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ABSTRACT 
 Facioscapulohumeral dystrophy (FSHD) is a muscular hereditary disease with a 

prevalence of 1 in 20 000 caused by a partial deletion of a subtelomeric repeat array on 

chromosome 4q. However, very little is known about the pathogenesis as well as the 

molecular and biochemical changes linked to the progressive muscle degeneration observed in 

these patients. Several studies have investigated possible pathophysiological pathways in 

FSHD myoblasts and mature muscle cells but some of these reports were apparently in 

contradiction. The discrepancy between these studies may be explained by differences 

between the sources of myoblasts. Therefore, we decided to thoroughly analyse affected and 

unaffected muscles from patients with FSHD in terms of vulnerability to oxidative stress, 

differentiation capacity and morphological abnormalities.  

We have established a panel of primary myoblast cell cultures from patients affected 

with FSHD and matched healthy individuals. Our results show that primary myoblasts are 

more susceptible to an induced oxidative stress than control myoblasts. Moreover, we 

demonstrate that both types of FSHD primary myoblasts differentiate into multinucleated 

myotubes which present morphological abnormalities. Whereas control myoblasts fuse to 

form branched myotubes with aligned nuclei, FSHD myoblasts fuse to form either thin and 

branched myotubes with aligned nuclei or large myotubes with random nuclei distribution.  

In conclusion, we postulate that these abnormalities could be responsible for muscle 

weakness in patients with FSHD and provide an important marker for FSHD myoblasts. 

 

Keywords: Facioscapulohumeral dystrophy (FSHD), muscle differentiation, myoblasts, oxidative 

stress, cellular model. 
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INTRODUCTION 
 

Facioscapulohumeral muscular dystrophy (FSHD) is the third most frequent form of 

inherited muscle disease, following Duchenne Muscular Dystrophy (DMD) and Myotonic 

Dystrophy. Clinically, the disease is characterized by a progressive weakness and atrophy of 

facial, shoulder, and upper arm muscles. There is a wide variability in the clinical spectrum of 

the disease, ranging from very mild muscle weakness, with patients who are almost unaware 

of being affected, to severe symptoms with patients who are wheelchair-dependent. The major 

form of FSHD maps to the subtelomeric region of the long arm of chromosome 4 (4q35) 

where a partial deletion of a repeat array (D4Z4) is associated with the disorder [1,2]. In the 

general population, the D4Z4 repeat array is polymorphic and may contain between 11 and 

150 units, while the majority of FSHD patients carry only 1 to 11 repeat units [3,4]. There is 

an inverse correlation between the residual repeat size and the severity and the age of onset of 

the disease [5,6]. However, not every studies agrees with an inverse correlation between 

D4Z4 copy number and disease severity [7]. 

Several putative mechanisms have been proposed to explain the origin of FSHD. 

Gabellini et al.[8] suggested that FSHD might be caused by reduced affinity between 

transcriptional repressors and the D4Z4 region, leading to an inappropriate activation of 

FRG1, FRG2 and ANT1 which are proximal to the 4q35 region. Indeed, transgenic mice over-

expressing FRG1 in skeletal muscle develop a muscular dystrophy [9]. However, patient with 

FSHD show a very limited, if any, over-expression of FRG1 as compared to healthy 

individuals [10,11]. 

Another interesting feature of the D4Z4 repeated element is the presence of an open 

reading frame (ORF) containing a double homeobox sequence, DUX4 [12] , which is 

preceded by a putative promoter element that displays high transcriptional activity in transient 

expression studies. Some of us contributed to the demonstration that DUX4 is transcribed 

both in cells transfected with D4Z4 elements and endogenously in FSHD myoblasts [13,14]. 

These data are suggestive for a pathogenic transcriptional role of the D4Z4 element in FSHD 

[12,15]. 

Moreover, some of us have shown that the D4Z4 array contains a strong 

transcriptional activator which may up-regulate transcription of neighboring genes [16]. We 

have also demonstrated that a nuclear matrix attachment site (S/MAR) is located in the 

vicinity of the D4Z4 repeat and separates it from the transcriptional enhancer [17]. This 

S/MAR is prominent in normal human myoblasts and non-muscular human cells, and much 
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weaker in muscle cells derived from patients with FSHD, suggesting that the D4Z4 repeat 

array and upstream genes are located in two distinct loops in non-muscular cells and healthy 

human myoblasts, whereas it is in a single loop in FSHD myoblasts. This S/MAR may also 

function as an insulator, thus blocking the D4Z4 enhancer in normal, but not in FSHD cells 

[16]. 

Contraction of the D4Z4 repeat alone is not sufficient to cause the disease. Indeed, 

similar repeat arrays are present also on chromosome 10 and on two equally common alleles 

of chromosome 4, but only contractions associated with the 4qA allele variant are associated 

with the disease [10]. Another polymorphic region proximal to D4Z4 [18] directly coincides 

with the S/MAR we previously described, suggesting that changes in the chromatin 

organization of the region may play a key role in the disease [16,17]. 

