(Fig. 1a). Moreover, immunofluorescence analysis showed that ANT1
staining was stronger in V+ than in C, T and V- myoblasts (Fig. 1b).

After 3 days of differentiation, C, T and V- myoblasts fused to form
branched myotubes with aligned nuclei and the actin was organized in a
filamentous network parallel to the long axis of the syncytium (Fig. 1c).
In contrast, V+ myotubes appeared larger and distorted with an
abnormal distribution of nuclei (Fig. 1c) and the actin network was
disorganized (Fig. 1c and d). The phenotype induced by ANT1 over-
expression was reminiscent of the disorganized phenotype observed in
primary FSHD myotubes (Fig. le): larger and distorted myotubes with
an increased number of nuclei [37,58]. Indeed, phenotype analysis
showed that myotube area and number of nuclei were significantly
higher in V+ than in C, T and V- myotubes (Fig. 1f and g) as observed in
FSHD myotubes (Supplementary Figs. 3a and b). Similarly, the
myogenic fusion index (MFI) [37], to assess fusion competence, was
significantly higher in V+ than in C, T and V- myotubes (Fig. 1h) as well
as the deformed myotube index (DMI) [37] (57-100% in V+ versus 10%
in C, T and V- myotubes) (Fig. 1i) as observed in FSHD myotubes
(Supplementary Figs. 3c and d).

As ANT1 overexpression-induced phenotype was reminiscent of the
disorganized phenotype observed in primary FSHD myotubes [37,58],
we investigated ANT1 protein levels in FSHD primary myotubes and in
the corresponding muscle biopsies. Quantification of the Western blot
results showed that ANT1 protein levels were higher in FSHD primary
myotubes and as previously reported [23] in muscle biopsies compared
with age-matched healthy controls (C) (Fig. 1j and k). ANT1 protein
levels were higher also in FSHD than in C myoblasts (Fig. 11). Moreover,
ANT1 protein levels were higher in myotubes than in myoblasts both in
C and FSHD samples (Fig. 11). We confirmed these results by immuno-
fluorescence analysis of C and FSHD myoblasts and myotubes (Supple-
mentary Figs. 3e and f).

3.2. Oxidative phosphorylation is increased in ANT1-overexpressing and
FSHD myoblasts

As ANT1 regulates mitochondrial metabolism, we then characterized
the bioenergetic status of V4 and FSHD myoblasts compared with their
respective controls using the Seahorse Cell Mito Stress Test (see sche-
matic of the mitochondrial stress test in Supplementary Fig. 1a). In this
system, mitochondrial respiration (oxygen consumption rate, OCR) is
used to measure oxidative phosphorylation (OXPHOS). Based on the
OCR profiles (Fig. 2a and b), we first established the “resting” OCR
(basal OCR), which accounts for the initial respiration rate in myoblasts
after removing the contribution from non-mitochondrial oxygen con-
sumption (NMOC). Basal OCR was significantly higher in V+ thanin C, T
and V- myoblasts (Fig. 2c). Similarly, basal OCR was also significantly
higher in FSHD than in C myoblasts (Fig. 2d). Quantification of Mito-
Tracker green staining [53] showed no difference between V+ and
control (C, T and V-) myoblasts (Fig. 2e), suggesting no change in
mitochondrial mass. Similarly, citrate synthase activity, as an index of
total mitochondrial mass [54], was similar in FSHD and C myoblasts
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(Fig. 2f). Upon addition of oligomycin that decreases the electron flow
through the electron transport chain (ETC) by inhibiting adenosine
triphosphate (ATP) synthase, mitochondrial respiration was reduced
and this allowed identifying the fraction of basal OCR attributable to
ATP production. Oxygen consumption used to produce mitochondrial
ATP (ATP-linked respiration) was higher in V+ than in C, T and V-
myoblasts (Fig. 2¢). Similarly, oxygen consumption was also higher in
FSHD than in C myoblasts (Fig. 2d). We also measured the energy
dissipation, as proton leak, and found that it was similar in V+ and
control (C, T and V-) myoblasts (Fig. 2c). Conversely, proton leak was
higher in FSHD than in C myoblasts (Fig. 2d). Coupling efficiency was
comparable in C, T, V- and V+ myoblasts (Fig. 2¢). Similarly, no dif-
ference in coupling efficiency between FSHD and C myoblasts was
observed (Fig. 2d). Then, addition of the mitochondrial uncoupler FCCP,
to shuttle protons across the inner membrane, led to ETC maximum
activity. The resulting effect was the maximum OCR value (maximal
respiration) to maintain the proton motive force at the highest levels.
The maximal respiratory capacity was significantly higher in V+ than in
C, T and V- myoblasts (Fig. 2¢), but no difference between FSHD and C
myoblasts was observed (Fig. 2d). The maximal respiration curve
allowed calculating the spare (or reserve) respiratory capacity (i.e., the
difference between the FCCP-stimulated and resting OCR) and showing
that it was comparable in C, T, V- and V+ myoblasts (Fig. 2c) and also in
FSHD and C myoblasts (Fig. 2d). Finally, rotenone and antimycin A (Rot
+ AA) were added to block complex I and III, respectively. Together,
these agents fully inhibit the mitochondrial electron transfer, and the
residual OCR measured can be attributed to non-mitochondrial oxidases
(NMOC). NMOC was comparable in C, T, V- and V+ myoblasts (Fig. 2c)
and also in FSHD and C myoblasts (Fig. 2d). Moreover, we did not
observe any difference in mitochondrial membrane potential (Ayy,) in
C, T, V- and V+ myoblasts (Fig. 2g) and also in FSHD and C myoblasts
(Fig. 2h).

Concomitantly, we also assessed the glycolytic function in V+ and
FSHD myoblasts and their respective controls by measuring the extra-
cellular acidification rate (ECAR) that indicates the lactic acid levels
generated by glycolysis (Fig. 2i and j). ECAR curve was similar to the
OCR curve; however, while addition of oligomycin reduced OCR, ECAR
was increased in both V+ and FSHD myoblasts compared with their
respective controls. This indicated that glycolysis was upregulated in
response to the inhibition of mitochondrial oxygen consumption (Fig. 2i
and j), suggesting that compared with their respective controls, V+ and
FSHD myoblasts more readily switch to glycolysis when ATP synthase
and mitochondrial respiration are inhibited. Then, we calculated the
OCR/ECAR ratio at baseline and at maximal respiration (upon FCCP
addition) to assess the relative contribution of glycolysis and OXPHOS to
energy generation. In both conditions, the OCR/ECAR ratios were
comparable in C, T, V- and V+ myoblasts (Fig. 2k), whereas they were
lower in FSHD than in C myoblasts (Fig. 21). Then, we converted the
baseline ECAR and OCR values to rates of ATP synthesis (JATP production)
to directly compare the glycolytic (Japgly) and oxidative (Jatpox) ATP
production rates [49]. Glycolytic and oxidative ATP production were
significantly increased in V+ and FSHD myoblasts compared with their
respective controls (Fig. 2m and n). Conversion to percentage of ATP
production showed comparable glycolytic and mitochondrial ATP pro-
duction percentages in C, T, V- and V+ myoblasts (Fig. 20). Conversely,
glycolytic ATP production was increased by 12% and mitochondrial ATP
production was decreased by 16% in FSHD myoblasts compared with C
(Fig. 2p).

3.3. Glycolytic activity is increased in ANT1-overexpressing and FSHD
myoblasts

As myoblasts rely primarily on glycolysis for metabolic needs, we
evaluated also the glycolytic activity in ANT1 and FSHD myoblasts
compared with their respective controls using the Seahorse Glycolysis
Stress Test (Supplementary Fig. 1b). This test starts with ECAR
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Fig. 1. ANT1 overexpression leads to a disorganized myotube phenotype, as observed in FSHD myotubes.

