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ABBREVIATION LIST

PREFACE

Facioscapulohumeral muscular dystrophy, a debilitating inheritable disorder, is one of the most common muscular dystrophies worldwide. Although the genetic defect associated with FSHD, a reduction in the D4Z4 repeat copy number, has been mapped to chromosome 4q (region 4q35) almost 20 years ago, the precise mechanism leading to the disease is still poorly understood and no treatment is available. Previously, an enhancer within the D4Z4 repeat has been discovered in our laboratory and a new model of gene regulation in the region 4q35 has been proposed [START_REF] Petrov | Chromatin loop domain organization within the 4q35 locus in facioscapulohumeral dystrophy patients versus normal human myoblasts[END_REF], Petrov et al. 2008). My PhD work initially aimed at further developing this model by characterizing the D4Z4 enhancer and providing a method of neutralization of this enhancer that could be used for a prospective anti-FSHD therapy approach.

This work started from the search for a transcription factor that could directly bind the D4Z4 enhancer and relay its activity to the neighboring 4q35 genes. Pursuing this direction resulted in the identification of KLF15, a transcription factor not previously associated with FSHD or other myopathies, which was found to bind the D4Z4 enhancer and control its activity. We then found that KLF15 was overexpressed in FSHD and that its overexpression led to an activation of the 4q35 genes FRG2 and DUX4c, providing a plausible mechanism to explain the upregulation of these genes in FSHD. An unexpected finding was that KLF15 is also upregulated during normal myogenic differentiation. Accordingly, the same mechanism could be responsible for FRG2 and DUX4c upregulation during normal myogenesis [START_REF] Dmitriev | The Kruppel-like factor 15 as a molecular link between myogenic factors and a chromosome 4q transcriptional enhancer implicated in facioscapulohumeral dystrophy[END_REF]. this part of work is presented in the PAPER1 chapter .

Linking the transcription factor KLF15 to FSHD opened yet another unexpected perspective. While our publication about the role of KLF15 in FSHD [START_REF] Dmitriev | The Kruppel-like factor 15 as a molecular link between myogenic factors and a chromosome 4q transcriptional enhancer implicated in facioscapulohumeral dystrophy[END_REF] was underway, it was reported by others that KLF15 overexpression induced muscular atrophy in mice [START_REF] Shimizu | Crosstalk between glucocorticoid receptor and nutritional sensor mTOR in skeletal muscle[END_REF]. The discovery of this novel function of KLF15 changed our perception of FSHD. Initially discovered by Duchenne in 1864 as a "descending variety" of the Progressive Muscular Atrophy of Childhood and later described in detail by Landouzy and Déjérine, FSHD was initially considered as a subtype of myopathies with a specific distribution of affected muscles. Almost a century passed until Walton and Nattrass succeeded in defining FSHD as a separate clinical entity [START_REF] Walton | On the classification, natural history and treatment of the myopathies[END_REF]. It took another 40 years to identify the genetic defect in FSHD and since then, the scientific community has been obsessed with finding specific features of this disease and constructing multiple original models explaining the disease onset. The abundance of proposed explanations did not improve disease treatment. Rather, confusion ensued and the common view on FSHD was that it is a poorly understood and incurable disorder.

The discovery that the KFL15 factor which specifically binds to the D4Z4 enhancer has a pro-atrophic activity allows one to revisit the 150 years-old concept of FHSD as a mere subtype of muscular dystrophy that shares common mechanisms of pathogenesis with other myopathies. This could be good news for FSHD patients as it opens the way to novel therapeutic approaches that can also benefit from experience accumulated in the treatment and management of other myopathies. Details on the history of FSHD, its various models and concept evolution are discussed hereafter in the INTRODUCTION part of the manuscript.

Linking KLF15, a factor that is overexpressed during normal myogenic differentiation, to FSHD raises this apparently paradoxical question: "How a myogenesisinduced factor can be upregulated in a disease where a defect in myogenic differentiation program is a well-known fact"? To resolve this paradox, we performed mRNA and miRNA transcriptome profiling of FSHD cells and found that FSHD cells overexpressed myogenic miRNAs. Overexpression of these miRNAs induce myogenic differentiation in normal, but not in FSHD, myoblasts. We propose that these miRNAs are unable to downregulate all of their physiological target genes in FSHD. Genes that escape control by these miRNAs have a role in the cell cycle and in DNA damage response, possibly preventing normal differentiation of FSHD myoblasts. This allows us to put forward a new concept to account for the deficiency in the myogenic differentiation program observed in FSHD. This is discussed in the MANUSCRIPT n°2 chapter while the defect in myogenic differentiation in FSHD is further illustrated in our paper "FSHD myoblasts fail to downregulate intermediate filament protein vimentin during myogenic differentiation" presented in the ANNEXE 1.

INTRODUCTION

1.1 Facioscapulohumeral muscular dystrophy (FSHD)

1.1.1 Clinical presentation of FSHD Muscular dystrophies are a large group of inheritable disorders characterized by progressive muscle wasting and degeneration. The three most common forms of muscular dystrophies include X chromosome-linked Duchenne muscular dystrophy (DMD), Myotonic dystrophy and Facioscapulohumeral dystrophy (FSHD) (Figure 1) (for review see [START_REF] Emery | The muscular dystrophies[END_REF]).

With worldwide estimates of prevalence varying from 0.2 to 6.7 per 100000 individuals, FSHD is generally considered to be the third most common dystrophy [START_REF] Emery | Population frequencies of inherited neuromuscular diseases--a world survey[END_REF]. It could be an underestimation since the latest Orphanet report provides the average prevalence of FSHD as 7 in 100000 individuals and places it as the most prevalent muscular dystrophy (Orphanet 2011). FSHD is genetically linked to a specific rearrangement in the long arm of chromosome 4q [START_REF] Richards | Facioscapulohumeral muscular dystrophy (FSHD): an enigma unravelled?[END_REF]. The clinical diagnosis of FSHD is established from the distinctive pattern of muscles affected, the autosomal-dominant type of inheritance and further confirmed by genetic testing. While FSHD is usually not lethal, it can considerably reduce the quality of life of patients, confining some of them to a wheelchair from their early teens [START_REF] Klinge | Severe phenotype in infantile facioscapulohumeral muscular dystrophy[END_REF].

The unique feature that distinguishes FSHD from other types of muscular dystrophy is the implication of a particular set of facial muscles including periorbital and perioral muscles (extraocular muscles are spared). In the majority of cases, the disease is diagnosed after the age of twenty and is usually gradually descending. Facial muscles are usually affected first, often in an asymmetric manner, followed by the muscles of the shoulder girdle including upper arm muscles.

The involvement of above mentioned groups of muscles determine the so-called "facioscapulohumeral" presentation manifested by the weakness of eye closure, the inability to whistle, a scapular winging and an inability to raise arms [START_REF] Tawil | Facioscapulohumeral muscular dystrophy[END_REF].

In most patients, the disease further spreads to trunk muscles followed by muscles of the pelvic girdle and lower extremities. Weakening of the trunk muscles manifests as lordosis while wasting of anterior tibial and peroneal muscles gives a "steppage" gait to FSHD patients (for review see [START_REF] Lunt | Genetic counselling in facioscapulohumeral muscular dystrophy[END_REF], (van der Maarel et al. 2007), [START_REF] Richards | Facioscapulohumeral muscular dystrophy (FSHD): an enigma unravelled?[END_REF]).

In general, the age of onset of FSHD varies with some patients diagnosed as early as in childhood and others diagnosed for the first time as late as in their sixties [START_REF] Lunt | Estimation of age dependent penetrance in facioscapulohumeral muscular dystrophy by minimising ascertainment bias[END_REF]). This disease also presents with heterogeneous symptoms, as exemplified by a relatively rare FSHD presentation as "scapuloperoneal" syndrome where facial, trunk and pelvic girdle muscles seem spared, while peroneal muscles are early and severely affected. This heterogeneity of clinical manifestations which was initially interpreted as genetic heterogeneity by some authors [START_REF] Kazakov | The facioscapulo-limb (or the facioscapulohumeral) type of muscular dystrophy. Clinical and genetic study of 200 cases[END_REF], severely complicates the diagnosis [START_REF] Sacconi | Patients with a phenotype consistent with facioscapulohumeral muscular dystrophy display genetic and epigenetic heterogeneity[END_REF]) and sometimes provokes an erroneous diagnosis [START_REF] Ramos | A case of fascioscapulohumeral muscular dystrophy misdiagnosed as Becker's muscular dystrophy for 20 years[END_REF].

The clinical picture of FSHD is further complicated by non-muscular manifestations that include retinal telangiectasia and hearing loss in 60% and 75% of patients, respectively (Padberg et al. 1995). Much less frequent are cognitive impairment [START_REF] Saito | Facioscapulohumeral muscular dystrophy with severe mental retardation and epilepsy[END_REF], cardiac muscle involvement [START_REF] Tsuji | Facioscapulohumeral muscular dystrophy presenting with hypertrophic cardiomyopathy: a case study[END_REF]) and respiratory insufficiency [START_REF] D'angelo | Respiratory pattern in an adult population of dystrophic patients[END_REF]. Finally, several cases have been described where FSHD was associated with other diseases: familial polyposis coli [START_REF] Blake | Possible clue for chromosomal assignment of the gene for facioscapulohumeral muscular dystrophy: a family with polyposis[END_REF], [START_REF] Blake | Possible clue for chromosomal assignment of the gene for facioscapulohumeral muscular dystrophy: a family with polyposis[END_REF] or thoracic tumour (Kazakov et al. 2009a).

History of FSHD

It is widely accepted that FSHD was first described in 1885 by Landouzy and Déjerine [START_REF] Landouzy | De la myopathie atrophique progressive[END_REF]. It should be noted, however, that the most common form of FSHD was first described in 1861 by Duchenne who recognized this disease as a "descending variety" of the Progressive Muscular Atrophy of Childhood (PMACH) known today as "Duchenne muscular dystrophy" [START_REF] Duchenne | Recherches sur la paralysie musculaire pseudohypertrophique ou paralysie myo-sclerosique[END_REF]. Independently from Duchenne, a German neurologist Erb described a minor form of FSHD that he called "juvenile form" of muscular dystrophy [START_REF] Erb | Uber die "juvenile Form" der progressiven Muskelatrophie und ihre Beziehungen zur sogennanten Pseudohypertrophie der Muskeln[END_REF]. This form of dystrophy affected the shoulder girdle with an early involvement of peroneal muscles, was very similar to what is now called "facioscapuloperoneal" presentation of FSHD. However, Erb did not include in his description an involvement of facial muscles. This allowed Landouzy and Déjérine to gain the priority over Erb, later including the involvement of facial muscles that according to the authors could sometimes be detectable only at the histological level, in the description of FSHD (Landouzy and Dejerine 1885), [START_REF] Landouzy | Nouvelles recherches cliniques et anatomopathologies sur la myopatie atrophique progressive. A propos de six observations nouvelles, dont une avec autopsie[END_REF].