Little is known also about the molecular mechanisms that induce the progressive 

muscle degeneration observed in FSHD, and many groups have observed apparently 

contradictory gene expression patterns, particularly in the 4q35 region, by using different 

types of cells from healthy and patients with FSHD [19]. 

Moreover, in patients affected with FSHD it is quite common to observe the 

coexistence of affected and apparently healthy muscles. In previous studies, myoblasts, which 

were obtained from muscle typically affected in FSHD, manifested an increased susceptibility 

to oxidative stress during proliferation [20]. On the contrary, in another study, cells expanded 

from unaffected FSHD muscles showed no morphological abnormalities and were proposed 

as a suitable tool for clinical trials of autologous cell transplantation [21]. The apparent 

discrepancy between these two studies may be explained by differences between the sources 

of myoblasts: from clinically affected muscles in the first study and from unaffected muscles 

in the second study. 

Therefore, we decided to thoroughly analyse affected and unaffected muscles from 

patients with FSHD in terms of vulnerability to oxidative stress, differentiation capacity and 

morphological abnormalities. To this aim, we purified satellite cells from various affected and 

unaffected muscle of fourteen patients with FSHD of both sexes and compared them with 

fourteen control samples. 

We found that satellite cell-derived myoblasts from both clinically unaffected and 

affected muscles of patients with FSHD are more susceptible to an induced oxidative stress 

than control myoblasts. Moreover, although myoblasts from patients with FSHD fully 

differentiated into multinucleated myotubes, they fused to form either thin and branched 

myotubes with aligned nuclei or large myotubes with random nuclei distribution. This defect 
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could explain the muscle weakness observed in patients with FSHD and provides an 

important marker for FSHD myoblasts. 

 

Materials and Methods 
 

Patients 

We used fresh and frozen muscles obtained from fourteen male and female patients 

with genetically confirmed diagnosis of FSHD (20-54 years; mean 37,86 +/-11,06) and 

fourteen control subjects (16-52 mean 32,78 +/- 10,57) free of neuromuscular diseases. None 

of the patients was treated with steroids or immunosuppressive drugs. All patients and control 

subjects have given informed written consent. 

The patients with FSHD had a D4Z4 array length which ranged between 4 (most severe cases) 

and 8 repeats [22] (Table 1). All patients were ranked between 1 and 4 for arms and between 

1 and 5 for legs according to Brooke-Vignos functional scale [21]. 

Samples of skeletal muscle were obtained in accordance with the French and European 

legislations. Muscle tissues were obtained from the Banque de Tissus pour la Recherche de 

l’Association Française contre les Myopathies (AFM) or from patients followed in the Service 

de Physiologie Clinique of the Hôpital Lapeyronie (Montpellier, France). Muscle biopsies 

were performed on the trapezius muscle (in one patient during orthopedic surgery), the 

piriformis (one patient), the femoral biceps (one patient), the paraspinal lumbar (one patient 

during orthopedic surgery). Quadriceps muscle samples from 10 patients with FSHD and 10 

control subjects were obtained by needle biopsies as the procedure routinely used in the 

Service de Physiologie Clinique [23,24] (Table 1). 

To assess whether the biopsied muscle was affected and to evaluate the severity of it 

involvement, we used clinical and histopathologic criteria. 

 

Myoblast isolation 

1 mm3 explants from each biopsy were scissor-minced and cultured in Dulbecco’s 

Modified Eagle Medium (DMEM, Sigma) supplemented with 20% fetal bovine serum (FBS, 

Hyclone Perbio), 2% Ultroser G (Biosepra), 10 mM Hepes (Sigma), 50 µg/ml Gentamicin 

(Sigma). Three different procedures were used to isolate muscle satellite cells in collagen-

coated Petri dishes (IWAKI, Starlab): 
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 “Non-adherent explants”: explants were cultured in suspension in 60 mm collagen-

coated Petri dishes for 8 days.  

 “Adherent-explants”: explants were placed in 60 mm collagen-coated Petri dishes 

with a minimal volume of medium for 6 hours, then, the dish was slowly filled, leaving 

explants attached to the dish.  

 Explants in Matrigel: explants were trapped inside a thin layer of 3.6 mg/ml Matrigel 

(BD Matrigel Matrix from BD Biosciences) in 60 mm collagen-coated Petri dishes with 

medium added on top of the layer. After 8 days of culture, migrant cells harvested in these 

three different conditions were counted. The total number of released cells was arbitrary fixed 

to 100% for matrigel. Cells were tested for their myogenicity by immunofluorescence with an 

anti-desmin antibody [25]. 