(a) Representative Western blot of the levels of ANT1 in C2, T, V-, V+ myoblasts and myotubes. The bar graphs show the summary of 3 independent cultures of each
condition in duplicate as the mean + SD of the intensity of ANT1 band over tubulin; *P = 0.05, ***P < 0.001 [Shapiro-Wilk test for normality, one-way ANOVA
followed by Holm-Sidak method (F:99.080, DF:23, P < 0.001)]. (b) Representative immunofluorescent staining for ANT1 (green) and DAPI (blue) in control (C2, T,
V-) and V+ myoblasts. For all conditions, the contrast range was set at the same level. (¢) Myotube phenotype in C2, T, V- and V-+ cultures at day 3 of differentiation:
representative immunofluorescent staining for actin (phalloidin, green) in V+ and control myotubes (C2, T, V-) (¢) and (d) for ANT1 (green) and troponin T
(magenta) in V+ myotubes. (e) Myotube phenotype in FSHD (FSHD14) culture at day 3 of differentiation: representative immunofluorescent staining for actin
(phalloidin, green) and DAPI (blue) in FSHD (FSHD14) myotubes. White arrowheads show clusters of nuclei (DAPI, blue) in V+ and FSHD myotubes. Scale bars: 10
pm. (f) Myotube area (arbitrary unit (A.U), (g) Number of nuclei per myotube, (h) Myogenic fusion index and (i) Deformed myotube index (DMI, %) in C, T, V- and
V+ samples (6 randomly chosen fields per condition from 3 independent cultures of each condition in duplicate); *P = 0.05, **P = 0.01, ***P < 0.001 [one-way
ANOVA (Holm-Sidak): (f) F:21.280, DF:11, P < 0.001; (g) F:12.487, DF:11, P = 0.002; (h) F:6.370, DF:11, P = 0.016; (i) F:44.690, DF:11, P < 0.001]. Data are
presented as mean =+ SD. (j, k, 1) Representative Western blot of the levels of ANT1 (j) in myotubes, (k) in the corresponding quadriceps biopsies from 3 patients with
FSHD (FSHDS8, FSHD10, FSHD 14) and 2 age-matched healthy controls (C1, C2) and (1) in FSHD (FSHDS8, FSHD10 and FSHD14) and control (C1, C2) muscle cells in
proliferation (P) and after differentiation (D). (j, 1) The bar graphs show the summary of 3 independent control (C) and FSHD cultures in duplicate as the mean + SD
of the intensity of ANT1 band over tubulin. (k) The bar graphs show the summary of 3 independent control and FSHD muscle biopsies in duplicate as the mean + SD
of the intensity of ANT1 band over cytochrome c. (j) *P = 0.010 (two tailed Student’s t-test), Cohen’s d = 2.33; (k) **P = 0.009 (two tailed Student’s t-test), Cohen’s
d =2.56; (1) *P = 0.05, **P < 0.01 [ANOVA (Holm-Sidak) (F: 19,027, DF:11, P < 0.001)]. Molecular weight (MW) markers are indicated in kilodaltons (kDa). (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

<

measurement in starved cells (Fig. 3a and b). The normal glycolysis rate
was higher in V+ (Fig. 3c¢) than in control myoblasts (C, T and V-).
Similarly, glycolysis rate was higher in FSHD than in C myoblasts
(Fig. 3d). The baseline lactate release was significantly increased in the
culture medium of V+ (by 28% compared with C, T and V- myoblasts)
(Fig. 3e) and also of FSHD myoblasts (by 20% compared with C myo-
blasts) (Fig. 3f). Conversely, lactate accumulation was not different
(Fig. 3g and h). Addition of oligomycin to stimulate the maximal ECAR,
which shuts down ATP-dependent OCR, shifted metabolism to glycolysis
more effectively in V+ (Fig. 3c) and FSHD (Fig. 3d) than in their
respective control myoblasts. The glycolytic reserve capacity (i.e. the
difference between maximal and basal ECAR) was higher in V+ (Fig. 3c)
and FSHD (Fig. 3d) than in their respective control myoblasts. The test
ended by total inhibition of glycolysis using the glucose analogue 2-DG,
leading to the ECAR decrease to its non-glycolytic level. All myoblast
samples were sensitive to glycolysis inhibition by 2-DG (Fig. 3a and b).
Non-glycolytic acidification (NGA) might correspond to the conversion
of respiratory CO, generated in the TCA cycle to HCO3- and H'. NGA (i.
e. acidification not due to lactate production) was higher in V+ than in
C, T and V- myoblasts (Fig. 3c), but not in FSHD myoblasts (Fig. 3d).
Concomitant extracellular flux analysis to assess OXPHOS in culture
supernatants showed that after addition of 10 mM glucose, OCR was
higher in V4 and FSHD than in their respective control myoblasts
(Fig. 3i and j).

3.4. Oxidative phosphorylation and glycolytic activity are increased also
in ANT1-overexpressing and FSHD myotubes

We then determined the basal and maximal OCR, mitochondrial ATP
production, spare respiratory capacity and proton leak in V+, FSHD and
in their respective control myotubes. Myotubes are highly metabolically
active cells that rely heavily on OXPHOS. We found that the OCR profile
was higher in V+ and FSHD (Fig. 4a and b) than in their respective
control myotubes. Specifically, basal respiration, maximal respiration,
ATP production, and proton leak were significantly higher in V+ than C,
T and V- myotubes (Fig. 4c). Similarly, ATP production was significantly
higher in FSHD than in C myotubes (Fig. 4d). Conversely, NMOC was
significantly increased only in V+ but not in FSHD myotubes (Fig. 4c
and d) compared with their respective controls. Respiratory spare ca-
pacity and coupling efficiency were comparable in V+ and C, T, V-
myotubes (Fig. 4c) and also in FSHD and C myotubes (Fig. 4d). Finally,
the OCR increase was associated with higher basal ECAR in V+ and
FSHD myotubes compared with their respective controls (Fig. 4e and f).
Analysis of the glycolytic function using the glycolysis stress test showed
that ECAR was higher in V+ and FSHD than in their respective control
myotubes (Fig. 4g and h). Specifically, glycolysis, glycolytic capacity,
and NGA were significantly increased in V+ myotubes compared with

controls (Fig. 4i). Glycolysis also was higher in FSHD than C myotubes as
well as the other respiratory parameters (Fig. 4j), except the glycolytic
reserve higher in FSHD myotubes compared with C (Fig. 4j). The base-
line lactate released in supernatant was significantly increased in V+ (by
28%) and FSHD (by 35%) samples compared with their respective
controls (Fig. 4k and 1). Conversely, baseline lactate accumulation was
significantly increased only in FSHD myotubes compared with C, but not
in V+ myotubes (Fig. 4m and n).

3.5. The mitochondrial network is disturbed in ANT1-overexpressing and
FSHD primary muscle cells

Many evidences show that mitochondrial bioenergetics and mito-
chondrial dynamics influence each other [59]. MitoTracker Green
staining showed mitochondria with normal elongated-tubular structures
in T, V- myoblasts (Fig. 5a, upper panels) and control myoblasts (C2)
(Fig. 5b, upper panels). Conversely, in V+ myoblasts, mitochondria
displayed a punctuated structure (Fig. 5a upper panel). We obtained
similar results by immunofluorescence with a mouse monoclonal anti-
body against the mitochondrial marker AB2 (Fig. 5a and b, lower panel).
We observed similar changes in FSHD myoblasts compared with C2
using the MitoTracker Green probe (Fig. 5b, upper panel), the antibody
against AB2 (Fig. 5b, lower panel), and time-lapse microscopy tracking
using a novel 4-dimension live imaging (three spatial dimensions over
time) technology (Fig. 5¢): the mitochondrial shape varied from tubular
to rounded or punctuated in FSHD myoblasts.