Therefore, in 1885 Landouzy and Déjérine formally described a new disease by merging the two existing entities described by others: the gradually descending form of FSHD described initially by Duchenne, and a facioscapuloperoneal presentation that was partially described by Erb. This ambiguity has undoubtedly created a conflict between Erb, Landouzy and Déjérine (for review see [START_REF] Kazakov | Why did the heated discussion arise between Erb and Landouzy-Dejerine concerning the priority in describing the facio-scapulo-humeral muscular dystrophy and what is the main reason for this famous discussion?[END_REF]). An echo of this old dispute can still be heard as some authors persist in considering facioscapuloperoneal presentation as a separate form of FSHD (Kazakov et al. 2009b).

Mapping the FSHD locus

The FSHD locus was mapped using a positional cloning approach. There are 5 features that facilitate a positional cloning approach (for review see [START_REF] Collins | Positional cloning: let's not call it reverse anymore[END_REF])): (i) the diagnosis of the disease should be reliable; (ii) the patient number should be significant; (iii) gross genomic rearrangements should accompany the disease; (iv) the penetrance should be complete; (v) the disease should be recessive.

In the case of FSHD, the first two demands were fulfilled [START_REF] Flanigan | Genetic characterization of a large, historically significant Utah kindred with facioscapulohumeral dystrophy[END_REF], [START_REF] Fowler | Profiles of neuromuscular diseases. Design of the protocol[END_REF]. However, the remaining three were more problematic. There are no large visible genomic rearrangements in FSHD patients, the penetrance of FSHD is not complete and we now know that there is a number of asymptomatic mutation carriers (abortive cases) [START_REF] Tonini | Asymptomatic carriers and gender differences in facioscapulohumeral muscular dystrophy (FSHD)[END_REF]). Finally, FSHD is an autosomal dominant disease.

Several attempts were made to overcome these difficulties. Firstly, the association of FSHD with a number of non-muscular symptoms was exploited. The cases of FSHD patients with familial polyposis coli were checked for the association of the APC locus with FSHD (without success) (Wijmenga et al. 1990b). Despite the failure of this and other approaches, by 1989, the efforts of an international consortium led to the exclusion of 80% of the human genome from association with FSHD [START_REF] Sarfarazi | An exclusion map for facioscapulohumeral (Landouzy-Dejerine) disease[END_REF]).

The final step towards identification of the disease locus was made only after the introduction of genetic mapping in the laboratory practice. With the high degree of polymorphic variability, microsatellite markers were ideally suited for mapping autosomal dominant diseases via positional cloning. Indeed, the mapping of the FSHD locus was their first success. In 1990, George Padberg's laboratory linked the FSHD locus to the microsatellite marker D4S171 on chromosome 4q (Wijmenga et al. 1990a). Within two months, Peter Harper's laboratory published the association of FSHD with a closer marker D4S139 [START_REF] Upadhyaya | DNA marker applicable to presymptomatic and prenatal diagnosis of facioscapulohumeral disease[END_REF]). D4S139 was at the time the most distal marker known on chromosome 4q. Consequently, further mapping of the FSHD locus required new approaches.

Discovery and structure of D4Z4 repeat

Further progress in the mapping of the FSHD locus became possible using the cosmid E13

provided by the laboratory of Robert Williamson. This cosmid, isolated as a result of the search for new homeobox genes, mapped to a region more distal on chromosome 4q than the marker D4S139.

Using a single-copy fragment of this cosmid (called p13E-11) as a probe for Southern blotting, George Padberg's laboratory found a new EcoRI restriction fragment length polymorphism (RFLP) that was associated with FSHD [START_REF] Wijmenga | Chromosome 4q DNA rearrangements associated with facioscapulohumeral muscular dystrophy[END_REF] indicating that the FSHD gene was either within this restriction fragment or close to it. This work also drew attention to the presence of repetitive 3.3-kb fragments, later designated D4Z4 (D states for DNA, 4 corresponds to the chromosome number and Z designates repetitive nature) that were present in the cosmid E13. In our days The p13E-11 probe then used for the detection of the EcoRI polymorphism via Southern blotting is now used to diagnose FSHD. The physical map of the FSHD locus was completed with the isolation of the y25C2E yeast artificial chromosome (YAC) that contained the polymorphic EcoRI fragment, a complete array of D4Z4 repeats and the D4S139 marker, thus linking the FSHD locus to the known genetic marker [START_REF] Wright | Fine mapping of the FSHD gene region orientates the rearranged fragment detected by the probe p13E-11[END_REF]. It was then demonstrated that the shortening of the EcoRI restriction fragments specifically observed in FSHD patients was due to the deletion of an integral number of D4Z4 repeats [START_REF] Van Deutekom | FSHD associated DNA rearrangements are due to deletions of integral copies of a 3.2 kb tandemly repeated unit[END_REF].

Sequencing of the y25C2E YAC subclones demonstrated that previously known LSau and

Hhspm3 repeats are a constitutive part of the D4Z4 repeat [START_REF] Hewitt | Analysis of the tandem repeat locus D4Z4 associated with facioscapulohumeral muscular dystrophy[END_REF]. It was found that the pattern of localization of sequences homologous to D4Z4 in human genome (1q12, 13p12, 14p12, 15p12, 21p12, 22p12, 10q26) strongly resemble those of LSau and Hhspm3 (Meneverri 1993) suggesting that these repeats do not exist as separate entities but rather coexist within a repeat of a new type. It was suggested to call this new type of the repeats "3.3-kb repeats" after the length of its prototype -the D4Z4 repeat [START_REF] Lyle | The FSHD-associated repeat, D4Z4, is a member of a dispersed family of homeobox-containing repeats, subsets of which are clustered on the short arms of the acrocentric chromosomes[END_REF].

Probably the most important result of the D4Z4 repeat sequencing was the identification of an intronless open reading frame (ORF) harboring two regions with homology to homeoboxes [START_REF] Hewitt | Analysis of the tandem repeat locus D4Z4 associated with facioscapulohumeral muscular dystrophy[END_REF]. Although intronless genes are generally considered pseudogenes, the first hint that the ORF within the D4Z4 repeat might be a functional gene came from the laboratory of Alexandra Belayew. This laboratory discovered that the GC-rich low copy repeat Hhspm3 directly bound the transcription factor HTLF (helicase-like transcription factor) that was driving the expression of an ORFs homologous to that within the D4Z4 repeat. These ORFs also contained two homeobox homology regions and were named DUX1, DUX2 and DUX3 (Double homeobox 1, 2 and 3) [START_REF] Ding | Characterization of a double homeodomain protein (DUX1) encoded by a cDNA homologous to 3.3 kb dispersed repeated elements[END_REF].

Further analysis of the D4Z4 repeat sequence suggested that it might contain a divergent TATA-box (CATAA) containing promoter homologous to those in DUX1-3 genes. Indeed, the promoter within the D4Z4 repeat was proven functional and the double homeobox gene within the D4Z4 repeat was named DUX4 [START_REF] Gabriels | Nucleotide sequence of the partially deleted D4Z4 locus in a patient with FSHD identifies a putative gene within each 3.3 kb element[END_REF]. Besides DUX4, other functional elements were soon discovered within the D4Z4 repeat, including a transcriptional activator (for review see [START_REF] Dmitriev | Pearls in the junk: dissecting the molecular pathogenesis of facioscapulohumeral muscular dystrophy[END_REF]) (Figure 2). [START_REF] Gabriels | Nucleotide sequence of the partially deleted D4Z4 locus in a patient with FSHD identifies a putative gene within each 3.3 kb element[END_REF]), a D4Z4 binding element (DBE) that includes Nucleolin, HMGB2 and YY1 sites [START_REF] Gabellini | Inappropriate gene activation in FSHD: a repressor complex binds a chromosomal repeat deleted in dystrophic muscle[END_REF]; DUX4 open reading frame (nt 1797-3063) [START_REF] Gabriels | Nucleotide sequence of the partially deleted D4Z4 locus in a patient with FSHD identifies a putative gene within each 3.3 kb element[END_REF]; Fragments "329" (nt 1-329) [START_REF] Petrov | A nuclear matrix attachment site in the 4q35 locus has an enhancer-blocking activity in vivo: implications for the facio-scapulo-humeral dystrophy[END_REF]).

The structure of the FSHD locus

The members of the 3.3-kb repeat family with the highest homology to the chromosome 4qspecific D4Z4 repeats were found on chromosomes Y, 19 and 10. Although the copy number of 3.3 kb repeats is variable within the arrays on chromosomes 4q and 10q, only contraction of chromosome 4-specific 3.3-kb repeat array (D4Z4) is associated with FSHD [START_REF] Deidda | Physical mapping evidence for a duplicated region on chromosome 10qter showing high homology with the facioscapulohumeral muscular dystrophy locus on chromosome 4qter[END_REF], [START_REF] Bakker | The FSHD-linked locus D4F104S1 (p13E-11) on 4q35 has a homologue on 10qter[END_REF]. Taking into account that the sequence of D4Z4 repeats on chromosome 4q and 10q is almost identical, this observation suggested that the chromosome 4q-specific elements outside the D4Z4 array could play an important role in the disease onset. The uniformity of this view could be, however, challenged by a report of a single case of the FSHD patient with a short 3.3-kb repeat array on chromosome 10 and not chromosome 4 (Lemmers et al. 2010b).

FSHD was the second genetic disease after Huntington's disease to be mapped to a subtelomeric region. This immediately placed FSHD in the context of telomere-related boom and made this disease an attractive model to study telomere position effects in humans. However, the subtelomeric localization of the FSHD locus was a curse rather than a blessing but due to numerous sequence polymorphisms. Moreover, although several fragments of the locus were cloned and sequenced before completion of human genome program in 2001, the complete sequence of chromosome 4q still remains to be completed.