 

Myoblasts purification 

Harvested cells were then purified with an immuno-magnetic sorting system (Miltenyi 

Biotec, USA) using an anti-CD56/NCAM antibody [25]. Purified myoblasts were plated in 

collagen-coated Petri dishes and cultured in growth medium containing DMEM supplemented 

with 20% fetal bovine serum at 37°C in humidified atmosphere with 5%CO2. At cell 

isolation, all human myoblasts were considered to be at 1 PD (population doubling). All 

experiments were performed between 2 PD and 10 PD, to avoid premature replicative 

senescence which occurs after 15 PD and interferes with proliferation and differentiation 

processes. 

 

Proliferation kinetics and analyses of myotube fusion 

Myoblasts were seeded at 2x104 cells/ dish onto 35 mm collagen-coated dishes and 

cultured in growth medium. Cells were counted using a cell counter (Coulter). The doubling 

time t was calculated as t = ((lny/x)/ln2) / 96, where x is the number of cells counted at day 0 

and y the number of cells counted at day 4. 

Myogenic differentiation of confluent cells was induced after 5 days by changing to 

DMEM containing 2% FBS (differentiation medium). Cells were kept in differentiation 

medium for 4-6 days. At day 6 after induction of differentiation, cells were immunostained 

with anti-troponinT antibody coupled with DAPI (see Immunocytochemistry for details) to 

visualize myotubes and nuclei in the culture. The myogenic fusion index (MFI) was thus 
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determined by dividing the number of nuclei in multinucleated myotubes by the total number 

of nuclei in a given microscopic field. Ten fields per culture were counted in three 

independent cultures (a total of 15000 nuclei per cell line) using the MRI cell image analyzer 

software developed by Volker Baecker at the Montpellier RIO Imaging facility of CRBM 

[26]. 

The Deformed Myotube Index (DMI) was calculated as the proportion of myotubes with a 

deformed morphology characterized by an abnormal repartition of nuclei. Ten fields per 

culture were counted in three independent cultures. 

Immunocytochemistry 

Cell staining was performed as previously described [25]. The following antibodies 

and dilutions were used: anti-desmin 1/100 (mAb, SIGMA), anti-troponinT 1/100  (mAb, 

SIGMA), anti-myogenin 1/100 (pAb, Santa Cruz Biotechnology), anti-α-actinin 1/100 (mAb, 

SIGMA), anti-MyoD 1/100 (pAb, Santa Cruz Biotechnology) , anti-MF20 1/100 

(Developmental Studies Hybridoma Bank, University of Iowa, IA, U.S.A.), anti-p21 1/100 

(pAb, Santa Cruz Biotechnology), anti-α-tubulin 1/100 (mAb, SIGMA), anti-β-tubulin 1/100 

(mAb, SIGMA), Alexa-488 conjugated anti-mouse and Alexa-555 conjugated anti-rabbit 

1/1000 (Molecular Probes). 

 

Phase contrast and fluorescence imaging 

Image acquisitions and image analysis were performed on workstations of the 

Montpellier RIO Imaging facility at the CRBM (http://www.mri.cnrs.fr). 

 

Western Blot analysis 

Cells were lysed in hypertonic buffer containing 50 mM Tris pH7, 50mM NaCl, 

0.1%NP40, anti-proteases, and 1 mM DTT. 30 µg of each cell lysate were separated by SDS-

polyacrylamide gel electrophoresis (NuPage system, Invitrogen), transferred to Nitrocellulose 

membranes (Amersham), blocked one hour at room temperature with 5% milk diluted in PBS 

and probed at 4°C overnight with anti-p21 antibodies (mAb, Sigma) in 0.5%BSA/PBS. 

Membranes were washed in PBS and incubated with a horseradish peroxidase-conjugated 

anti-mouse antibody (GE healthcare). 
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Oxidative stress experiments 

Myoblasts were seeded at 2x104 cells/dish in 35 mm collagen-coated dishes and 

cultured in growth medium. At day 2, cells were treated with increasing H2O2 concentrations 

(200, 400, 600, 800 and 10 mM) for 24 hours. The LIVE/DEAD® Viability/Cytotoxicity Kit 

for mammalian cells (Molecular Probes) was used according to the manufacturer’s 

instructions. Briefly, after exposure to the different H202 concentrations, myoblasts were 

stained with calcein (excitation 494nm/emission517nm; to detect live cells) and ethidium 

homodimer-1 (excitation 528nm/emission 617 nm; for dead cells) and were analyzed by flow 

cytometry using a FacsCalibur (Becton Dickinson) equipped with the CellQuest software. 

Experiments were performed twice on two independent cultures. 

 

Statistical analysis 

All data reported are presented as mean +/- SEM. Pearson product-moment correlations were 

used to detect relationship between proportion of atrophied myotubes and MFI. All analyses 

were performed using Staview software. Statistical significance was set at p≤0.05. 