Using live cell imaging and the Mitoselect® technology, we found
that mitochondrial velocity (Fig. 5d) was comparable in FSHD and in C
myoblasts. Similarly, we did not observe any difference in the dye
retention rate, suggesting no impact of the disease on mitochondrial
membrane permeability (Fig. 5e). Conversely, analysis of the mito-
chondrial dynamics showed a slight, but significant decrease in the
fusion-fission index (Fig. 5f) reflected by a significantly increased
probability of higher frequency of hyper-fission in FSHD than C myo-
blasts (p = 0.004) (Fig. 5g). Mitochondrial network organization was
significantly perturbed in FSHD myoblasts compared with C. The
abundance and complexity of the reticular mitochondrial network were
drastically reduced in FSHD myoblasts compared with C (p < 0.001) in
regions of high ATP demand: microtubule organizing centre (MOC),
perinuclear area (PNA), and focal points at the plasma membrane (FAP)
(Fig. 5h). Similarly, the formation of doughnut-shaped mitochondria, a
feature necessary for intracellular oxidative stress management, was
greatly reduced in FSHD myoblasts compared with C (Fig. 5i) (p <
0.001). The expression of genes involved in fission-fusion (DRP1, FIS1,
MFN1, MFN2 and OPA1) was comparable in FSHD and in C myoblasts
(Supplementary Fig. 4).

Transmission electron microscopy (TEM) highlighted morphological
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Fig. 2. Oxygen consumption rate (OCR) is increased in ANT1-overexpressing and FSHD myoblasts.

(a, b) The MitoStress test was used to quantify OCR in (a) C, T, V-, V+ (3 independent cultures of each condition in duplicate) and (b) FSHD (3 independent control
(C) and FSHD cultures in duplicate). (a, b) Shaded regions define the steady state before sequential addition of inhibitors: oligomycin (Oligo, 2 mM), FCCP (2 mM),
rotenone + antimycin A (1 mM Rot + 0.5 pM AA); vertical lines indicate the injection time. (¢, d) Basal respiration, maximal respiratory capacity, ATP-linked OCR,
proton leak, non-mitochondrial respiration (NMOC), spare capacity and coupling in (¢) C, T, V-, V+ myoblasts and in (d) FSHD and C myoblasts were calculated from
the profiles (a, b). (¢) C, T, V-, V4 myoblasts: *P < 0.05, **P < 0.01, ***P < 0.001 [one-way ANOVA (Holm-Sidak)], (d) FSHD and C myoblasts: *P < 0.05, ***P <
0.001 (two-tailed unpaired Student’s t-test) (Basal respiration Cohen’s d: 2.97, maximal respiratory capacity Cohen’s d: 0.18, ATP-linked OCR Cohen’s d: 2.75,
proton leak Cohen’s d: 1.51, NMOC Cohen’s d: 0.49, spare capacity Cohen’s d: 0.34 and coupling Cohen’s d: 0.69). (e) Mitochondrial mass was based on MitoTracker
fluorescence intensity per cell (A.U) in C, T, V-, V+ myoblasts (ANOVA, P = 0.465). Each histogram represents the mean MitoTracker fluorescence intensity per cell
from 3 independent cultures of each condition in duplicate. (f) Mitochondrial mass was based on citrate synthase (CS) activity in FSHD and C myoblasts (3 inde-
pendent control (C) and FSHD cultures in duplicate), P = 0.524, Cohen’s d = 0.57, ns: non-significant. Each histogram represents the mean + SD. (g, h) Mito-
chondrial membrane potential (g) in C, T, V-, V4 myoblasts (3 independent cultures of each condition in duplicate) ***P < 0.001 [one-way ANOVA (Holm-Sidak)
(F:20.836, DF:23, P < 0.001)], and (h) in FSHD and C myoblasts (3 independent control (C) and FSHD cultures in duplicate) *P < 0.05, **P < 0.01 [one-way ANOVA
(Holm-Sidak) (F:34.817, DF:11, P < 0.001), Cohen’s d = 2.58] by flow cytometry using the MitoPotential Kit. Positive control: incubation with hydrogen peroxide
(H205,100 pM for 5 min). (i, j) The corresponding ECAR of the OCR: representative ECAR profile (i) in C, T, V-, V+ and (j) in FSHD and C myoblasts. (k, 1) OCR/ECAR
ratios at baseline and after FCCP addition (k) in V+ and control myoblasts (C, T, V-) (ns: non-significant) and (1) in FSHD and C myoblasts (*P < 0.05, Cohen’s d =
1.75); **P < 0.01 (Cohen’s d = 1.76)). (m, n) Glycolytic and oxidative ATP production rates (Jarpgly and Jarpox, respectively) (m) in C, T, V-, V+ myoblasts (**P <
0.01, one-way ANOVA (Holm-Sidak) Jarpgly: F:12.902, DF:11, P = 0.003; Jarpox: F:13.447, DF:10, P = 0.003) and (n) in FSHD and C myoblasts (two-tailed unpaired
Student’s t-test: Jarpgly: ***P < 0.001 (Cohen’s d = 2.29), Jarpox: ***P < 0.001 (Cohen’s d = 2.78)). (0, p) Jarpgly and Jarpox percentages of the total Jarp production
were calculated respectively (o) in V+ and control (C, T, V-) myoblasts (non-significant) and (p) in FSHD and C myoblasts (two tailed Student’s t-test: %Ja1pgly: *P <
0.05 (Cohen’s d = 1.748), %Jatpox: *P < 0.05 (Cohen’s d = 1.748).
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Fig. 3. Extracellular acidification rate (ECAR) is increased in ANT1-overexpressing and FSHD myoblasts.

(a, b) The glycolytic stress test was used to quantify ECAR (a) in C, T, V-, V+ myoblasts (3 independent cultures of each condition in duplicate) and (b) in FSHD and
control (C) myoblasts (3 independent control (C) and FSHD cultures in duplicate). After serial addition of glucose, oligomycin (Oligo) and 2-deoxy-p-glucose (2-DG),
glycolysis (basal ECAR), glycolytic capacity, non-glycolytic acidification (NGA), and glycolytic reserve were calculated (c) in C, T, V-, V+ myoblasts and (d) in FSHD
and C myoblasts from their corresponding profiles (a, b). (¢) C, T, V-, V+: *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA (Holm-Sidak)), (d) FSHD and C
myoblasts (two-tailed unpaired Student’s t-test) *P < 0.05, ***P < 0.001 (glycolysis Cohen’s d: 5.17, glycolytic capacity Cohen’s d: 4.56, NGA Cohen’s d: 0.26,
glycolytic reserve Cohen’s d: 1.39). (e, f) Lactate release in the culture medium of (e) C, T, V-, V+ myoblasts and (f) of FSHD and C myoblasts, and (g, h) lactate
accumulation (g) in C, T, V-, V+ myoblasts (3 independent cultures of each condition in duplicate) and (h) in FSHD and C myoblasts (3 independent control (C) and
FSHD cultures in duplicate). Difference between C, T, V-, V+ myoblasts:(e) *P < 0.05 [one-way ANOVA (Holm-Sidak) (F:7.132, DF:11, P = 0.016)], (g) ns: non-
significant; FSHD and C myoblasts: *P < 0.05 (two-tailed unpaired Student’s t-test) and in (f) Cohen’ d:1.59 and (h) Cohen’ d:1.71. (i, j) The corresponding OCR
of the ECAR: Representative profile of OCR simultaneously measured to ECAR (i) in C, T, V-, V+ myoblasts and (j) in FSHD and C myoblasts. Significant difference
between V+ and control (C, T, V-) myoblasts (*P < 0.05 [one-way ANOVA (Holm-Sidak)], FSHD and C myoblasts *P < 0.05. (two-tailed unpaired Student’s t-test).

and shape abnormalities of mitochondria in V+ myoblasts compared
with T, V- (Fig. 6a) and C2 (Fig. 6b): elongated tubular mitochondria
and immature-like mitochondria with a round shape, absent or reduced
number of cristae membranes, with empty matrix or enlarged matrix
spaces, underdeveloped cristae (arrowhead), and partial damage of the
outer mitochondrial membrane with blebs (arrowhead). In V+ myo-
blasts, mitochondrial fusion with a mitochondrion empty of cristae was
observed (arrowhead). We observed similar changes also in FSHD
myoblasts (FSHD8, FSHD10, FSHD 14) compared with C2 (Fig. 6b).