The FSHD locus can be divided into three parts: (i) a proximal region containing FRG1

(FSHD region gene 1), FRG2 (FSHD region gene 1), ANT1 and DUX4c; (ii) the EcoRI RFLP region and (iii) a gene-free distal region. The EcoRI RFLP region contains an SSLP (Simple Sequence Length Polymorphism) [START_REF] Lemmers | Specific Sequence Variations within the 4q35 Region Are Associated with Facioscapulohumeral Muscular Dystrophy[END_REF], (Lemmers et al. 2010a), the array of D4Z4 repeats and the distal polymorphic region containing 4qA, 4qB [START_REF] Van Geel | Genomic analysis of human chromosome 10q and 4q telomeres suggests a common origin[END_REF] or 4qC (Lemmers et al. 2010a) sequence variants. The distal region is homologous to the short arm of the chromosome 4p but its precise sequence remains unknown.

Within the EcoRI RFLP region, our group identified a nuclear matrix attachment region [START_REF] Petrov | Chromatin loop domain organization within the 4q35 locus in facioscapulohumeral dystrophy patients versus normal human myoblasts[END_REF]) that functions as an enhancer blocking element [START_REF] Petrov | A nuclear matrix attachment site in the 4q35 locus has an enhancer-blocking activity in vivo: implications for the facio-scapulo-humeral dystrophy[END_REF]. The attachment of this region to the nuclear matrix is less efficient in FSHD cells, affecting the chromatin loop structure of the region [START_REF] Petrov | Chromatin loop domain organization within the 4q35 locus in facioscapulohumeral dystrophy patients versus normal human myoblasts[END_REF]. In agreement with this hypothesis, it has been shown recently that D4Z4 repeats physically interact with the promoter regions of FRG1, FRG2 and DUX4c at 4q35 (Pirozhkova et al. 2008[START_REF] Bodega | Remodeling of the chromatin structure of the facioscapulohumeral muscular dystrophy (FSHD) locus and upregulation of FSHD-related gene 1 (FRG1) expression during human myogenic differentiation[END_REF], suggesting that the D4Z4 enhancer can regulate the expression of these genes (Figure 3). Analysis of a large number of patients and healthy subjects showed that specific variants of the SSLP are associated with FSHD [START_REF] Lemmers | Specific Sequence Variations within the 4q35 Region Are Associated with Facioscapulohumeral Muscular Dystrophy[END_REF]) (Lemmers et al. 2010a). It remains to be tested, however, whether the presence of the FSHD-associated sequence variants in the matrix attachment region weakens the efficiency of its interaction with the nuclear matrix.

Finally, it has been demonstrated by the laboratory of Silvère van der Maarel that an FSHDassociated SSLP, a short D4Z4 array and the 4qA variant, constitute the FSHD predisposition haplotype (predisposition, as FSHD in not a fully penetrant disease) [START_REF] Lemmers | Specific Sequence Variations within the 4q35 Region Are Associated with Facioscapulohumeral Muscular Dystrophy[END_REF]) (Lemmers et al. 2010a) (Figure 4). Analysis of a larger cohort of patients by the same laboratory demonstrating that only the number of D4Z4 repeats plus a specific SNP (Single Nucleotide Polymorphism) inside the 4qA sequence, but not the SSLP plays a primordial role in FSHD predisposition provided the unifying genetic model for FSHD and raised the controversy at the same time (Lemmers et al. 2010b). 1.1.6 Article n°1: Pearls in the junk

Although FSHD was one of the first muscular dystrophies to be described, and despite the detailed register of various polymorphisms in the FSHD locus, FHSD inducer gene(s) remain formally unknown.

At the first glance the identification of the FSHD inducer gene could seem to be a very simple task. As mentioned before, the involvement of the periorbital muscles is a distinguishing feature of FSHD. Periorbital and perioral muscles affected in FSHD are known to originate from the second branchial arch that suggest a defect in a gene connected with embryonic development [START_REF] Fitzsimons | Retinal vascular disease and the pathogenesis of facioscapulohumeral muscular dystrophy. A signalling message from Wnt?[END_REF]. Another muscle dystrophy with facial involvement, Oculopharyngeal muscular dystrophy, differs in the embryonic origin of the affected muscles (extraocular muscles). Therefore it would be sufficient to understand the human embryology well enough to deduce the FSHD inducer gene.

However, contemporary advances in embryology are largely insufficient for such a deductive analysis.

Other reasons why the gene inducer of the FSHD still remains unknown are described in our review "Pearls in the junk".

1.1.8 A unifying model of FSHD: DUX4 is not enough?

Now that there is no doubt that DUX4 is a gene, not a pseudogene, and that its overexpression in myoblasts recapitulates some features of FSHD (Bosnakovski et al. 2008b), it is nevertheless impossible to clarify the issue of the FSHD inducer gene. This is due to several reasons.

Firstly, DUX4 can not be formally recognized as FSHD inducer gene unless an animal FSHD model is created. Alternative and yet absent proof could be the restoration of the normal phenotype of FSHD cells after inhibition of the DUX4 expression.

Secondly, the heterogeneity of the disease manifestations, variability of the age of onset coupled to frequent association of the disease with non-muscular manifestations including sensorineural deafness and retinal vasculopathy, discourage the assignment of all pathological functions to a single gene, rather suggesting that FSHD is a complex multigenic syndrome.

The clinical heterogeneity of FSHD is mirrored by transcriptome and proteome analyses of FSHD myoblasts and skeletal muscle biopsies that have revealed a large number of genes been deregulated. It was demonstrated that affected muscles have some apoptotic features [START_REF] Sandri | Caspase 3 expression correlates with skeletal muscle apoptosis in Duchenne and facioscapulo human muscular dystrophy. A potential target for pharmacological treatment?[END_REF], are susceptible to oxidative stress (Winokur et al. 2003b) [START_REF] Macaione | RAGE-NF-kappaB pathway activation in response to oxidative stress in facioscapulohumeral muscular dystrophy[END_REF]) and have defects in the mitochondrial respiratory chain [START_REF] Slipetz | Deficiency of complex III of the mitochondrial respiratory chain in a patient with facioscapulohumeral disease[END_REF] as well as in the muscle differentiation program (Winokur et al. 2003b[START_REF] Bakay | Nuclear envelope dystrophies show a transcriptional fingerprint suggesting disruption of Rb-MyoD pathways in muscle regeneration[END_REF]) [START_REF] Celegato | Parallel protein and transcript profiles of FSHD patient muscles correlate to the D4Z4 arrangement and reveal a common impairment of slow to fast fibre differentiation and a general deregulation of MyoD-dependent genes[END_REF]).

An important result of these gene expression studies in FSHD samples was the demonstration that the expression of the 4q35 genes: FRG1 (FSHD Region Gene 1) [START_REF] Gabellini | Inappropriate gene activation in FSHD: a repressor complex binds a chromosomal repeat deleted in dystrophic muscle[END_REF][START_REF] Gabellini | Facioscapulohumeral muscular dystrophy in mice overexpressing FRG1[END_REF], FRG2 (FSHD Region Gene 2) [START_REF] Rijkers | FRG2, an FSHD candidate gene, is transcriptionally upregulated in differentiating primary myoblast cultures of FSHD patients[END_REF]), ANT1 (Adenine Nucleotide

Translocator 1) [START_REF] Laoudj-Chenivesse | Increased levels of adenine nucleotide translocator 1 protein and response to oxidative stress are early events in facioscapulohumeral muscular dystrophy muscle[END_REF]) and DUX4c [START_REF] Ansseau | DUX4c is up-regulated in FSHD. It induces the MYF5 protein and human myoblast proliferation[END_REF]) [START_REF] Dmitriev | The Kruppel-like factor 15 as a molecular link between myogenic factors and a chromosome 4q transcriptional enhancer implicated in facioscapulohumeral dystrophy[END_REF]) is increased in FSHD, although some reports argue against their upregulation in FSHD muscles (Winokur et al. 2003b[START_REF] Osborne | Expression profile of FSHD supports a link between retinal vasculopathy and muscular dystrophy[END_REF]) [START_REF] Jiang | Testing the position-effect variegation hypothesis for facioscapulohumeral muscular dystrophy by analysis of histone modification and gene expression in subtelomeric 4q[END_REF]) [START_REF] Celegato | Parallel protein and transcript profiles of FSHD patient muscles correlate to the D4Z4 arrangement and reveal a common impairment of slow to fast fibre differentiation and a general deregulation of MyoD-dependent genes[END_REF]) [START_REF] Dixit | DUX4, a candidate gene of facioscapulohumeral muscular dystrophy, encodes a transcriptional activator of PITX1[END_REF]) (Klooster et al. 2009a).

Indeed, detailed studies of the functions of these genes have demonstrated that each of them can be responsible for part of the FSHD phenotype. Specifically, an aberrant expression of FRG1, which may encode an RNA splicing regulator [START_REF] Gabellini | Facioscapulohumeral muscular dystrophy in mice overexpressing FRG1[END_REF][START_REF] Van Koningsbruggen | FRG1P-mediated aggregation of proteins involved in pre-mRNA processing[END_REF], could explain simultaneous changes in expression of many genes. In addition, overexpression of FRG1 in skeletal muscles of transgenic mice caused a severe myopathy, supporting an important role for balanced FRG1 expression in muscle homeostasis [START_REF] Gabellini | Facioscapulohumeral muscular dystrophy in mice overexpressing FRG1[END_REF]. Furthermore, FRG1 was shown to be critical for muscle development [START_REF] Hanel | Muscular dystrophy candidate gene FRG1 is critical for muscle development[END_REF], angiogenesis (Wuebbles et al. 2009a) and could be, at least in part, responsible for vascular symptoms in FSHD (Wuebbles et al. 2009b). ANT1 is another attractive candidate as it is known to be an important regulator of the oxidative phosphorylation system, as well as a constituent of the mitochondrial permeability transition pore (PTP) involved in the early stages of apoptosis. ANT1 facilitates the transport of ATP and ADP across the inner mitochondrial membrane [START_REF] Sharer | The adenine nucleotide translocase type 1 (ANT1): a new factor in mitochondrial disease[END_REF]. Deregulation of the ANT1 gene could explain several pathological features of FSHD muscles, e.g. mitochondrial involvement [START_REF] Slipetz | Deficiency of complex III of the mitochondrial respiratory chain in a patient with facioscapulohumeral disease[END_REF]) and increased apoptosis [START_REF] Sandri | Caspase 3 expression correlates with skeletal muscle apoptosis in Duchenne and facioscapulo human muscular dystrophy. A potential target for pharmacological treatment?[END_REF]. DUX4c was also shown to inhibit the myogenic differentiation program (Bosnakovski et al. 2008a). The only exception is FRG2, a gene without a known function.