 

Results 
 

Clinical severity and muscle characterization in the FSHD patients 

 

To assess vulnerability to oxidative stress, differentiation capacity and morphological 

abnormalities in myoblasts derived from muscles of control and patients with FSHD, we 

selected fourteen healthy individuals and fourteen patients affected with FSHD with different 

clinical severity and number of D4Z4 repeats on chromosome 4. Table 1 reports the clinical 

evaluation according to the Vignos and Brooke Scale [21] and genetic data of the patients 

studied. 

Seven subjects had clinical evidence of lower limb muscle involvement according to 

the Vignos Scale (grade > 1) [21]. In the other patients clinical manifestations of the disease 

were restricted to the scapular areas with in general a weak functional deficit according to the 

Brooke Scale (grade ≤ 2) [21]. Clinical investigation showed that the quadriceps (i.e., Vastus 

lateralis) was unaffected in seven of the ten patients who had a quadriceps biopsy, and did not 

present histo-pathological abnormalities. In the other three cases, the muscle (FSHD5, 11, 13) had 

H
A

L author m
anuscript    inserm

-00284424, version 1



 9

clinical and histological signs of disease. A clear correlation between the clinical status of the 

FSHD muscles analyzed and the overall tissue organization, by histological examination, was 

observed: in contrast to clinically unaffected FSHD muscles, clinically affected FSHD 

muscles appear to have an increased variability in fiber shape and size (data not shown). 

 

Optimisation of myoblast purification 

 

At the beginning of this study we used three different methods to isolate satellite cells: 

“non-adherent explants” in collagen-coated Petri dishes, “adherent-explants” in collagen-

coated Petri dishes, and explants grown in Matrigel. Migrating cells harvested in these three 

different conditions, were then counted and tested for myogenicity. 

The number of cells that migrated from the explants was higher for the explants grown 

in Matrigel (Fig. 1A). Migrating cells were then analyzed for their myogenicity by 

immunofluorescence staining for desmin, a marker of muscle precursor cells [27]. 

Myogenicity of the culture was calculated by dividing the number of desmin-positive cells by 

the total number of cells (DAPI-stained nuclei) in a given microscopic field. As shown in 

Figure 1B, 35%-40% of cells derived from explants in Matrigel and 25-30% of those from 

“adherent explants” expressed desmin, whereas only 10% of the migrating cells from “non-

adherent explants” were positive for desmin. Therefore, the use of Matrigel greatly improves 

myoblast isolation from muscular biopsies by increasing both yield and myogenicity. For this 

reason we decided to use this technique throughout the study. 

Then, to avoid contamination by non-muscle cells, mainly fibroblasts, we purified our 

myogenic cells by using an immuno-magnetic sorting system coupled with an antibody 

against CD56/NCAM, a cell surface marker that is highly expressed in myoblasts [28] but not 

in fibroblasts. This technique enabled us to obtain highly purified myoblasts cultures, as 

shown by staining with the anti-desmin antibody, a specific marker of muscle cells (i.e., 90-

95% of desmin-positive cells in both FSHD and control cell cultures) (Fig. 1C, right panel). 
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Myoblasts derived from patients with FSHD and controls have similar proliferation 

rates and gene expression patterns 

 

The proliferation rate and morphology of control and FSHD myoblasts were analyzed 

in cells kept in growth medium. The growth capacities of control and FSHD cells were very 

similar. The mean doubling time for each FSHD and control cell line was calculated at an 

early stage of culture and was established to 42,6 hours (+/- 2,7 SEM) for controls and 43,3 

hours (+/- 4,7 SEM) for FSHD. Notably, the proliferation rates of all FSHD cultures were 

comparable and did not correlate with the severity of the disease or patient age. 

We did not detect any morphological differences in FSHD myoblasts from clinically 

affected and unaffected FSHD muscles and control muscles by phase contrast microscopy 

(Fig. 2A). We did not observe necrotic cells in any of the FSHD cultures in agreement with 

recently published data [29]. As myoblast structure directly influences the organization of the 

resulting myotube, we decided to stain myoblasts with phalloidin to analyze the arrangement 

of the actin microfilaments. Normal stress fibers were observed in both control and FSHD 

myoblast cell cultures (Fig. 2B). 

We then examined by immuno-fluorescence the expression and localization patterns of 

MyoD, a myoblast-lineage specific marker, and Ki67, a cell-proliferation marker. In growth 

conditions, both MyoD and Ki67 were localized in the nuclear compartment and similarly 

expressed in FSHD and control primary myoblasts (Fig. 3). 

 In conclusion, we did not detect differences in either the proliferation and the 

expression of MyoD in FSHD myoblasts. 