3.6. ROS production is increased in ANT1-overexpressing and FSHD
myoblasts and myotubes

As increase in mitochondrial respiration may be associated with free
radical formation, we evaluated mitochondrial ROS production using
the MitoSOX probe (to detect mitochondrial superoxide production) in
V + and FSHD and their respective control myoblasts. Mitochondrial
superoxide production was significantly increased in V+ and FSHD
myoblasts compared with their respective controls (Fig. 7a). Further-
more, using a DHE-based reagent (Muse Oxidative Stress kit), flow
cytometry analysis showed that intracellular ROS levels were signifi-
cantly higher in V+ and FSHD (Fig. 4c and d) than in their respective
control myoblasts. Similarly, microscopy analysis of DHE fluorescence
showed that intracellular ROS levels were significantly higher in V+ and
FSHD (Fig. 4c and d) than in their respective control myotubes. Protein
carbonylation levels also were higher in V+ and FSHD myoblasts
(Fig. 7d) and myotubes (Fig. 7e) compared with their respective con-
trols. Determination by electron spin resonance of ascorbyl free radical
(AFR/DMSO) concentration showed that AFR release was significantly
higher in supernatants from FSHD myoblasts (48 h) and myotubes (72 h)
compared with C (Fig. 7f), suggesting that FSHD cells are exposed to free
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radical-induced oxidative stress. MnSOD, the essential mitochondrial
antioxidant enzyme that detoxify superoxide generated by mitochon-
drial respiration was evaluated in V + and FSHD and their respective
control myotubes. The expression of MnSOD gene was significantly
decreased in V+ and FSHD myotubes compared with their respective
controls (Fig. 7g).

3.7. ANT1 overexpression affects skeletal muscle development in X. laevis
embryos

ANT1 is expressed primarily in the heart and skeletal muscles and
encodes a carrier of ADP/ATP of the mitochondrial inner membrane
[33]. In this study, we overexpressed ANT1 in primary myoblasts and
studied the consequence on the muscle cell phenotype (disorganized
myotube formation, modification of the energetic metabolism, ROS
production, oxidative stress). Therefore, we developed a model of ANT1
overexpression to investigate the impact of ANT1 overexpression on X.
laevis organ development after injection of in vitro synthetized human
ANT1 mRNA in one blastomere of 2-cell-stage embryos (ANT1+)
(Fig. 8a). The sequence of the human ANTI gene (SLC2544) is 77%
identical to that of X. laevis, and the amino acid sequences show 90.65%
of identity and 95.6% of similarity (Supplementary Fig. 5). The injected
ANTI mRNA was successfully translated, leading to a significantly
higher amount of ANT1 protein compared with controls (uninjected
embryos and antisense mRNA-injected) (Fig. 8a lower panels). In con-
trols, we detected ANT1 protein in unfertilized and antisense
mRNA-injected eggs (Fig. 8a, stage 1), but not at stages 2-5, and weaker
ANT1 expression at stages 6-8, compared with ANT1 mRNA-injected
embryos (Fig. 8a). In ANT1+ embryos, we detected ANT1 from stage
4 (Fig. 8a). In 3-day-old ANT1+ embryos (stage 40/41) (Fig. 8b), the
body was malformed, and this phenotype was explained by loss of
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Fig. 4. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) are increased in ANT1-overexpressing and FSHD myotubes.

(a, b) The MitoStress test was used to quantify OCR (a) in C, T, V-, V+ myotubes (3 independent cultures of each condition in duplicate) and (b) in FSHD and C
myotubes (3 independent control (C) and FSHD cultures in duplicate) after sequential addition of oligomycin (2 mM), FCCP (2 mM) and rotenone + antimycin A (1
mM Rot + 0.5 pM AA). Each inhibitor was injected at the times indicated by the vertical lines. (¢, d) The indicated mitochondrial bioenergetic parameters (¢) in C, T,
V-, V+ and (d) in FSHD and C myotubes were calculated from the profiles (a, b). Dot plots indicated individual experiments and the means + SD are shown. (¢) C, T,
V-, V-+ myotubes: *P < 0.05, **P < 0.01 [one-way ANOVA (Holm-Sidak)], (d) FSHD and C myotubes *P < 0.05, ***P < 0.001 (two-tailed unpaired Student’s t-test)
(basal respiration Cohen’s d: 3.16, maximal respiratory capacity Cohen’s d:2.83, ATP-linked OCR Cohen’s d: 3.487, proton leak Cohen’s d: 1.72, NMOC Cohen’s d:
0.81, spare capacity Cohen’s d: 0.41 and coupling Cohen’s d: 0.68). (e, f) The corresponding ECAR of the OCR: representative ECAR profile (e) in C, T, V-, V+ and (f)
in FSHD and C myoblasts. C, T, V-, V+ myotubes: *P < 0.05, ***P < 0.001 [one-way ANOVA (Holm-Sidak)], (d) FSHD and C myotubes **P < 0.01, ***P < 0.001
(two-tailed unpaired Student’s t-test). (g, h) The glycolytic stress test was used to quantify ECAR (g) in C, T, V-, V+ myotubes (3 independent cultures of each
condition in duplicate) and (h) in FSHD and control (C) myotubes (3 independent control (C) and FSHD cultures in duplicate). After serial addition of glucose,
oligomycin (Oligo), and 2-deoxy-p-glucose (2-DG), the indicated parameters (i) in C, T, V-, V+ myotubes and (j) in FSHD and C myotubes were calculated from their
corresponding profiles (g, h). Dot plots indicated individual experiments and the means + SD are shown. (i) C, T, V-, V+ myotubes: *P < 0.05, **P < 0.01 [one-way
ANOVA (Holm-Sidak)]; (j) FSHD and C myotubes: *P < 0.05, **P < 0.01, ***P < 0.001 (two-tailed unpaired Student’s t-test). (glycolysis Cohen’s d: 2.39, glycolytic
capacity Cohen’s d: 3.01, NGA Cohen’s d: 1.59, glycolytic reserve Cohen’s d: 1.57). (k, 1) Lactate release in the culture medium and (m, n) lactate accumulation: (k,
m) in C, T, V-, V4 myotubes (3 independent cultures of each condition in duplicate) and (1, n) in FSHD and C myotubes (3 independent control (C) and FSHD cultures
in duplicate). *P < 0.05 [one-way ANOVA (Holm-Sidak) (F: 7.538, DF:11, P = 0.010), ns: non-significant] for C, T, V-, and V+ myotubes, two-tailed unpaired
Student’s t-test for FSHD and C myotubes (1) Cohen’ d: 1.63 and (n) Cohen’ d: 1.82.

somites and disorganization of the muscle structure along the tail in
more than 70% of the ANT1+4 embryos (Fig. 8c). Tail muscle develop-
ment was normal in uninjected embryos and in embryos injected with
antisense mRNA (Fig. 8b and c).

Whole mount immunostaining with an antibody against desmin, a

somite marker [60] (Fig. 8d) showed that in uninjected embryos (a, a’)
and antisense-mRNA-injected embryos (b, b’), somites developed nor-
mally. Conversely, in ANT1+ embryos (c, ¢’), desmin staining was ab-
sent in the curved tail, indicating the absence of somites.
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Fig. 5. Mitochondrial network abnormalities are observed in ANT1-overexpressing and FSHD myoblasts.