In addition, we have demonstrated that FSHD myoblasts cultivated in vitro overexpress several myogenic microRNAs including miR-1 and miR-133a/b and that DUX4c is responsible for their overexpression in FSHD (See below chapter). Therefore, FSHD phenotypes as we see it, can be summarized by a simple equation FSHD=DUX4+4q35 genes.

While the mechanism of DUX4 upregulation in FSHD was recently described (Lemmers et al. 2010b), the mechanism of upregulation of other genes in the 4q35 region still remains to be determined (for review see [START_REF] Van Der Maarel | Facioscapulohumeral muscular dystrophy and DUX4: breaking the silence[END_REF]). According to our hypothesis, the central role in controlling the expression of the 4q35 genes should be attributed to a transcriptional enhancer in the D4Z4 repeat previously identified in our laboratory [START_REF] Petrov | A nuclear matrix attachment site in the 4q35 locus has an enhancer-blocking activity in vivo: implications for the facio-scapulo-humeral dystrophy[END_REF].

In normal cells, D4Z4 repeats adopt heterochromatin structure [START_REF] Zeng | Specific loss of histone H3 lysine 9 trimethylation and HP1gamma/cohesin binding at D4Z4 repeats is associated with facioscapulohumeral dystrophy (FSHD)[END_REF]. According to our model, this should implicate a lower activity of the D4Z4 enhancer. In normal cells, the FSHD-related matrix attachment region (FR-MAR) is attached to the nuclear matrix [START_REF] Petrov | Chromatin loop domain organization within the 4q35 locus in facioscapulohumeral dystrophy patients versus normal human myoblasts[END_REF]) and therefore, prevents interaction of the enhancer with the promoters of the FSHD genes. In FSHD myoblasts, the chromatin structure of the D4Z4 repeats is similar to euchromatin [START_REF] Zeng | Specific loss of histone H3 lysine 9 trimethylation and HP1gamma/cohesin binding at D4Z4 repeats is associated with facioscapulohumeral dystrophy (FSHD)[END_REF]. According to our model, euchromatinzation of D4Z4 repeat allows the binding of a "factor X" that would bind to the D4Z4 enhancer. In FSHD cells, the association of FR-MAR with the nuclear matrix is lost, therefore the activity of the D4Z4 enhancer can be conveyed to the 4q35 genes leading to an upregulation of their expression (Figure 5).

The function of the putative factor X cannot be ascribed to DUX4 as the overexpression of the DUX4 gene does not activate the expression of 4q35 genes (our unpublished observation).

Moreover, the expression of the DUX4 gene is observed in 1 out of 1000 FSHD myoblasts (for review see [START_REF] Richards | Facioscapulohumeral muscular dystrophy (FSHD): an enigma unravelled?[END_REF])) while the D4Z4 repeat chromatin structure and overexpression of 4q35 genes are observed in the majority of the cells. Therefore, factor X should act in parallel with or act upstream of DUX4.

Therefore, a unifying FSHD model would not be possible without a factor X to be identified that would complement the effect of DUX4 and control expression of the 4q35 genes. My doctoral work was dedicated to the search for this factor X. Results obtained by me and my colleagues indicate that this factor X is likely to be the Krüppel-like factor 15. [START_REF] Sun | Defining the mammalian CArGome[END_REF]) SRF is a direct transcriptional regulator of over 160 target genes. The majority of the target genes are involved in myogenic differentiation, cell growth, migration, cytoskeleton organization [START_REF] Sun | Defining the mammalian CArGome[END_REF]. Some CArG-box containing genes are expressed in a single muscle cell type (smooth, skeletal or cardiac), others -in many. Why this is the case is still unresolved [START_REF] Pipes | The myocardin family of transcriptional coactivators: versatile regulators of cell growth, migration, and myogenesis[END_REF]. SRF serves as an interpreter of cell identity by interacting with different partners (for review see [START_REF] Pipes | The myocardin family of transcriptional coactivators: versatile regulators of cell growth, migration, and myogenesis[END_REF])).

Skeletal muscle myogenesis

Skeletal muscle originates from paraxial mesoderm that gives rise to the somites. The somites become compartmentalized into myotome, sclerotome and dermatome (for review see [START_REF] Buckingham | Myogenic progenitor cells and skeletal myogenesis in vertebrates[END_REF]) [START_REF] Venuti | Molecular embryology of skeletal myogenesis[END_REF]. The majority of myogenic cells of the trunk and limb muscles derive from myotomal cells of the somites, although several body wall muscles develop in situ from local mesenchyme. Head muscles originate from the paraxial head mesoderm and prechordal mesoderm (Figure 6). More specifically, extraocular muscles derive from occipital somites, tongue and laryngeal muscles derive from cranial paraxial mesoderm, and branchial arches -from splanchnic mesoderm and prechordal mesoderm (Figure 7) (for review see [START_REF] Duprez | Muscle development and regeneration[END_REF]) [START_REF] Braun | Transcriptional mechanisms regulating skeletal muscle differentiation, growth and homeostasis[END_REF]). All skeletal muscles express a core set of transcription factors that include MYF5 (Myogenic factor5), MRF4 (muscle-specific regulatory factor 4), MYOD (Myoblast determination protein) and Myogenin (MYOG) (for review see [START_REF] Pipes | The myocardin family of transcriptional coactivators: versatile regulators of cell growth, migration, and myogenesis[END_REF])).

MYF5 and MYOD are generally thought to act as myogenic determination genes. MyoD, that harbors both DNA recognition and transactivator functions in the same polypeptide, autoregulates its own expression by a feed-forward mechanism that stabilizes the skeletal muscle phenotype [START_REF] Lassar | MyoD is a sequence-specific DNA binding protein requiring a region of myc homology to bind to the muscle creatine kinase enhancer[END_REF]. Myogenin is essential for terminal differentiation of committed myoblasts. MRF4, which is expressed in both undifferentiated proliferating cells and in mature post mitotic cells, plays a dual role in myogenesis (Figure 8).

Figure 8 The role of the core myogenic factors in skeletal muscle differentiation [START_REF] Hettmer | Muscling in: Uncovering the origins of rhabdomyosarcoma[END_REF].

The ability of MyoD to maintain its own expression via feed-forward mechanism explains the irreversibility of the induction of skeletal myogenesis program. As a result, the phenotype of skeletal muscles is more stable than that of smooth muscles: in contrast to smooth muscle cells, differentiated skeletal muscle cells (myotubes) cannot cancel the myogenic differentiation program and reenter the cell cycle [START_REF] Pipes | The myocardin family of transcriptional coactivators: versatile regulators of cell growth, migration, and myogenesis[END_REF].

Despite the fact that the skeletal muscles derived from different anatomical locations during embryogenesis express the same 4 core myogenic factors, they are not identical. In trunk muscles the expression of the core myogenic transcription factors is induced by Pax3 (Paired box protein 3). In limb muscles -by Pax3, SIX (sine oculis homeobox homologue) and EYA (eyes absent) . In all muscles of the head the expression of the core myogenic factors is induced by PitX2 (Pituitary homeobox 2). A particular situation is observed in the case of branchial arches where PitX2 is accompanied by the transcription factor TBX1 (Figure 7) (reviewed in [START_REF] Braun | Transcriptional mechanisms regulating skeletal muscle differentiation, growth and homeostasis[END_REF].

It is conceivable that differences in the development of skeletal muscles of different anatomical locations explain the phenotypic differences in different types of muscular dystrophy. For example, branchial arches muscles are affected in FSHD, while the extraocular muscles are affected in oculopharyngeal dystrophy but spared in FSHD. This suggests that the specific developmental program of branchial arch muscles may be perturbed in FSHD [START_REF] Fitzsimons | Retinal vascular disease and the pathogenesis of facioscapulohumeral muscular dystrophy. A signalling message from Wnt?[END_REF].

Skeletal muscles are capable to regenerate after injury but their regenerative capacity may be limited in the case of some types of muscular dystrophy or with age. Adult muscle progenitors are called satellite cells. They are found along muscle fibers underneath the basement membrane.

Satellite cells ensure the regeneration of damaged muscles in adults. The hallmark of satellite cells is the expression of the Pax7 transcription factor (Figure 9). 

Cardiac myogenesis

The proteins expression and morphogenesis of cardiac structures (for review see [START_REF] Olson | Gene regulatory networks in the evolution and development of the heart[END_REF]). As in the case of skeletal myogenesis, these core factors autoregulate their own expression.

In addition to core cardiomyogenic factors, other factors play an important role in cardiac myogenesis: SRF, MEF2 and Myocardin family of transcriptional coactivators (for review see [START_REF] Olson | Gene regulatory networks in the evolution and development of the heart[END_REF]. Myocardin (Myocd) was discovered through a bioinformatic screening for genes whose expression is limited to the heart [START_REF] Wang | Activation of cardiac gene expression by myocardin, a transcriptional cofactor for serum response factor[END_REF]. It has been shown later that Myocd is also expressed in vascular smooth muscles [START_REF] Li | The serum response factor coactivator myocardin is required for vascular smooth muscle development[END_REF]. Myocd does not bind DNA directly, instead it forms a complex with SRF and thus activates the expression of the genes controlled by CArG-box containing enhancers. Myocardin expression is restricted to cardiovascular system [START_REF] Wang | Activation of cardiac gene expression by myocardin, a transcriptional cofactor for serum response factor[END_REF].

Similarly to skeletal myogenesis, upstream regulators that induce the core transcription factors vary depending on anatomical location within the developing heart. The primary heart field that gives rise to the left ventricle and portions of the atria is controlled by Isl1 and Foxh1 transcription factors, while the secondary heart field that gives rise to the right ventricle, portions of the atria and the outflow tract is controlled by Nkx2-5 and GATA4 transcriptional factors (for review see [START_REF] Olson | Gene regulatory networks in the evolution and development of the heart[END_REF]) (Figure 10).

Figure 10 The network of the core cardiomyogenic factors [START_REF] Olson | Gene regulatory networks in the evolution and development of the heart[END_REF].

Smooth muscle myogenesis

Smooth muscle fibers develop from mesodermal cells throughout the body, but the greatest proportion of smooth muscle fibers is derived from the splanchnic mesoderm surrounding the gut tube. SRF and Myocardin are essential factors in smooth muscle cell (SMC) differentiation (for review see [START_REF] Miano | Serum response factor: toggling between disparate programs of gene expression[END_REF]) [START_REF] Wang | Myocardin and ternary complex factors compete for SRF to control smooth muscle gene expression[END_REF].