 

FSHD myoblasts from affected and unaffected muscles are both susceptible to an 

induced oxidative stress 

 

As a previous study demonstrated that myoblasts from affected FSHD muscles exhibit 

increased susceptibility to oxidative stress [20], we decided to examine whether FSHD 

myoblasts derived from clinically unaffected FSHD muscles were also susceptible to an 

induced oxidative stress. To this aim, we acutely exposed FSHD and control myoblasts to 

different concentrations of hydrogen peroxide (H2O2), a pro-apoptotic compound and 

determined the percentage of living and dead cells with the LIVE/DEAD® 

Viability/Cytotoxicity Kit (see Materials and Methods). We observed that for both clinically 
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affected and unaffected FSHD myoblasts mortality started at concentration of 500 µM H2O2 

and almost all cells were dead with 700µM H2O2, whereas for control myoblasts mortality 

occurred between 700 and 800µM H2O2 (Fig. 4A and B). 

 This result indicates that all FSHD myoblasts, independently from the clinical status of 

the muscle they were derived from, are more susceptible to an induced oxidative stress than 

control cells. 

 

Differentiating FSHD myoblasts from affected and unaffected muscles have an 

abnormal morphology 

 

Next we wanted to check whether myoblasts from clinically affected and unaffected 

FSHD muscles could differentiate normally into myotubes. 

 We then induced myoblast differentiation by shifting to differentiating medium (2% 

fetal calf serum). The expression and localization of p21 and of one muscle differentiation 

markers (myogenin) were similar in FSHD and control cells (Fig. 5A). In addition, we 

examined the maturation degree of these myotubes by following the immuno-localisation of 

the MF20 antibody (which recognizes all myosins) and an anti-α-actinin antibody, which 

stains Z lines and is used to check the sarcomeric organization (Fig. 5B). 

 We did not detect defects in the maturation and sarcomeric organization of the 

myotubes derived from both affected and unaffected FSHD muscles. 

 To assess fusion competence, we calculated the myogenic fusion index (MFI), which 

is the ratio between the nuclei present in myotubes versus the total number of nuclei in a 

given field, where a myotube is defined as a muscle cell containing at least three or more 

nuclei. We obtained MFI values between 37% and 70% in most of the control and FSHD cell 

cultures, except for FSHD1 and FSHD14. In FSHD1 the fusion index was much lower (18%) 

and in FSHD14 was higher (85%) than in the other cell cultures (Fig. 6). 

Although the biochemical features we analyzed were similar in both FSHD and 

control cells, we observed an abnormal morphology in all FSHD myoblasts undergoing 

differentiation. Whereas control myoblasts fuse to form branched myotubes with aligned 

nuclei (Fig. 7A), FSHD myoblasts appeared either thinner (Fig. 7B) or deformed (Fig. 7C) 

with randomly localized nuclei. Eight of the fourteen FSHD cell cultures (i.e., FSHD 1, 4, 3, 

2, 7, 5, 6, 9) had a significant increase in the proportion of myotubes containing 3 to 10 nuclei 

each compared to controls (Fig. 8A), but no myotubes with more than 50 nuclei were detected 
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in these FSHD cell cultures. Moreover, in these cultures a large proportion of myotubes had a 

cell diameter < 20 µm (Fig. 8B). In these cell cultures we did not find very large myotubes (> 

100 µm), which were observed in the other FSHD and control cell cultures. These data 

suggest that, in the FSHD 1, 4, 3, 2, 7, 5, 6 and 9 cultures, a large proportion of myotubes are 

atrophic. In addition, we observed a significant inverse correlation (r= -0,77; p<0,02) between 

MFI and the proportion of atrophied myotubes in FSHD culture (Fig. 8C). 

In the other FSHD cell cultures (FSHD 8, 12, 13, 10, 11 and 14) we did not detect 

marked differences in nuclei number and cell diameter in comparison to control cells. 

However, we observed a significant higher proportion of deformed myotubes characterized by 

abnormal repartition of nuclei. To quantify this phenotype, we used the deformed myotubes 

index (DMI), previously developed by Yip and Picketts (2003) [30]. The DMI determined the 

proportion of myotubes in the culture with abnormal phenotype. This proportion ranged from 

13 to 40 % whereas the DMI is null in controls (Fig. 9). We found a positive relationship 

between the MFI and the proportion of deformed myotubes. Indeed, the average MFI of 

FSHD cell cultures which have deformed myotubes was of 57% while those presenting no 

deformation were of 38%. These data might suggest that the more FSHD myoblasts are able 

to fuse, the more they tend to form deformed myotubes. These defects were not correlated 

with the overall disease severity and the degree of histo-pathological abnormalities of the 

muscle of origin. 
When myoblasts fuse into myotubes, the organisation of the cytoskeleton changes 

dramatically [31]. To address this question, we analysed the actin cytoskeleton and the 

microtubules organisation using respectively phalloidin staining and α and β tubulin 

immunolocalisation in both control and FSHD myotubes (Fig. 10). In controls, actin and 

microtubules are organized into a filamentous network running parallel to the long axis of the 

syncitium. A similar pattern is observed in FSHD myotubes which belong to the “atrophied” 

group of FSHD cell cultures. In contrast, in FSHD cultures which present a high proportion of 

deformed myotubes, microtubules and actin networks were highly disorganised. These data 

confirms that FSHD myoblasts present morphological differentiation defects. 
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DISCUSSION 
 