(a, b) Representative mitochondrial network visualization with MitoTracker Green (upper panels) and with AB2 (green)/DAPI (blue) staining (lower panels) (a) in
V+, T, V- and (b) C2 myoblasts, (b) in FSHD (FSHD14, FSHD8) and C2 myoblasts. Scale bars = 10 pm. (c) Representative time lapse images of FSHD myoblasts
(FSHD10) labelled with MitoTracker green. Six representative frames are shown (time 0, 2, 3.5, 4, 5, 6 min). Scale bars = 10 pm. (d-i) Mitochondrial movement was
analysed in myoblasts from 3 controls (C) and 3 patients with FSHD in 3 independent plating of 3-5 individual cells. (d) Mean velocity, (e) Retention rate of dye in
control (C) and FSHD myoblasts (n = 150 mitochondria in C and n = 311 in FSHD myoblasts for d and e). (f) Fusion/fission index in C (n = 1287 mitochondria) and
FSHD (n = 1076 mitochondria) myoblasts, (g) Mitochondrial hyper-fission frequency in C (n = 1287 mitochondria) and FSHD (n = 2914 mitochondria) myoblasts,
(h, i) Mitochondrial network organization (h) in ATP demanding hubs (microtubule organizing centre (MOC), perinuclear area (PNA), and focal points at the plasma
membrane (FAP)) and (i) in doughnut formations (n = 1287 mitochondria in C and 2914 in FSHD myoblasts). Values are the mean + SEM. *P < 0.05, **P < 0.001,
**%P < 0.001 (two-tailed Student’s t-test). (Mean velocity Cohen’s d: 0.11, membrane permeability Cohen’s d: 0.07, Fusion/fission index Cohen’s d: 1.85, Mito-
chondrial hyper-fission frequency Cohen’s d: 2.5, Mitochondrial network organization Cohen’s d: 24.827 and doughnut formations Cohen’s d: 36.11). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.8. In ANT1-overexpressing X. laevis embryos, skeletal muscle and control (uninjected and antisense mRNA-injected) embryos (arrowhead)
mitochondrial ultrastructure are abnormal (Fig. 9a). In transversal histological sections (Fig. 9b, top panels), the
tails of ANT1+ embryos were curved compared with the straight tail of

Staining of 3-day-old embryo sections with methylene blue showed uninjected and antisense mRNA-injected embryos (arrowheads). TEM
that somite density was reduced and they were fragmented and disor- analysis confirmed that muscle tissues were severely disorganized in

ganized (arrowhead) in the tail of ANT1+ embryos compared with ANT1+ embryos (Fig. 9a and b, lower panels). Sarcomeres were
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Fig. 6. Mitochondrial ultrastructure abnormalities

are observed in ANTI1-overexpressing and FSHD
myoblasts.

(a, b) Representative electron microscopy images of
mitochondrial ultrastructure (a) in V+, T and V-
myoblasts, (b) in FSHD (FSHD8, FSHD10, FSHD14)
and C2 myoblasts. In V+ myoblasts, black arrow-
heads indicate the immature-like morphology of
mitochondria with round-shaped morphology and
under-developed cristae. In V+ myoblasts, orange
arrowheads show mitochondrial fusion with a mito-

chondrion empty of cristae. In FSHD myoblasts, the
purple arrow depicts an enlarged mitochondrion
carrying aberrant cristae with total or partial absence
of cristae, and the blue arrowhead (enlarged image)
indicates partial damage of the surrounding mem-
brane with blebs and membrane disruption. Scale
bars: 400 nm. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

disorganized and formed a “keel” (arrowhead). Conversely, in control
embryos, myofibrils in the tail were well organized and tightly arranged
(Fig. 9a, lower panels, arrowhead). In ANT1+ embryos, the morphology
of skeletal muscle mitochondria also was abnormal. Compared with
control embryos, the mitochondria of ANT1+ embryos showed
abnormal cristae structure and partial damage of the outer membrane
with blebs and disruption (arrowhead) (Fig. 9¢). Moreover, protein
carbonylation was higher in ANT1+ embryos than in controls (Fig. 9d).
We observed sarcomere disorganization and abnormal mitochondrial
morphology also in FSHD quadriceps muscle biopsies (Fig. 9e and f).

3.9. ANT1 overexpression in X. laevis embryos affects cardiac muscle
structure

As ANT1 is mainly expressed in cardiac tissues, we analysed heart
development and function in ANT1+ embryos. The heart morphology in
semi-thin sections stained with methylene blue was comparable among
groups (Fig. 10a). Conversely, TEM analysis showed fewer and disor-
ganized sarcomeres and abnormal z-discs in cardiac muscle cells of
ANT1+ embryos compared with controls (Fig. 10a lower panel,
arrowhead). Moreover, we observed abnormal structure of the cristae
and partial damage of the outer membrane in mitochondria in the heart
of ANT1+ embryos compared with controls (Fig. 10b). Last, video
analysis of beating hearts in 3-day-old X. laevis tadpoles revealed higher
number of heart beats per min (Fig. 10c) and severe arrhythmia (Video
in Supplementary Video 1) in ANT1+ compared with control animals
(uninjected X. laevis embryos), although the positioning of ventricles
and atria was not similar in the two groups.

4. Discussion

Here, we showed that ANT1 overexpression leads to large myotubes
with randomly distributed nuclei, as observed in FSHD myotubes [37,
58] where ANT1 protein levels are increased (myoblasts and myotubes)
compared with healthy control myotubes. ANT1 overexpression may
modify the energetic metabolism and ROS production in time and space,
thus affecting muscle development and phenotype. In agreement,
ANT1-overexpressing X. laevis embryos showed somite defects and
disorganized muscle structure along the tail.

By OCR analysis, we found that the basal respiration and ATP-
coupled respiration were increased in ANT1-overexpressing and FSHD
myoblasts, indicating a higher oxygen requirement for ATP synthesis at
baseline. The spare capacity, which is an estimate of the cell potential
bioenergetics capacity to meet increased ATP demands, was similar in
all groups. Non-mitochondrial respiration (e.g. ROS production) also
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was similar in ANT1-overexpressing, FSHD and control myoblasts.
Moreover, we did not observe any deficit in ATP coupling efficiency or A
wm impairment, indicating that ANT1-overexpressing and FSHD myo-
blasts rely partially on OXPHOS to produce ATP. However, FSHD
myoblasts presented some additional changes not observed in ANT1-
overexpressing cells. First, the increased proton leak may be used as a
mechanism to regulate mitochondrial ATP production and to maintain
the fraction of respiration coupled to ATP synthesis [61]. Second, FSHD
myoblasts could not maintain the proton motive force at the highest
level, suggesting an impaired capacity to stimulate the respiratory chain
to operate at maximum capacity to meet energy demand.

Besides the mitochondrial respiration rate increase, glycolysis was
increased in both ANT1-overexpressing and FSHD myoblasts compared
with controls in basal conditions and upon oligomycin exposure, sug-
gesting that ATP supply for glycolysis is higher in ANT1-overexpressing
and FSHD myoblasts. Unlike in ANT1-overexpressing myoblasts, the
baseline OCR/ECAR ratio was in favour of glycolysis in FSHD myoblasts,
suggesting a significantly higher reliance of FSHD myoblasts on glyco-
lytic metabolism for energy production. Although glycolytic and
oxidative ATP production were significantly increased in ANT1-
overexpressing and FSHD myoblasts, the proportion of glycolytic ATP
production was increased and mitochondrial ATP production was
decreased only in FSHD myoblasts.

The finding that ANT1-overexpressing and FSHD myoblasts may
present a higher glycolytic capacity than controls may be reflected by
higher glycolytic flux or stimulation. NGA was increased only in ANT1-
overexpressing myoblasts, but not in FSHD myoblasts, indicating higher
release of protons. Adding glucose triggered an increased glycolytic flux
in ANT1-overexpressing and FSHD myoblasts compared with controls,
suggesting a higher lactate production in these cells. The subsequent
addition of oligomycin further increased ECAR in ANT1-overexpressing
and FSHD myoblasts, suggesting a higher capacity of lactate production
in these cells. At baseline, intracellular lactate levels were comparable in
all groups, but lactate release in the supernatant was higher in ANT1-
overexpressing and FSHD myoblasts, consistent with the increased
glycolytic flux. Interestingly, incubation of C2C12 cells with lactate
leads to a disorganized phenotype (increased myotube diameter and
number of nuclei compared with controls [62]), similar to the pheno-
type observed in ANT1-overexpressing and FSHD myotubes. Our results
suggest that extracellular lactate might participate in the activation of
anabolic  signals, leading to the increased diameter of
ANT1-overexpressing and FSHD myotubes [63]. Moreover, the ANT1
overexpression-induced phenotype was reminiscent of the disorganized
phenotype observed in DUX4c-overexpressing primary muscle cells
[64], suggesting that ANT1 and DUX4c may both contribute to FSHD
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Fig. 7. Mitochondria contributes to the increased ROS production in ANT1-overexpressing and FSHD muscle cells.