How embryonic mesodermal cells become specialized to express the smooth muscle cell (SMC) myogenic program is not fully understood. It is known, however, that the transcription of the majority of SMC markers is dependent on SRF (for review see [START_REF] Miano | Serum response factor: toggling between disparate programs of gene expression[END_REF]) [START_REF] Majesky | Developmental basis of vascular smooth muscle diversity[END_REF]. SRF is a relatively weak transcriptional activator, therefore in order to efficiently activate the transcription, it requires a partnership with co-factors. The ubiquitously expressed myocardin-related coactivators MRTF-A and MRTF-B (Myocardin-related transcription factor A and B) bind to SRF and provide the transactivation activity necessary for activation of the SMC myogenic program (for review see [START_REF] Pipes | The myocardin family of transcriptional coactivators: versatile regulators of cell growth, migration, and myogenesis[END_REF]. Association between MRTF and SRF is mediated by a short basic peptide sequence [START_REF] Wang | Activation of cardiac gene expression by myocardin, a transcriptional cofactor for serum response factor[END_REF]. They can activate smooth muscle gene expression if overexpressed in fibroblasts [START_REF] Wang | Potentiation of serum response factor activity by a family of myocardin-related transcription factors[END_REF].

The role of another SRF co-factor, Myocardin, is more complex (for review see [START_REF] Wang | Myocardin and ternary complex factors compete for SRF to control smooth muscle gene expression[END_REF])). As mentioned before, Myocardin is required for expression of the cardiac myogenic program in the heart [START_REF] Wang | Activation of cardiac gene expression by myocardin, a transcriptional cofactor for serum response factor[END_REF]. However, in mice, the Myocd knockout is lethal due to the loss of smooth musculature [START_REF] Li | The serum response factor coactivator myocardin is required for vascular smooth muscle development[END_REF], an observation that underscores an important role of Myocd in smooth muscle myogenesis. The crucial role of Myocd for smooth muscle myogenesis is reinforced by the observation that the expression of Myocardin in fibroblasts is sufficient to activate the expression of all smooth muscle genes, but only a subset of cardiac genes [START_REF] Wang | Myocardin is a master regulator of smooth muscle gene expression[END_REF]. Myocd inhibits the MyoG promoter and, therefore, is a negative regulator of skeletal muscle differentiation.

Myocd acts as a bifunctional switch for smooth vs skeletal muscle differentiation: skeletal myoblasts overexpressing Myocd are incapable to differentiate and acquire a SMC-like phenotype [START_REF] Long | Myocardin is a bifunctional switch for smooth versus skeletal muscle differentiation[END_REF]).

One of the distinctive features of smooth muscles is the plasticity of their phenotype. SMCs can switch between proliferating and differentiated phenotypes depending on extracellular signals.

This phenotypic plasticity is achieved due to the separation of DNA binding and transcriptional activation functions in transcription factors controlling the expression of smooth muscle genes. By interacting with its partners, Myocardin and Ets factors, in a mutually exclusive way [START_REF] Wang | Myocardin and ternary complex factors compete for SRF to control smooth muscle gene expression[END_REF], SRF can dynamically change the smooth muscle myoblast fate by switching it from myogenic differentiation to proliferation program and back (for review see [START_REF] Pipes | The myocardin family of transcriptional coactivators: versatile regulators of cell growth, migration, and myogenesis[END_REF]).

The phenotypic plasticity of smooth muscle cells opposes the stability of myogenic differentiation phenotype of skeletal muscles. In contrast to MyoD, Myocardin does not activate its own promoter, therefore, the SMC differentiation program is reversible. SRF however, does activate its own expression, but as its transactivation ability is low, this is probably not sufficient to irreversibly induce SMC differentiation program [START_REF] Spencer | Expression of the SRF gene occurs through a Ras/Sp/SRFmediated-mechanism in response to serum growth signals[END_REF].

1.3 microRNA

The discovery of microRNA

MiRNAs are 19 to 25nt-long RNAs. They were unintentionally discovered in 1993 in the laboratory of Victor Ambros. Members of his research team were searching for a protein encoded by the lin-4 gene known to repress lin-14, a regulator of larvae developmentin in C.elegans. Lin-4 protein has never been found, instead, it turned out that the lin-4 gene codes for a 66nt-long RNA that serves as a precursor for a shorter 22nt-long RNA that does not code for any peptide [START_REF] Lee | The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14[END_REF]. It was then shown that the 22nt-long miRNA is complementary to a region in the lin-14

3'UTR that is essential for the lin-4-dependent repression of lin-14 expression [START_REF] Lee | The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14[END_REF].

Discovery of other microRNAs followed soon after: in a similar way miRNA let-7 is complementary to a region in the 3'UTR of the lin-41 gene and inhibits its expression in C.elegans [START_REF] Reinhart | The 21-nucleotide let-7 RNA regulates developmental timing in Caenorhabditis elegans[END_REF]. Lin-4 founded a whole new class of non-coding RNAs initially called "small temporal RNA" because they were controlled in a timely fashion in the course of development. Nowdays this class of RNA is referred to as miRNAs (for review see [START_REF] Dautry | RNA interference: towards a functional genomics in mammalian cells?[END_REF]) (Huntzinger and Izaurralde 2011)).

Biogenesis of microRNA

Approximately 50% of microRNAs are encoded inside intrones of mRNA genes, although microRNA coding sequences can be also found in intergenic regions outside mRNA coding genes -(Lee and Ambros 2001) [START_REF] Griffiths-Jones | miRBase: tools for microRNA genomics[END_REF]. Expression of the intronic microRNAs can be dependent on the expression of the host gene, although this is not always the case. For example,

RNAPol II and RNAPol III-dependent promoters can be found inside introns and drive the expression of miRNAs independently from the promoter of a host gene [START_REF] Ozsolak | Chromatin structure analyses identify miRNA promoters[END_REF][START_REF] Monteys | Structure and activity of putative intronic miRNA promoters[END_REF]. Although microRNAs can be transcribed as polycystronic RNAs, the majority of microRNAs follow the rule "one transcript -one microRNA" (Lim et al. 2003a, Lim et al. 2003b) (Figure 11). Our understanding of the mechanisms of microRNA biogenesis started from an observation that the band on a northern blot corresponding to a 22-nt long mature microRNA was accompanied by a band corresponding to a 70-nt long RNA suggesting that mature microRNAs are generated as a result of a complex processing [START_REF] Lee | The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14[END_REF]. Indeed, the processing of microRNAs is a multistep process. Firstly, the microRNA genes are transcribed as primary microRNAs or pri-miRNAs of variable length, folded in complex stem-loop structure [START_REF] Lau | An abundant class of tiny RNAs with probable regulatory roles in Caenorhabditis elegans[END_REF]. Pri-miRNAs are then cleaved to 70-nt-long pre-microRNAs by the RNAse III Drosha within the 650KDa "Microprocessor". Then microRNAs are exported by Exportin 5 in the presence of Ran-GTP [START_REF] Lund | Nuclear export of microRNA precursors[END_REF]). The subsequent step of microRNA processing is performed by Dicer, a conserved multidomain protein that contains helicase, double-stranded RNA binding domain and RNAse III domain [START_REF] Lee | The nuclear RNase III Drosha initiates microRNA processing[END_REF].

Besides this canonical pathway, alternative microRNA processing does not utilize Drosha. This is the case of "Mirtrons" that are present in the introns that are cut out in the course of splicing .

Some other microRNAs can be also produced without the participation of Dicer (reviewed in [START_REF] Miyoshi | Many ways to generate microRNA-like small RNAs: non-canonical pathways for microRNA production[END_REF].

Mechanism of protein inhibition by miRNA

In almost all cases, microRNAs inhibit expression of their target mRNAs. This repression can take place at the protein or mRNA level. One of the two strands of the mature miRNA, generally with less homology at the 5'-end, associates with the protein Argonaut 2 (Ago2) whereby forming the core of the protein complex miRISC (miRNA-Induced Silencing Complex). The second strand is degraded in most cases (for review see [START_REF] Huntzinger | Gene silencing by microRNAs: contributions of translational repression and mRNA decay[END_REF]). Residues 2-8 of the mature miRNAs (the "seed") determine the specificity of miRNA towards its target mRNA (for review see [START_REF] Bartel | MicroRNAs: target recognition and regulatory functions[END_REF])) and are used in bioinformatic searches where miRNA-mRNA complementarity is the most important criterion [START_REF] Lewis | Prediction of mammalian microRNA targets[END_REF]).

In the case of a strong complementarity between the miRNA and its target mRNA, the cleavage by the Ago protein occurs inside the mRNA target at the position paired with bases 10-11 of the miRNA. The PIWI domain of the Argonaut protein is responsible for this cleavage step (for review see [START_REF] Bartel | MicroRNAs: genomics, biogenesis, mechanism, and function[END_REF]). This situation is, however, not typical in mammals where miRNA sequences are rarely perfectly complementary to the mRNA. In cases of imperfect complementarity, gene expression is rather repressed at the level of translation (for review see [START_REF] Bartel | MicroRNAs: genomics, biogenesis, mechanism, and function[END_REF])).

miRNA action at the level of translation

The mechanism of miRNA-dependent inhibition of transcription is not fully understood, results from different studies being often contradictory. Some studies have demonstrated an association of miRNA with polysomes suggesting that the translation is inhibited after initiation.

Other studies have pointed at the association of AGO2 protein with the mRNA cap. This association interferes with the eIF4F recruitment to mRNA that is necessary for translation initiation. The latter model suggesting that the miRNA interferes with translation initiation is reinforced by the observation that miRNAs cannot inhibit the translation of cap less mRNA or mRNA with internal ribosome entry sites (IRES) (for review see (Huntzinger and Izaurralde 2011)) (Figure 12). In some cases, microRNAs are produced from the two strands of the same precursor. If the predominance is unknown, the two microRNAs are labeled by suffixes -3p or -5p to indicate their origin from 3'-or 5'-end of the stem. If the predominant form is known, the minor form is marked by an asterisk. A prefix of 3-4 letters designates the species, e.g. "hsa" for homo sapiens.

The size of the letter R in the word "miR" plays its role to: the notation "mir-16" corresponds to the 70-nt-long miRNA precursor and "miR-16" -to the mature 22-nt-long miRNA. Caspase 9 [START_REF] Xu | The muscle-specific microRNAs miR-1 and miR-133 produce opposing effects on apoptosis by targeting HSP60, HSP70 and caspase-9 in cardiomyocytes[END_REF]. It is interesting to note that miR-1 and miR-133 derive from the same miRNA polycistronic pri-miRNA but demonstrate opposing impacts on myogenesis (Figure 13).