The pathogenetic mechanism of facioscapulohumeral muscular dystrophy remains 

largely unknown, despite 14 years of intense studies after the discovery of the genetic defect, 

a partial reduction of the D4Z4 repeat array on chromosome 4 [1,2]. Recent attempts to 

understand this disorder have focused on identifying cellular pathways involved in FSHD and 

on unraveling the genetic and epigenetic mechanisms of the disease [10,11,32]. The results 

obtained are often heterogeneous and contradictory. This is in part due to the heterogeneity of 

the studied material, which ranges from biopsies of the affected muscles to white blood cells; 

in some studies the material was not sufficiently genotyped and cultured myoblasts 

contaminated with fibroblasts. 

In this study, we have isolated large quantities of highly purified myoblasts from small 

muscle biopsies (50 mg) of patients with FSHD and control individuals, and described their 

morphology, proliferation and differentiation characteristics. Proliferating myoblasts from 

both clinically affected and unaffected FSHD muscles did not differ from control cells in 

terms of morphology, phenotype, and proliferation rate, but were more sensitive to oxidative 

stress. Upon induction of terminal differentiation, although all cell cultures presented similar 

rates of differentiation, pathological morphological features were observed in the FSHD cells 

which were independent from the clinical and histo-pathological characteristics of the muscles 

of origin. 

 

Differentiated myotubes from affected and unaffected FSHD muscles show clear 

morphological differences in comparison to control cells 

 

 While proliferating FSHD myoblasts appeared morphologically normal, FSHD 

myotubes appeared either thinner or deformed with random nuclei repartition, compared to 

the large branched myotubes with aligned nuclei of control cultures. The presence of a large 

proportion of deformed myotubes with randomly localized nuclei was never observed in other 

neuromuscular dystrophies, such as Steinert [33-35] and Duchenne muscular dystrophy [36]. 

However, our results in primary muscle cells are similar to those reported by Yip and Picketts 

[30] in C2C12 myoblasts which were transiently or stably transfected with D4Z4 repeat 

constructs. In these cells normal differentiation is affected and myotubes are characterized by 
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abnormal morphology and aberrant nuclei localization whilst the expression of MyoD, MEF2, 

and MF20 is normal. These authors proposed that the D4Z4 repeat number may be squelching 

some transcription factors important for muscle differentiation. 

 We detected morphological defects in myotubes derived from both unaffected FSHD 

muscles (i.e., with normal clinical and histo-pathological parameters) and affected FSHD 

muscles. In spite of these abnormalities, all myoblasts from patients with FSHD fully 

differentiated with no differences in the modulation of the myogenic pathways explored. 

Defects in skeletal muscle differentiation in patients affected with FSHD have been proposed 

by different studies, which showed  deregulation of genes involved in myogenesis (such as 

MyoD or MEF2), cell differentiation and cell-cycle control in FSHD muscles [11,20] as well 

as morphological alterations, such as irregular cytoplasmic shape and a “vacuolar/necrotic” 

phenotype in cultured FSHD myoblasts [20]. Recently, Vilquin et al [21] reported that 

myoblasts derived from unaffected FSHD muscles behave like healthy myoblasts with no 

changes in cell proliferation and differentiation. This report contradicts our observation that 

myoblasts from unaffected FSHD muscles also differentiate into morphologically abnormal 

myotubes. We are unable to satisfactorily explain this discrepancy, because many variables 

could be involved like, for example, the different anatomical location of the muscle biopsy 

and the cell culture parameters. 

On the other hand, another recent study has shown that it is not possible to make a 

clear-cut distinction between myoblasts derived from affected and unaffected FSHD muscles 

in terms of morphological abnormalities and differentiation abilities [29]. We, therefore, 

propose that, in the case of FSHD, caution should be used in categorizing as “uninvolved” by 

the disease a given muscle district even when the clinical examination is complemented by 

morphological investigations by MRI and histology [29]. We performed functional assays on 

patients with FSHD to evaluate the maximal isometric strength of quadriceps muscle 

compared to the controls. We observed that all patients present decreased in maximal 

isometric strength of the FSHD quadriceps (manuscript in preparation). Moreover, it remains 

to be fully clarified whether primary or secondary defects in the muscle regenerative 

capability involving satellite cells play a pathogenic role in the disease. Indeed, our study 

indicates that myoblasts derived from satellite cells of clinically affected and unaffected 