(a) Mitochondrial superoxide production assessed with the MitoSOX Red fluorescent probe in V+, FSHD and their respective control myoblasts. Data are the mean +
SD. C, T, V-, V+: 3 independent cultures of each condition *P < 0.05 [one-way ANOVA (Holm-Sidak) F:6.505, DF:11, P = 0.015], FSHD and control (C) myoblasts: 3
independent control (C) and FSHD cultures in duplicate, **P < 0.01 (two-tailed unpaired Student’s t-test, Cohen’ d: 4,17). (b) Percentage of myoblasts with high
intracellular ROS production (ROS + cells) evaluated by cytometry and the Muse Oxidative Stress Kit in V+, FSHD, and their respective control myoblasts. Data are
the mean + SD. C, T, V-, V+: 3 independent cultures of each condition in duplicate, *P < 0.05 [one-way ANOVA (Holm-Sidak) (F = 7,671, DF:11, P = 0.018)]. FSHD
and control myoblasts (C): 3 independent control and FSHD cultures in duplicate, *P < 0.05 (two tailed Student’s t-test, Cohen’ d:3,53). (¢) Intracellular ROS
production using DHE fluorescence in C, T, V- and V+ myotubes (3 independent cultures of each condition) ***P < 0.001 [one-way ANOVA (Holm-Sidak) F =
13.5443 DF:11, P = 0.002] and in FSHD and C myotubes (3 independent control and FSHD cultures in duplicate, two tailed Student’s t-test, *P = 0.015, Cohen’ d:
3.30). (d, e) Oxidative damage of proteins (protein carbonylation) was assessed with the Oxyblot kit in V+, FSHD and their respective control myoblasts (d) and
myotubes (e). The bar graphs show the mean =+ SD of 3 independent cultures of each condition in duplicate for C, T, V-, V+. *P < 0.05, **P < 0.01 [one-way ANOVA
(Holm-Sidak) (Myoblasts: F = 44.99, DF:11, P < 0.001; Myotubes: F = 175.84, DF:11, P < 0.001). FSHD and C myoblasts and myotubes (3 independent control (C)
and FSHD cultures in duplicate): *P < 0.05, **P < 0.05 (two tailed Student’s t-test, for myoblasts Cohen’ d: 1.54, for myotubes Cohen’ d:1.97). (f) Levels of ascorbyl
free radical - dimethyl sulfoxide (AFR/DMSO) in supernatant from FSHD and C cells (3 independent control (C) and FSHD cultures). Myoblasts and myotubes were
cultured for 48 h and 72 h, respectively, and then supernatants were collected and analysed. Mean values (+SD) of AFR/DMSO from myoblast and myotube su-
pernatants (media) and the respective backgrounds (B: culture media alone) are shown. *P < 0.05 [one-way ANOVA (Holm-Sidak)]. (g) Relative expression levels of
MnSOD mRNA in V+, FSHD and their respective control myotubes were calculated relative to RPLPO mRNA levels. Values are expressed as relative to C myoblast
levels. The bar graphs show the mean + SD. C, T, V- and V+ myotubes (3 independent cultures of each condition) ***P < 0.001 [one-way ANOVA (Holm-Sidak) F =
30.526, DF:11, P < 0.001]. FSHD and C myotubes (3 independent control (C) and FSHD cultures in triplicate): ***P = 0.001 (two tailed Student’s t-test, for myoblasts
Cohen’ d: 1.84. (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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Fig. 8. Xenopus laevis embryos that overexpress
human ANT1 show altered phenotype.

(a) Western blots (left panel) and quantification
(right panel) of ANT1 expression of experimental

MW . .
(kDa) ANT1-mRNA injected H Uninjected (injected with ANT1 mRNA) and control (uninjected
3 Antisense mRNA injected o . .
33 [ . - - =] ANT1 015 or injected with antisense mRNA) embryos at
M0 - v ww we|ww == < ] Vitellogenin different developmental stages. Total protein extracts
Uninjected T g4 from five not fertilized eggs (lane 1) and five X. laevis
> embryos (at different stages, lanes 2-8) after injection
33— [ = ANT1 E 0105 of ANT1 mRNA or antisense mRNA or uninjected
I e ) @ @ Vitellogenin - ™ (controls) were separated by SDS-PAGE and immu-
Antisense-mRNA injected noblotted with an anti-ANT1 antibody. Vitellogenin
) 0 y 8
33 I ] ANT 1 23 4 56657 8 expression as loading control was detected by Coo-
110— Vitellogenin Stages massie blue staining at each stage and was quantified
LA N T - - e - by densitometry. (b) Microinjection of ANT1 mRNA
b Ventral view Dorsal view C- Noral friiscle Right side Left side leads to a spine developmental defect. Stereoscopic
- . ’ formation 5 pr microscope images of control (uninjected or injected
Q . . . o e
§ =1 Aberrant muscle 3 . . with antisense mRNA) and experimental (injected
£ 2 formation . with ANT1 mRNA) 3-day-old embryos. In controls,
=2 . 100 > spine shape was normal. In ANT1 mRNA-injected
2 R .

2 G & @b % 5! embryos, spine was malformed due to abnormal
3 é g6 3 g “ U skeletal muscle formation. Scale bar: 1 mm. (c)
:0:’_’, E % o é < Quantification of the percentage of normal and
< a = < abnormal muscle formation in control (uninjected or
Z 0 2 c ¢ iyl L R .
x| Un-  Anti- ANT1-0E: = injected with antisense mRNA) embryos and after
El1ZH ':}igtgg e migﬁ z injection of ANT1 mRNA. (d) Whole mount immu-

N=77

nostaining with an anti-desmin antibody of unin-
jected (a, a’), injected with antisense mRNA (b, b’) or
with ANT1 mRNA (¢, ¢’) 3-day-old embryos. Controls
(uninjected or injected with antisense mRNA) showed
typical staining of normally developed somites: upper
panels: right side (a, b), left side (a’, b’). Conversely,

in ANT1 mRNA-injected animals, somite-specific staining was not observed: lower panels: right side (c), left side (c¢’). Scale bar: 1 mm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

pathogenesis, either independently or synergistically. Moreover, OCR
and ECAR were increased in ANT1-overexpressing and FSHD myotubes
compared with controls. Specifically, basal respiration, maximal respi-
ration, ATP production and proton leak were higher in
ANT1-overexpressing and FSHD myotubes than in controls. Proton leak
is modulated by several mechanisms, including the adenine translocator
and by specific mitochondrial inner membrane proteins such as
uncoupling proteins (UCPs) [65], a subfamily of the mitochondrial so-
lute carrier family proteins that mediate transport of various metabolites
across the inner mitochondrial membrane. UCP3 is predominantly
expressed in skeletal muscle [66]. UCP3 expression may facilitate
mitochondrial fatty acid uptake suggesting a role of UCP3 in lipid
metabolism [67]. Furthermore, UCP3 is also known to play a role in the
regulation of glucose homeostasis [68]. Therefore, we cannot exclude
that UCP3 could be involved in the increase of proton leak. UCP3 is also
a target of p-Crystallin (Crym), a thyroid hormone binding protein [69,
70] which was abnormally up-regulated in deltoid muscle but not in
triceps and tibialis anterior muscles [71], where patients with FSHD are
preferentially affected [72]. Inactivation of Crym increased UCP3 levels
in muscle cells [73] and high levels of Crym are associated with a shift
toward genes associated with oxidative type I muscle fibres where UCP3
expression is lower [74,75] than in the more glycolytic type II fibres.
Moreover, mitochondria isolated from the skeletal muscle of UCP3 null
mice were found to have reduced proton leak and increased ATP/ADP
ratio [76] but these results were not confirmed in another study [77].
Nevertheless, further investigations are needed to evaluate the content
of UCP3 in FSHD primary cells derived from quadriceps. Additionally,
the basal and oligomycin-stimulated glycolytic fluxes were increased in
both ANT1-overexpressing and FSHD myotubes, but the glycolytic
reserve was larger only in FSHD myotubes, indicating that they did not
function at the maximal glycolytic capacity. Similarly, we observed
lactate accumulation only in FSHD myotubes. Lactate accumulation is
also supported by the increased expression of lactate dehydrogenase in
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FSHD muscle observed in vitro and in vivo [78,79]. Our results suggest
that ANT1 overexpression may modify the bioenergetic profile in FSHD
cells and promote ATP production primarily via the existence of a larger
glycolytic reserve (rather than mitochondrial capacity), reflecting an
excess capacity of glycolytic reactions in these cells. This may lead to
conditions of increased bioenergetic stress (ATP consumption) where a
substantial amount of ATP production is via glycolysis in addition to
mitochondrial phosphorylation [80].