Other miRNAs upregulated during myogenesis include:

-miRNA-181a/b that promotes myogenesis by repressing the HoxA11 genes, a repressor of The overexpression of miR-1 inhibits cardiomyocyte proliferation, an effect that is attributed to the miR-1-dependent repression of HandII [START_REF] Zhao | Serum response factor regulates a muscle-specific microRNA that targets Hand2 during cardiogenesis[END_REF]. miR-133a inhibits proliferation by repressing Cyclin D2 expression in cardiomyocytes [START_REF] Liu | microRNA-133a regulates cardiomyocyte proliferation and suppresses smooth muscle gene expression in the heart[END_REF]. miR-133a also plays a role of a guardian of the cardyomyogenic differentiation by repressing SRF and preventing it from activation of the smooth muscle-specific genes [START_REF] Liu | microRNA-133a regulates cardiomyocyte proliferation and suppresses smooth muscle gene expression in the heart[END_REF]) (Figure 16). Krüppel-like factors inherited their names from the Krüppel transcription factor, a pattern regulator in Drosophila embryos [START_REF] Licht | Drosophila Kruppel protein is a transcriptional repressor[END_REF]). Krüppel-like factors share three highly homologous Cys2/His2 zinc fingers located at the C-terminus of the protein that ensure binding to specific DNA sequences called GC and CACCC boxes (Figure 17). The fingers are connected by the highly conserved TGEKP(Y/F)X linker called Krüppel-link. Due to high homology of their DNA binding domains, KLF factors recognize quite similar, although not identical, DNA sequences (for review see [START_REF] Pearson | Kruppel-like transcription factors: a functional family[END_REF]). However, there is little homology between various KLF outside the zinc fingers, in accordance with the functional versatility of the various family members.

KLF15 was identified in a one-hybrid screen for factors repressing the kidney-specific chloride channel CLC-K1 [START_REF] Uchida | Transcriptional regulation of the CLC-K1 promoter by myc-associated zinc finger protein and kidney-enriched Kruppel-like factor, a novel zinc finger repressor[END_REF]. Later KLF15 was rediscovered in another work [START_REF] Mori | Role of Kruppel-like factor 15 (KLF15) in transcriptional regulation of adipogenesis[END_REF]) but the credit for its discovery should obviously be attributed to Uchida et al. Although KLF15 was initially isolated from a kidney cDNA library, the expression of KLF15 is relatively widespread and not limited to kidneys. The highest expression levels of KLF15 were detected in kidney, liver, pancreas, white and brown adiposities, cardiac and skeletal muscles [START_REF] Gray | The Kruppel-like factor KLF15 regulates the insulinsensitive glucose transporter GLUT4[END_REF].

KLF15 is expressed in all muscle lineages and, within the blood vessel wall, localizes principally to SMCs [START_REF] Gray | The Kruppel-like factor KLF15 regulates the insulinsensitive glucose transporter GLUT4[END_REF].

Despite its expression in a wide variety of tissues, KLF15 is not a housekeeping gene. Its expression is upregulated during cardiomyogenesis [START_REF] Fisch | Kruppel-like factor 15 is a regulator of cardiomyocyte hypertrophy[END_REF]) and adipogenesis [START_REF] Mori | Role of Kruppel-like factor 15 (KLF15) in transcriptional regulation of adipogenesis[END_REF] suggesting that KLF15 might be an important developmental regulator in several types of tissues. Interestingly, KLF15 which was initially discovered as a transcriptional repressor, was later shown to function as an activator of transcription [START_REF] Otteson | Kruppel-like factor 15, a zinc-finger transcriptional regulator, represses the rhodopsin and interphotoreceptor retinoid-binding protein promoters[END_REF], Mori et al. 2005). Since then, increasing evidence has accumulated of importance and diversity of KLF15, a crucial regulator at the crossroad between metabolism, the development and energy expenditure. Below, we will consider the implication of KLF15 in various cellular processes including normal and pathological myogenesis.

KLF15 and gluconeogenesis

Glucose is the principal source of energy in mammalian cells. The increase in glucose level in the blood immediately after feeding induces insulin secretion by hepatocytes and activation of the glycolysis and glucose storage mechanisms. As a result, glucose is partly converted to glycogen which is stored in muscles and liver. Another part is converted into fat and stored in fat tissue (Figure 18). When hepatic glycogen stores are depleted, for example after overnight fasting, gluconeogenesis is turned on in order to prevent hypoglycemia (Figure 18). Gluconeogenesis depends on the presence of precursors that can be used for glucose synthesis. A major source of precursors is provided through the catabolism of muscle proteins to amino acids. The breakdown of leucine, isoleucine and valine, (the so called branched chain amino acids or BCAAs) down to alanine takes place in skeletal muscle [START_REF] Felig | Alanine: key role in gluconeogenesis[END_REF]. Then alanine is transported by the blood flow to the liver where it is converted to glucose via gluconeogenesis (Figure 19).

As many as 6% of the genes expressed in skeletal muscles are upregulated during fasting.

These genes include those involved in protein breakdown (ubiquitin proteasome pathway) and fatty acid oxydation (for review see [START_REF] Yamamoto | A Kruppel-like factor KLF15 contributes fasting-induced transcriptional activation of mitochondrial acetyl-CoA synthetase gene AceCS2[END_REF]). These changes represent an adaptive response of the organism to liberate glucose, but the mechanism underlying the transcriptional control of this process is unknown. KLF15 has been shown to be upregulated 28-fold in mouse skeletal muscles after 48h fasting [START_REF] Yamamoto | A Kruppel-like factor KLF15 contributes fasting-induced transcriptional activation of mitochondrial acetyl-CoA synthetase gene AceCS2[END_REF]). The promoter of KLF15 is controlled by the glucocorticoid receptor (GR) [START_REF] Shimizu | Crosstalk between glucocorticoid receptor and nutritional sensor mTOR in skeletal muscle[END_REF]) and KLF15 expression can be induced by dexamethasone [START_REF] Teshigawara | Role of Kruppel-like factor 15 in PEPCK gene expression in the liver[END_REF]) [START_REF] Yoshikawa | Ligand-based gene expression profiling reveals novel roles of glucocorticoid receptor in cardiac metabolism[END_REF]). Thus, activation of KLF15 expression during fasting is due to the increase in the concentration of glucocorticoids.

KLF15 cooperates with FoxoO1 to activate the E3-ubiquitin ligase enzymes Atrogin-1 and MuRF1 [START_REF] Shimizu | Crosstalk between glucocorticoid receptor and nutritional sensor mTOR in skeletal muscle[END_REF]) and thus controls the initial step in protein breakdown (for review see [START_REF] Sandri | Signaling in muscle atrophy and hypertrophy[END_REF]). KLF15 also activates the expression of genes involved in amino acid catabolism including BCAT2 (mitochondrial Branched Chain AminoTransferase 2), BCAT2 is a mitochondrial enzyme that catalyzes the first step in the catabolism of BCAAs and accelerates BCAA degradation and alanine production in skeletal muscle [START_REF] Gray | Regulation of gluconeogenesis by Kruppel-like factor 15[END_REF].

A role of KLF15 as an activator of amino acid catabolism genes was demonstrated in KLF15 knockout mice where amino acid catabolism genes are repressed in skeletal muscles. As a result, KLF15-deficient mice suffer from severe hypoglycemia after overnight fasting as they cannot activate the protein catabolism pathway [START_REF] Gray | Regulation of gluconeogenesis by Kruppel-like factor 15[END_REF].

Alanine produced in skeletal muscles is brought by the bloodstream to the liver where it is converted to pyruvate and then used for gluconeogenesis [START_REF] Felig | Alanine: key role in gluconeogenesis[END_REF]. Alanine catabolism in the liver involves a one-step conversion of alanine to the gluconeogenic substrate pyruvate by ALT1

(alanine aminotransferase 1). A key enzyme for the next steps of gluconeogenesis is PEPCK (phosphoenolpyruvate carboxykinase).

A microarray analysis revealed KLF15 overexpressed in the liver following a 24h fasting [START_REF] Teshigawara | Role of Kruppel-like factor 15 in PEPCK gene expression in the liver[END_REF]. KLF15 activates the expression of ALT1 [START_REF] Gray | Regulation of gluconeogenesis by Kruppel-like factor 15[END_REF]) and PEPCK [START_REF] Teshigawara | Role of Kruppel-like factor 15 in PEPCK gene expression in the liver[END_REF], suggesting that KLF15 controls both the initial alanine breakdown step and subsequent gluconeogenesis steps in the liver. KLF15 knockout mice develop normal muscles [START_REF] Fisch | Kruppel-like factor 15 is a regulator of cardiomyocyte hypertrophy[END_REF]) suggesting that KLF15 is dispensable for myogenic differentiation of skeletal muscle precursors during embryogenesis.

However, emerging evidence suggest an implication of KLF15 in controlling muscle mass in adults.

Maintenance of the skeletal muscle mass depends on equilibrium between anabolic and catabolic processes. In general, the fed state is anabolic while the fasting state is catabolic. Muscles that contribute 40% of the body mass serve as an important nutrient storage and supply facility. As mentioned before, catabolism of amino acids and proteins during fasting is required for glucose production via gluconeogenesis.

The expression of genes essential for catabolism is controlled by glucocorticoids which prevents life-threatening hypoglycemia during fasting. However, prolonged exposure to glucocorticoids is deleterious and induces atrophy of muscles, for review see [START_REF] Munck | Physiological functions of glucocorticoids in stress and their relation to pharmacological actions[END_REF].

Many pathological conditions, including sepsis and cachexia, are associated with an increase in circulating glucocorticoid levels (for review see [START_REF] Menconi | Role of glucocorticoids in the molecular regulation of muscle wasting[END_REF]. It has been recently demonstrated that glucocorticoid receptor (GR) activates the expression of KLF15 [START_REF] Shimizu | Crosstalk between glucocorticoid receptor and nutritional sensor mTOR in skeletal muscle[END_REF]. Therefore, KLF15 is implicated in the glucocorticoid-dependent muscle wasting.