FSHD muscles will differentiate into morphologically abnormal myotubes whose phenotype 

might explain, at least in part, the muscle weakness typical of FSHD. 
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FSHD myoblasts from affected and unaffected muscles are hypersensitive to an induced 

oxidative stress 

 

 In this study we also found that myoblast from affected and unaffected FSHD muscles 

are hypersensitive to oxidative stress induced by hydrogen peroxide. In accordance with a 

previous study [20] that showed an increased susceptibility to oxidative stress in FSHD 

myoblasts at early stages of muscle differentiation, this result suggests that oxidative stress 

might underlie the FSHD muscle patho-physiological mechanism. The idea that in FSHD 

there may be a defect in the oxidative stress response is also strengthened by the analysis of 

all available data [20,37-39] Indeed, among genes that are deregulated in FSHD muscle, many 

are involved in the oxidative stress response, and, furthermore, it has been shown that these 

genes are not deregulated in other muscular dystrophies suggesting that aberrations in this 

pathway could be specific to FSHD. In a previous study, we have observed an upregulation of 

ANT1 at the protein level in both affected and unaffected muscle [38]. ANT1 encodes for the 

adenine nucleotide translocator which facilitates the export of ATP over the mitochondrial 

membrane. We are currently testing the hypothesis whether a potential correlation with the 

level of ANT-1 expression and the mitochondrial function exists in muscle cells. 

Several papers support a role for oxidative stress as a pathological cause in FSHD 

[38,39]. Free radicals may be part of a cascade, and may provide a biochemical tool by which 

the pathological process can be inhibited. More studies on the action of radical oxygen species 

(ROS) and their sources may lead to a better understanding of the basis of FSHD. Indeed, the 

demonstration that alterations in specific oxidant species or in their cognate antioxidant 

systems are a triggering event that leads to abnormalities in FSHD satellite cells would then 

have pathological value and represent molecular targets for therapeutic and diagnostic 

development. 

 

In conclusion, this study shows that myoblasts derived from both clinically unaffected 

and affected muscles of patients with FSHD are more susceptible to oxidative stress than 

control myoblasts. Moreover, although myoblasts from patients affected with FSHD fully 

differentiated into multinucleated myotubes, they fused to form either thin and branched 

myotubes with aligned nuclei or large myotubes with random nuclei distribution. These two 

phenotypes might be the consequence of differences in oxidative stress sensitivity. 

Alternatively additional signaling pathways may contribute either independently or 

cooperatively with oxidative stress in FSHD. It has been shown that overexpression of FRG1 
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in transgenic mice induces skeletal muscle atrophy [9]. By comparing genome-wide gene 

expression data from muscle biopsies of patients with FSHD to those of 11 other 

neuromuscular disorders, paired-like homeodomain transcription factor 1 (PITX1) was found 

specifically upregulated in patients with FSHD [14]. Since DUX4 protein can activate PITX 1 

promoter, both DUX4 and PITX1 in FSHD muscles may play critical roles in the molecular 

mechanisms of the disease [14]. 

 

Therefore, these abnormalities could be responsible for the muscle weakness observed 

in patients with FSHD and provide an important marker for FSHD myoblasts. 
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Figures legend 
 
 
Figure 1. Optimization of FSHD myoblast purification.  
 
(A) Phase contrast images of cells migrating away from non adherent explants (left) adherent 
explants (middle) and explants in Matrigel (right), 10x magnification. (B) After 8 days of 
culture, cells were harvested and counted. The total number of released cells was arbitrary 
fixed to 100% for matrigel. Myogenicity was defined as the percentage of cells expressing 
desmin. (C) Immunofluorescence showing desmin positive cells (green) before and after 
MACS purification using CD56 antigen. Nuclei were revealed after DNA staining with DAPI 
(blue). 20x magnification, Bar= 10µm. 
 
 
Figure 2. Comparative morphological analysis of control and FSHD myoblasts. 
 
(A) Phase contrast images of a representative control (a; CTL 6) and FSHD (b; FSHD13) 
myoblast culture showing that FSHD myoblasts have a normal morphology, 10x 
magnification. (B) Observation of actin microfilaments using phalloidin (red) and DAPI 
(blue) immunostaining on a representative control (a; CTL1) and a representative FSHD (b; 
FSHD3) myoblast cultures show normal cytoskeleton morphology, 20x magnification, bar= 
10µm. All these observations were done on the fourteen CTL and FSHD myoblast cultures. 
 
Figure 3. Characterization of FSHD and control cells proliferation.  
 
Representative images of a CTL (a, b, e, f; CTL1) and FSHD (c, d, g, h; FSHD13) showing 
coimmunofluorescence with anti-Ki67 (a, c; red) and anti-desmin (b,d; green), anti-MyoD (e, 
g; red) and anti-desmin (f, h; green) antibodies and DAPI nuclear staining (blue). MyoD and 
Ki67 are localized into the nucleus 20x magnification, bar= 10µm. Experiments were 
performed on two controls and three FSHD cultures.  
 