We then found that mitochondrial and cytosolic superoxide pro-
duction were significantly increased in ANT1-overexpressing myoblasts
and myotubes and also in FSHD cells. In ANT1-overexpressing cells,
increased superoxide production may be explained by increased oxida-
tive phosphorylation. On the other hand, in FSHD myotubes, lactate
accumulation [81] also may contribute to ROS production [82] and may
facilitate HIF-1a stabilization through ROS production [83]. HIF-1la
might be involved in FSHD [84]. Protein carbonylation, a measure of
oxidative damage, was significantly increased in ANT1-overexpressing
and FSHD cells. Superoxide anions can be detoxified via endogenous
antioxidant enzymes such as manganese superoxide dismutase (MnSOD)
which acts on superoxide in the mitochondrial matrix to form hydrogen
peroxide [85]. However, MnSOD mRNA levels are downregulated in
ANT1 overexpressing myotubes. Interestingly, a down-regulation of
MnSOD was observed in ANT1 overexpressing Hela cells [86,87]. In
Hela cells, overexpression of ANT1 was shown to specifically induce
apoptosis and to potentiate the recruitment of NF-kB by reducing the
nuclear NF-kB DNA binding activity and consequently decreasing
MnSOD expression [86,87]. Interestingly, MnSOD mRNA levels are also
downregulated in FSHD myotubes, corroborating our previous study
performed in FSHD skeletal muscle biopsies showing that the only
antioxidant downregulated was MnSOD [34]. An increased of ANT1
protein levels and a stimulation of the receptor for advanced glycation
end products (RAGE)-NF—«B pathway were observed in FSHD muscle
biopsies [16]. However, moderate activation of the nuclear NF-xB DNA
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ultrastructure, and increased protein
carbonylation.

Tail sections from ANT1 mRNA-injected and
control (uninjected and antisens mRNA-
injected) X. laevis 3-day-old embryos were
stained with methylene blue (upper panels)
(a) Coronal sections (upper panels): Scale
bar: 200 pm. Lower panels: Electron micro-
scopic (EM) images of tail somites. Scale bar:
3 pm; Scale bar of the inset: 500 nm. 1: So-
mites; 2: Spinal cord; 3: Notochord. (b)
Transversal tail sections (upper panels).
Scale bar: 200 pm. Lower panels: EM images
of sarcomeres in the tail. Scale bar: 3 pm;
Scale bar of the inset: 500 nm. 1: Dorsal fin;
2: Sarcomere; 3: Spinal cord; 4: Notochord;
5: Dorsal aorta. (¢) Morphological analysis
of the mitochondria in the tail somites from
ANT1 mRNA-injected and control (unin-
jected and antisense mRNA-injected) X. lae-
vis 3-day-old embryos. White arrowheads
indicate the mitochondria outer membrane
with blebs in ANT1 mRNA-injected X. laevis
embryos. Scale bar: 3 pm. (d) Analysis of
carbonylated proteins using the Oxyblot Kit
and protein extracts from five ANT1 mRNA-
injected and control (antisense mRNA-
injected and uninjected) X. laevis 3-day-old
embryos. Protein concentration was used to
normalize protein carbonyl content in X.
laevis samples. The bar graphs show the
mean + SD of each condition in duplicate.
**P < 0.01 [one-way ANOVA (Holm-
Sidak)]. Representative transmission elec-

ANT1-mRNA injected
Nt D |

ol

Antisense -mRNA

injected

CJANT1-mRNA injected
& Antisense mRNA injected

M Uninjected tron microscopy micrographs of quadriceps
2 3 %% muscle sarcomeres from healthy control (C2)
5 - and patient with FSHD (FSHD14) (e) and (e,
g 2 f) mitochondria from healthy control (C2)
(;:) g and patients with FSHD (FSHD14, FSHDS).
'% The insets show a higher magnification of
[ FSHD sarcomere. Black arrowheads indicate

rounded mitochondria with loss of cristae.
Red arrowheads indicate mitochondria dur-

EM quadriceps biopsies @

binding activity was found [16]. As oxidative cellular damage was
observed in FSHD muscle biopsies, the engagement of RAGE, which
triggers ROS generation was proposed to be not balanced by an efficient
activation of the nuclear NF-xB DNA binding activity [16]. Furthermore,
owing to the increased apoptosis of FSHD muscle cells, NF-kB was
proposed to be less active in FSHD cells [84]. Further studies are
necessary to investigate RAGE-NF-xB pathway in ANT1 overexpressing
and FSHD primary muscle cells.

Studies on mitochondrial dynamics identified an intriguing link be-
tween the energy demand/supply balance and mitochondrial architec-
ture [59]. In ANT1-overexpressing and FSHD myoblasts, we observed a
shift in mitochondrial shape from a tubular network to a fragmented
morphology. Mitochondrial fission is physiologically important for
mitochondrial quality control; however, excessive fragmentation of the
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ing fission where diffused membranes could
not be observed between mitochondria.
Scale bars: (e) 100 nm in control, and 200
nm in FSHD, (f) 500 nm and 700 nm. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)

mitochondrial network (due to increased mitochondrial fission and/or
reduced mitochondrial fusion) results in accumulation of dysfunctional
mitochondria. Our analysis of the mitochondrial dynamics in intact
living myoblasts showed that motility was comparable in FSHD and
control cells, but that hyper-fission was increased in FSHD myoblasts,
leading to a decrease in the fusion/fission ratio. The increased
hyper-fission frequency in FSHD myoblasts could be explained by a
possible mitophagy defect in the context of deregulated expression of
genes regulating fusion-fission dynamics [88]. Additional experiments
are needed to confirm this hypothesis. We did not observe any expres-
sion change in DRPI and FIS1 (two genes that regulate mitochondrial
fission) and in MFN1/2 and OPA1 (three genes that regulate mito-
chondrial fusion) in FSHD myoblasts, consistent with a previous study
[89]. However, DRP1 expression might be modulated also by
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Fig. 10. In the heart of ANT1+ X. laevis
embryos, sarcomeres are disorganized and

mitochondrial ultrastructure is abnormal.