There exists a second mechanism whereby KLF15 controls the skeletal muscle mass. Plasma amino acids are known to promote the synthesis, and inhibit the degradation of muscle proteins [START_REF] Fulks | Effects of insulin, glucose, and amino acids on protein turnover in rat diaphragm[END_REF]. Amino acids, and especially BCAA (Branched chain amico acids) such as Val, Leu and Ile, are known to activate mTOR (mammalian target of Rapamycin), a crucial component of the anabolic machinery and a crucial regulator of protein synthesis [START_REF] Bentzinger | Skeletal muscle-specific ablation of raptor, but not of rictor, causes metabolic changes and results in muscle dystrophy[END_REF]). KLF15

diminishes the concentration of BCAA by converting them to alanine during the process of gluconeogenesis (see above). Therefore, KLF15 indirectly inhibits mTOR and thus negatively modulates myofiber size and the muscle mass [START_REF] Shimizu | Crosstalk between glucocorticoid receptor and nutritional sensor mTOR in skeletal muscle[END_REF]).

In agreement with both models described above, the injection in mice of KLF15-encoding adenovirus caused atrophy in the tibialis anterior muscle [START_REF] Shimizu | Crosstalk between glucocorticoid receptor and nutritional sensor mTOR in skeletal muscle[END_REF].

1.4.3.2 KLF15 plays a role in cardiac muscle remodeling

KLF15 is expressed at very low levels during cardiac development in mice. The expression of KLF15 gradually increases in the heart after birth reaching the adult level at day 20 [START_REF] Gray | The Kruppel-like factor KLF15 regulates the insulinsensitive glucose transporter GLUT4[END_REF]. The KLF15 knockout mouse is viable, fertile and has a normal lifespan, although it is prone to cardiac hypertrophy [START_REF] Fisch | Kruppel-like factor 15 is a regulator of cardiomyocyte hypertrophy[END_REF]). This suggests that although KLF15 is apparently dispensable for cardiac development during embryogenesis, it might protect the heart from hypertrophy in adults.

Cardiac hypertrophy is a consequence of the reprogramming of cardiac gene expression in favor of "fetal" cardiac genes which code for contractile and metabolism-controlling proteins. The same program is used by the cell during normal development of the heart. Both processes share the same transcription factors: MEF2, GATA4, SRF and its co-activator Myocardin (Myocd) [START_REF] Frey | Cardiac hypertrophy: the good, the bad, and the ugly[END_REF]. Myocd mRNA expression levels are upregulated in failing heart [START_REF] Torrado | Myocardin mRNA is augmented in the failing myocardium: expression profiling in the porcine model and human dilated cardiomyopathy[END_REF] which is a natural response of cells to hypertrophic signals or stress.

KLF15 directly interacts with Myocd and prevents binding of Myocd to SRF. Inhibition of

Myocd by KLF15 leads to repression of "fetal" cardiac genes including ANF and alpha-SKA [START_REF] Leenders | Regulation of cardiac gene expression by KLF15, a repressor of myocardin activity[END_REF]). In addition, KLF15 acts as a repressor for GATA4 and MEF2 [START_REF] Fisch | Kruppel-like factor 15 is a regulator of cardiomyocyte hypertrophy[END_REF].

Therefore, in order to be able to activate the pathological mechanism of hypertrophic growth, cardiomyocytes first need to neutralize the hypertrophy inhibitor KLF15. It has been demonstrated that KLF15 expression is indeed repressed in failing hearts of patients with cardiomyopathy and patients with aortic stenosis [START_REF] Gray | The Kruppel-like factor KLF15 regulates the insulinsensitive glucose transporter GLUT4[END_REF], Haldar et al. 2010[START_REF] Leenders | Regulation of cardiac gene expression by KLF15, a repressor of myocardin activity[END_REF]. At the same time, KLF15 levels are not changed during exercise-induced heart hypertrophy [START_REF] Leenders | Tapping the brake on cardiac growthendogenous repressors of hypertrophic signaling[END_REF]. The KLF15 repression is controlled by a TGF-beta-p38-MAPK signaling cascade activated in stress conditions (for review see [START_REF] Leenders | Tapping the brake on cardiac growthendogenous repressors of hypertrophic signaling[END_REF]).

KLF15 in vascular smooth muscle remodeling

In arterial and venous beds KLF15 expression is restricted to VSMCs (vascular smooth muscle cells) [START_REF] Lu | Kruppel-like factor 15 regulates smooth muscle response to vascular injury--brief report[END_REF]. The pathological remodeling of the vessel wall that takes place during atherosclerosis and restenosis requires a switch from the differentiated (contractile) phenotype of smooth muscle cells (SMC) to the proliferating (synthetic) phenotype. Again, as in the case of heart muscle remodeling, KLF15 is an inhibitor of their pathological remodeling.

Testing aorta aneurism samples has shown that KFL15 expression levels are almost 10-fold lower as compared to controls [START_REF] Haldar | Klf15 deficiency is a molecular link between heart failure and aortic aneurysm formation[END_REF]. The aorta of KLF15 knockout mice is prone to aneurisms and intramural hematomas formation accompanied by reduced aorta wall thickness and increased apoptosis [START_REF] Haldar | Klf15 deficiency is a molecular link between heart failure and aortic aneurysm formation[END_REF].

The protective function of KLF15 against the pathological remodeling includes inhibition of SMC cells migration and proliferation [START_REF] Lu | Kruppel-like factor 15 regulates smooth muscle response to vascular injury--brief report[END_REF]) and inhibition of apoptosis [START_REF] Haldar | Klf15 deficiency is a molecular link between heart failure and aortic aneurysm formation[END_REF]). KLF15 has been shown to suppress cell growth, presumably by inhibiting the Cyclin A2

promoter [START_REF] Fernandez-Zapico | A functional family-wide screening of SP/KLF proteins identifies a subset of suppressors of KRAS-mediated cell growth[END_REF]). The anti-apoptotic function of KLF15 depends on p53 [START_REF] Haldar | Klf15 deficiency is a molecular link between heart failure and aortic aneurysm formation[END_REF]). The p300 acetyltransferase-dependent acetylation of p53 at multiple lysin residues is essential for p53 transcriptional activity and protein stability (Tang et al. 2008, Kruse and[START_REF] Kruse | Modes of p53 regulation[END_REF]. KLF15 overexpression inhibits p300-dependent p53 acetylation, thereby inhibiting its transcriptional activity [START_REF] Haldar | Klf15 deficiency is a molecular link between heart failure and aortic aneurysm formation[END_REF].

The exact mechanism of the p300-dependentn p53 acetylation via KLF15 remains unknown, although it probably involves the inhibition of interaction between p300 and p53 [START_REF] Haldar | Klf15 deficiency is a molecular link between heart failure and aortic aneurysm formation[END_REF].

One of the Krüppel-like family members, EKLF (Erythroid Krüppel-like factor), interacts with p300 via its transactivation domain (TAD) [START_REF] Mas | Structural and functional characterization of an atypical activation domain in erythroid Kruppel-like factor (EKLF)[END_REF]. It has been shown that the TAD of KLF15 is homologous to that in EKLF and p53 [START_REF] Mas | Structural and functional characterization of an atypical activation domain in erythroid Kruppel-like factor (EKLF)[END_REF].

It is thus tempting to speculate that KLF15 can "substitute" for p300 in the complex with p53, thereby inhibiting the p53 dependent p300 acetylation.

RESULTS

2.1 Article n°2: The role of Kruppel-like factor 15 in FSHD Facioscapulohumeral muscular dystrophy (FSHD), a dominant hereditary disease with a prevalence of 7 per 100,000 individuals, is associated with a partial deletion in the subtelomeric D4Z4 repeat array on chromosome 4q. The D4Z4 repeat contains a strong transcriptional enhancer that activates promoters of several FSHD-related genes.

We here report that the enhancer within the D4Z4 repeat binds the Krüppel-like factor KLF15. KLF15 was found to be upregulated during myogenic differentiation induced by serum starvation or by overexpression of the myogenic differentiation factor MYOD. When overexpressed, KLF15 activated the D4Z4 enhancer and led to overexpression of DUX4c (Double homeobox 4, centromeric) and FRG2 (FSHD region gene 2) genes, whereas its silencing caused inactivation of the D4Z4 enhancer. In immortalized human myoblasts the D4Z4 enhancer was activated by the myogenic factor MYOD, an effect that was abolished upon KLF15 silencing or when the KLF15 binding sites within the D4Z4 enhancer were mutated, indicating that the myogenesis-related activation of the D4Z4 enhancer was mediated by KLF15. KLF15 and several myogenesis-related factors were found to be expressed at higher levels in myoblasts, myotubes and muscle biopsies from FSHD patients than in healthy controls.

We propose that KLF15 serves as a molecular link between myogenic factors and the activity of the D4Z4 enhancer, and thus contributes to the overexpression of the DUX4c and FRG2 genes during normal myogenic differentiation and in FSHD. S1) and muscle biopsies from two healthy subjects (Norm) and four FSHD patients (Na, Nb and Fa to Fd in Table S1); mean results and S.E.M are shown for each group. Here we identified a set of microRNAs (miR-1, miR-133a, miR-133b, miR-107, miR-139, miR-152 and miR-331) that are differentially expressed during myogenic differentiation of normal and FSHD primary myoblasts. We propose to call these microRNAs FR-miRs (FSHD-related microRNAs).

Moreover, it is shown that DUX4c, a gene encoded in the 4q35 region and overexpressed in FSHD myoblasts is a direct activator of miR-1 and miR-133 expression. We propose a model whereby overexpressing DUX4c in FSHD induces overexpression of FR-miRs.

DUX4c regulates specific overexpression of myogenic microRNAs miR-1, and miR-133a in facioscapulohumeral dystrophy 

Abstract

Facioscapulohumeral muscular dystrophy (FSHD), is an autosomal dominant hereditary neuromuscular disorder linked to a chromosomal rearrangement within the subtelomeric region of chromosome 4q (4q35). This rearrangement is due to the deletion of integral numbers of the 3.3 Kb macrosatellite repeats (D4Z4). Recent studies have identified a defect in muscle differentiation in FSHD myoblasts.

The involvement of miRNA in myogenic differentiation is a well-established fact. Some miRNAs have been recently shown to be differentially expressed in FSHD, but the contribution of these miRNA to the disease phenotype and FSHD-specific gene expression profile remains unknown.

We have identified a set of microRNAs (miR-1, miR-133a, miR-133b, miR-107, miR-139, miR-152 and miR-331) that are differentially expressed during myogenic differentiation of normal and FSHD primary myoblasts. We have shown that DUX4c, a gene encoded in the 4q35 region and differentially overexpressed in FSHD myoblasts, is a direct activator of miR-1 and miR-133a expression. We propose a model where overexpression of DUX4c in FSHD induced overexpression of a fraction of FR-miRs.