Figure 4. Comparative analysis of control and FSHD myoblasts response to H202-
induced oxidative stress.  
 
(A) A representative flow cytometry analysis on myoblasts from one control (CTL1), one 
clinically affected FSHD (FSHD13) and one clinically unaffected FSHD (FSHD12). FACS 
experiments were conducted on FSHD and control myoblasts after 24h exposure to increasing 
doses of H2O2. Live cells stained with calcein (green) were sorted with the FL1 channel 
(down-right window) and dead cells stained with ethidium homodimer-1 (red) were sorted 
with the FL2 channel (up-left window). (B) Flow cytometry analysis of myoblasts from all 
control (blue), unaffected FSHD (yellow) and affected FSHD (red).  Experiments were 
performed twice on two independent cultures. 
 
Figure 5. FSHD and control cells upon induction of differentiation.  
 
(A) A representative control (a, b, c, d; CTL7) and FSHD (e, f, g, h; FSHD4) culture at the 
onset of cell fusion: co-immunofluorescence with anti-myogenin (a,e; red) and anti-desmin (c, 
g; green), anti-p21 (b, f; red) and anti-desmin (d, h; green) antibodies and DAPI nuclear 
staining (blue),myogenin and P21 localise into the nucleus. 20x magnification. Experiments 
were performed on three controls and three FSHD cultures. (B) Terminal differentiation (day 
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6; see Materials and Methods) of a representative culture of CTL (a, c; CTL1) and FSHD (b, 
d; FSHD9) myotubes: immunofluorescence with either an anti-myosin (a, b; green) and DAPI 
nuclear staining (blue), 20x magnification, bar = 10µm or with an anti-α-actinin (c, d; green) 
antibody and nuclear (blue) staining showing correct localization of these proteins in FSHD 
cells, 40x magnification, Bar= 10µm. Experiments were performed on eleven controls and 
twelve FSHD cultures. 
 
Figure 6. Myogenic Fusion Index (MFI) of FSHD and control cultures. 
 
MFI values range from 37% to70% for both FSHD and control cell cultures, except for 
FSHD1 and FSHD14 (respectively 18% and 85%). To calculate MFI, ten fields per culture 
were counted in three independent cultures for each cell line. 
 
 
Figure 7. Specific myotube phenotypes.  
 
Immunofluorescence with an anti-troponinT antibody (green) and DAPI nuclear staining 
(blue), 10x magnification, Bar= 20µm. (A) CTL myotubes (only four out of fourteen controls 
are depicted) showing normal human myotube morphology. (B) Myotubes from the FSHD 
atrophic group showing thinner myotubes. (C) Myotubes of the FSHD disorganized group 
showing larger myotubes with abnormal nuclei repartition. 
 
 
Figure 8. Myotube characterization.  
 
(A) Bar graph representing the repartition of the number of nuclei per myotube for each 
FSHD culture and a representative control. Yellow: more than 50 nuclei; Orange: from 31 to 
50 nuclei; Pink: from 11 to 30 nuclei; Red: from 3 to 10 nuclei. (B) Bar graph representing the 
repartition of the myotube diameters for each FSHD culture and a representative control. 
yellow: more than 100µm; orange: from 61 to 100 µm; pink: from 21 to 60 µm; red: from 0 to 
20 µm. (C) Statistical analysis of FSHD cultures showing correlations between the proportion 
of atrophic myotubes and the MFI value (D). 
 
 
Figure 9. Deformed Myotube Index (DMI) of FSHD and control cultures. 
DMI values were plotted and ranged from 17 to 40% in FSHD cultures. 
 
 
Figure 10.Cytoskeleton status in controls and FSHD myotubes. 
 
Myotubes from control (CTL6), FSHD. (FSHD 2, a representative culture from atrophic 
group), and FSHD (FSHD13, a representative culture from disorganized group) were stained 
for α tubulin (green; left panels); β tubulin (green; middle panels) and actin using phalloidin 
(red; right panels). Nuclei were revealed using DAPI (blue) staining. 40x magnification, bar= 
10µm. Experiments were performed on two controls and three FSHD cultures in each group. 
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Table legend 
 
Table 1. Data of patients with FSHD 
Recapitulative table of the data about each patient with FSHD: name of the FSHD cell line, 
age and sex of the patient (M:male; F:female), number of D4Z4 units, site of the muscle 
biopsy, and Brooke-Vignos scales defining the clinical status of upper and lower limb 
muscles respectively. In the Brooke scale, high values define affected upper limb muscles and 
low values define non-affected upper limb muscles. In the Vignos scale, low values define 
non-affected lower limb muscles and high values define affected lower limb muscles. 
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