(a) Morphological analysis of cardiac muscle
cells. Upper panels: heart sections of ANT1
mRNA-injected and control (uninjected and
antisense mRNA-injected) 3-day-old X. laevis
embryos were stained with methylene blue.
Scale bar: 200 pm. Lower panels: electron
microscopy (EM) micrographs showing sar-
comeres in the heart of ANT1 mRNA-
injected and control (uninjected and anti-
sense mRNA-injected) 3-day-old X. laevis
embryos. Scale bar: 3 pm; Scale bar of each
inset: 500 nm. (b) Morphological analysis of
the mitochondria in the heart of ANT1
mRNA-injected and control (uninjected and
antisense mRNA-injected) 3-day-old X. laevis
embryos. The insets show a higher magnifi-
cation of a mitochondrion. Scale bar: 3 pm;
Scale bar of each insert: 500 nm. (c) Analysis
of the number of heart beats per min in
ANT1 mRNA injected and control (antisense
mRNA-injected and uninjected) 3-day-old
embryos (n = 20/each). ***P < 0.001
[one-way ANOVA (Tukey test)], median and
range are presented. (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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post-transcriptional modifications [90] (e.g. S-nitrosylation, ubiquiti-
nation), independently of its expression levels, leading to mitochondrial
fragmentation [91]. Furthermore, OPAl and the recently identified
mitochondrial contact site and cristae organizing system (MICOS)
complex regulate the mitochondrial inner membrane morphology and
remodelling [92] in a redox-dependent manner. We did not observe any
defect in mitochondrial membrane permeability in FSHD myoblasts
consistent with increased mitochondrial respiration, which may main-
tain the mitochondrial membrane potential [93]. Further experiments
are needed to confirm the increased fission levels and expression of
genes involved in fusion and fission in ANT1-overexpressing cells.
Mitochondrial morphology may adapt to the respiratory activity
[94] and to the redox capability of the mitochondrial reticular network
[95,96]. In FSHD myoblasts, we detected a drastic reorganization of the
mitochondrial reticular network in the intracellular space, consistent
with the observed modulation of mitochondrial bioenergetics,
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particularly in cell areas with high energy demand (micro-
tubule-organizing centre, perinuclear area, focal adhesion points). The
finding that reduction in doughnut-shaped mitochondria formation is
associated with oxidative stress in FSHD myoblasts strongly suggests
that oxidative stress management in these cells is impaired [97]. TEM
analysis showed marked swelling, loss or fragmented cristae, and size
variations of mitochondria in ANT1-overexpressing and FSHD myo-
blasts and also in ANT1+ X. laevis embryos. This suggests an adaptation
to the bioenergetic metabolism because mitochondrial respiratory state
and ATP production rate may be involved in cristae morphology [94].
Similarly, the presence of inner membrane blebbing in mitochondria of
ANT1+ X. laevis embryos and FSHD muscle biopsies and myoblasts also
could be related to a response to metabolic changes [98].

On the long term, lactate might affect adaptations in lactate transport
via redox and ROS-generating mechanisms. Hogan et al. demonstrated
that lactate accumulation decreases muscle tension by a direct effect on
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the contractile sites [99]. The increased lactate production, accumula-
tion, and release in FSHD myotubes suggest a dysregulated lactate
shuttling. Besides lactate, excessive oxidation of myofibrillar contractile
proteins, such as actin and myosin heavy chain, also might contribute to
sarcomere disorganization and muscle dysfunction [100,101].

In ANT1+ X. laevis embryos, sarcomere organization was altered in
skeletal muscle and heart. We obtained similar results in FSHD skeletal
muscle biopsies. Additionally, ROS and calcium are mutually inter-
connected. Oxidative stress during cardiac pathologies, such
arrhythmia, is commonly associated with increased sarcoplasmic retic-
ulum calcium leak through the hyperactive ryanodine receptor 2 [102].
ANT1-overexpressing Xenopus laevis embryos present cardiac
arrhythmia and in FSHD, arrhythmia seems to be detected more
frequently than expected [103,104]. Although cardiac screening and
surveillance is not currently recommended in patients without cardiac
symptoms [105,106]. Cardiac abnormalities have been proven in
several case reports and cohort studies of genetically proven FSHD pa-
tients. Both structural and conduction abnormalities can occur in FSHD
[107]. Incomplete right branch block (RBBB) is the most common car-
diac abnormality detected in 23-33% of patients [105,108]. Supraven-
tricular tachyarrhythmias were reported in approximatively 10% of
FSHD patients [103,104]. Ventricular arrhythmias, cardiac conduction
system abnormalities such as interventricular conduction delay and
atrioventricular block, focal myocardial fibrosis or fatty infiltration with
preserved ejection fraction, or a hypertrophic cardiomyopathy pheno-
type [103,104,109-111] were also observed in some patients with
FSHD. Moreover, the results of a FSHD multicenter study indicate the
susceptibility to supraventricular arrhythmia as a possible feature of
FSHD [111]. Together with the finding that ANT inhibition or
anti-oxidant strategy prevented sarcoplasmic reticulum calcium leak in
a ROS-dependent pathway [112] may justify to assess calcium handling
in FSHD models. Nevertheless, the deleterious effects of ANT1 over-
expression on X. laevis whole embryos heart rate are inconsistent with
the cardioprotective effects of ANT1 overexpression in heart diseases,
such as hypertension-induced hypertrophic cardiomyopathy, diabetic or
ischemic heart disease [113-116]. Although the results seem enough
plausible, the matters may be more complex. The work of Lynn et al
showed that transient upregulation of PGC-lalpha leading to ANT1
upregulation diminished cardiac ischemia tolerance [117]. Further-
more, siRNA knockdown of ANT1 abolished the deleterious effects of
PGC-1a suggesting that the adverse effects of ischemia could be medi-
ated, in part, by PGC-1la induced upregulation of ANT1 [117]. More-
over, in lung ischemia-reperfusion (I/R) injury, the protective
administration of cyclosporine-A would depend on the decreased
expression levels of ANT1 and VDAC1 [118]. Furthermore, ANT1
overexpression was deleterious in various cell types [86,87,119]. ANT1
up-regulation via the overexpression of regulator of calcineurin 1 iso-
form 1 was detrimental in human neuroblastoma SH-SY5Y cells, leading
to abnormal mitochondria [119].

Finally, in our study, we used primary myoblasts isolated from
quadriceps muscle biopsies. Despite the observations that FSHD has a
characteristic descending pattern of weakness, starting in the face,
scapular girdle, and arms, followed later by the distal, then the proximal
lower extremity muscles, it is considered that lower extremity involve-
ment may be more common than previously appreciated [120]. It is
interesting that the pattern of progression of pathologic changes in the
vastus lateralis correlates with disease duration [121] and the grade of
pathology of quadriceps could be a useful marker of the disease severity
in FSHD [122]. In our previous studies [23,34], quadriceps muscle was
chosen because a less clinically affected muscle would be more likely to
show FSHD-specific changes at the pathological and molecular level
than a muscle more clinically affected. Vastus lateralis was chosen to
reduce the variability due to sampling from different muscles. In our
previous studies [23], quadriceps muscle biopsies from patients with
FSHD showed that proteins involved in mitochondrial function and
protection from oxidative stress are specifically modified in all FSHD
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muscles, including clinically unaffected muscles such vastus lateralis
and deltoid. Moreover, the highest levels of ANT1 protein were detected
in FSHD deltoid and quadriceps muscles clinically non-affected [23].
This result is also consistent with the high level of antl observed in
muscle biopsies with normal appearance and without sign of necrosis,
inflammation or regenerating fibres [16]. Moreover, while MRI analysis
showed normal appearance and comparable total volume of the thigh
muscles in control and patient with FSHD, reduced quadriceps specific
force was observed [36]. Consistent with these observations, it has been
proposed that muscle weakness in FSHD is not only caused by a reduced
amount of available contractile muscle tissue, but also by reduced of the
intrinsic properties of the residual muscle tissue. Reduced muscle
quality could be the consequence of several factors including oxidative
stress which could affect the intrinsic properties of the muscle by acting
on contractile proteins [100,101] and excitation/contraction coupling
[102]. Together, our data open the possibility that ANT1 could partic-
ipate to the decline of muscle quality by contributing to the mitochon-
drial dysfunction and oxidative stress. However, further investigations
are necessary to better understand causes of muscle weakness.

In summary, our study suggests that ANT1 could contribute to
mitochondria dysfunction and oxidative stress in FSHD muscle cells by
modifying their bioenergetic profile associated with ROS production.
Using in vitro (ANT1 overexpression in muscle cells), in vivo (ANT1-
overexpressing X. laevis embryos) and ex vivo (muscle cells from patients
with FSHD) models, we showed that the ANT1 overexpression-induced
phenotype presents striking similarities with FSHD muscle cells and
biopsies: skeletal muscle structure abnormalities, enhanced mitochon-
drial respiration/glycolysis, ROS production, oxidative stress, mito-
chondrial reticular network organization and ultrastructure alteration in
skeletal muscle. However, our data needs to be replicated in more cell
cultures. Moreover, ANT1-overexpressing Xenopus laevis embryos also
present cardiac muscle structure and mitochondria ultrastructure ab-
normalities associated with arrhythmia observed more frequently than
expected in patients with FSHD. However, a more thorough investiga-
tion of the heart of ANT1 X. Laevis is needed to decipher the link between
mitochondrial function, structural abnormalities and cardiac
arrhythmia.
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