INTRODUCTION

Facioscapulohumeral muscular dystrophy (FSHD) is a dominant neuromuscular disease with a prevalence of 1 in 20 000. FSHD is characterized by weakness and atrophy of specific groups of muscles that include muscles of face, shoulder girdle and lower extremities [START_REF] Tawil | Facioscapulohumeral muscular dystrophy[END_REF]). The FSHD locus has been mapped to the subtelomeric region 4q35 that contains an array of macrosatellite 3.3-kb repeats (D4Z4) [START_REF] Wijmenga | Chromosome 4q DNA rearrangements associated with facioscapulohumeral muscular dystrophy[END_REF]. The length of this array, currently used to confirm the genetic diagnosis of FSHD, varies from 35 to 300 kb in healthy subjects but is consistently shorter than 35 kb in FSHD patients [START_REF] Van Deutekom | FSHD associated DNA rearrangements are due to deletions of integral copies of a 3.2 kb tandemly repeated unit[END_REF].

Each D4Z4 repeat contains a functional promoter and an open reading frame for a double homeobox gene DUX4 [START_REF] Gabriels | Nucleotide sequence of the partially deleted D4Z4 locus in a patient with FSHD identifies a putative gene within each 3.3 kb element[END_REF][START_REF] Van Geel | The FSHD region on human chromosome 4q35 contains potential coding regions among pseudogenes and a high density of repeat elements[END_REF]) and a number of regulatory elements (reviewed in [START_REF] Dmitriev | Pearls in the junk: Dissecting the molecular pathogenesis of facioscapulohumeral muscular dystrophy[END_REF]). DUX4 is normally expressed during embryogenesis but downregulated in normal but not in FSHD differentiated muscular tissues [START_REF] Snider | Facioscapulohumeral dystrophy: incomplete suppression of a retrotransposed gene[END_REF]) (Lemmers et al. 2010b). Besides DUX4, other genes in the region 4q35 including DUX4c (double homeobox 4, centromeric), FRG1, FRG2 (FSHD region genes 1 and 2) and ANT1 (adenine nucleotide translocator) were shown to be upregulated in FSHD, although the overexpression of some of them in FSHD is a matter of debate (for review see [START_REF] Dmitriev | Pearls in the junk: Dissecting the molecular pathogenesis of facioscapulohumeral muscular dystrophy[END_REF]).

The cause of the 4q35 genes overexpression in FSHD may be attributed, at least partially, to a three-dimensional structure of the FHSD locus, that ensures the direct contact of regulatory elements of D4Z4 repeats with the promoters of the 4q35 genes (Pirozhkova et al. 2008) [START_REF] Bodega | Remodeling of the chromatin structure of the facioscapulohumeral muscular dystrophy (FSHD) locus and upregulation of FSHD-related gene 1 (FRG1) expression during human myogenic differentiation[END_REF]), a process influenced by matrix-attachment region located proximally to the D4Z4 array [START_REF] Petrov | Chromatin loop domain organization within the 4q35 locus in facioscapulohumeral dystrophy patients versus normal human myoblasts[END_REF]. In support of this model, we have shown recently that D4Z4 repeats contain a potent transcriptional enhancer [START_REF] Petrov | Genetics and epigenetics of facio-scapulohumeral progressive (Landouzy-Dejerine) muscular dystrophy[END_REF], Petrov et al. 2008) that interacted with a Krüppellike transcription factor 15 (KLF15) which in turn activated the DUX4c and FRG2 genes [START_REF] Dmitriev | The Kruppel-like factor 15 as a molecular link between myogenic factors and a chromosome 4q transcriptional enhancer implicated in facioscapulohumeral dystrophy[END_REF].

Transcriptional profiling of FSHD cells demonstrated a defect in myogenic differentiation program [START_REF] Bakay | Nuclear envelope dystrophies show a transcriptional fingerprint suggesting disruption of Rb-MyoD pathways in muscle regeneration[END_REF], [START_REF] Celegato | Parallel protein and transcript profiles of FSHD patient muscles correlate to the D4Z4 arrangement and reveal a common impairment of slow to fast fibre differentiation and a general deregulation of MyoD-dependent genes[END_REF]), (van Overveld et al. 2003), (Winokur et al. 2003b), deregulation of genes related to oxidative stress [START_REF] Laoudj-Chenivesse | Increased levels of adenine nucleotide translocator 1 protein and response to oxidative stress are early events in facioscapulohumeral muscular dystrophy muscle[END_REF], [START_REF] Tsumagari | Gene expression during normal and FSHD myogenesis[END_REF], (Winokur et al. 2003a) deregulation of vascular smooth muscle and endothelial cellsspecific genes [START_REF] Osborne | Expression profile of FSHD supports a link between retinal vasculopathy and muscular dystrophy[END_REF], as well as cell cycle related genes [START_REF] Cheli | Expression profiling of FSHD-1 and FSHD-2 cells during myogenic differentiation evidences common and distinctive gene dysregulation patterns[END_REF].

Ectopic expression of several 4q35 genes in mouse tissues and immortalized myoblasts cultured in vitro recapitulated some features of FSHD, suggesting that several 4q35 genes may contribute to FSHD transcriptome and eventually to the FSHD phenotype. Specifically, DUX4c and DUX4 were shown to inhibit myogenic differentiation, DUX4 was shown to induce oxydative stress (Bosnakovski et al. 2008a, Bosnakovski et al. 2008b) and atrophy of myoblasts cultured in vitro [START_REF] Vanderplanck | The FSHD Atrophic Myotube Phenotype Is Caused by DUX4 Expression[END_REF]. Finally, FRG1 overexpression in mouse muscles was shown to induce muscle atrophy [START_REF] Gabellini | Facioscapulohumeral muscular dystrophy in mice overexpressing FRG1[END_REF].

Recently the transcriptome analysis of FSHD cells was extended by microRNAs transcriptome profiling. It has been shown that miR517*, miR-186, miR-15, miR-23b were deregulated in FSHD tissues and myoblasts grown in vitro [START_REF] Eisenberg | Distinctive patterns of microRNA expression in primary muscular disorders[END_REF][START_REF] Cheli | Expression profiling of FSHD-1 and FSHD-2 cells during myogenic differentiation evidences common and distinctive gene dysregulation patterns[END_REF].

However, no myogenesis-related microRNA were found to be differentially expressed in FSHD in these studies.

We have analyzed the expression of miRNAs in tissue samples and primary myoblasts from healthy subjects and FSHD patients, and found that seven microRNAs (miR-1, miR-133a, miR-133b, miR-107, miR-139, miR-152 and miR-331) were upregulated. miR-1 and miR-133a/b are well known myogenesis-related miRNAs. We have shown finally that the overexpression of miR-1 and miR-133a is directly activated by DUX4c, a gene located at 4q35 and shown previously to be specifically upregulated in FSHD [START_REF] Ansseau | DUX4c is up-regulated in FSHD. It induces the MYF5 protein and human myoblast proliferation[END_REF][START_REF] Dmitriev | The Kruppel-like factor 15 as a molecular link between myogenic factors and a chromosome 4q transcriptional enhancer implicated in facioscapulohumeral dystrophy[END_REF]. Untimely overexpression of myogenic microRNAs demonstrated in this work might contribute to pathological phenotype of FSHD.

RESULTS

Identification of miRNA differentially expressed in FSHD (FR-miRs)

We have used a high-throughput TaqMan qRT-PCR approach to compare miRNA expression profiles in total RNA extracted from four FSHD and four normal primary myoblast cell lines (Table 1). Out of 240 microRNAs tested, seven were found to be overexpressed in FSHD vs normal myoblasts (Figure 1). We will here designate these miRNAs as FR-miRs for FSHD-related microRNAs. Among them, and found that several myogenic microRNAs (myoMiRs), including miR-1 and miR-133a/b, are significantly upregulated in FSHD. We have also found that miR-139, miR-152, miR-107 and miR-331 were also upregulated in FSHD myoblasts (Figure 1). We will here designate these miRNAs as FR-miRs for FSHD-related microRNAs. miR-1 and miR-133a/b exhibited 2 to 15-fold higher expression in FSHD as compared to normal myoblasts. These miRNAs have been reported previously as overexpressed during myogenic differentiation (for review see (Ge and Chen 2011)). The expression of these myogenic miRNAs in FSHD cells was confirmed using Ambion miRNA arrays (data not shown). Similarly, miR-107, miR-139, miR-152, and miR-331 that were also found to be expressed at a higher level in FSHD vs normal myoblasts (Figure 1), are overexpressed during myogenic differentiation of human normal myoblasts (data not shown). Thus, all seven miRNAs that were found overexpressed in FSHD myoblasts are also upregulated during normal myogenic differentiation suggesting the existence of a molecular link between them.

DUX4c activates myogenic miRNAs

Recent studies have indicated that DUX4 and DUX4c transcription factors are overexpressed in FSHD and may play an important role in the onset of this disease (Bosnakovski et al. 2008a), (Bosnakovski et al. 2008b) [START_REF] Vanderplanck | The FSHD Atrophic Myotube Phenotype Is Caused by DUX4 Expression[END_REF]. To test whether DUX4 and DUX4c may be responsible for the upregulation of FR-miRs in FSHD, we have overexpressed these transcription factors in immortalized human myoblasts. Firstly, we have confirmed that these myoblasts can upregulate myogenic microRNAs in response to ectopic MYOD expression or serum-starvation induced myogenic differentiation in vitro (data not shown). We found that DUX4c activated the expression of myogenic microRNAs miR-1 and miR-133a/b approximately 3-fold (Figure 2A). We have also found that DUX4c activates the expression of miR-107, but not other FR-miRs (data not shown). In contrast to DUX4c, DUX4 inhibited the expression of myogenic microRNAs miR-1 and miR-206, but did not affected the expression of other FR-miRs (Figure 2A and data not shown)

We then confirmed these results by the miRNA activity assay using miR-sensor plasmids containing a luciferase reporter gene fused to the 3'-UTRs of the WHSC2 gene containing miR-133a/b recognition sites [START_REF] Care | MicroRNA-133 controls cardiac hypertrophy[END_REF] or the HandII gene containing miR-1/206 recognition sites [START_REF] Zhao | Serum response factor regulates a muscle-specific microRNA that targets Hand2 during cardiogenesis[END_REF]. DUX4c overexpression inhibited the expression of luciferase of both miR-133a/b and miR-1/206 sensors but not their mutant versions indicating that DUX4c overexpression indeed induced the expression of miR-1 and miR-133a/b and these microRNAs were functionally active (Figure 2B). The impact of DUX4 overexpression on miR-sensors was not statistically significant.

We conclude that DUX4c activates the expression of miR-1, miR-133a/b, and miR-107 and these microRNA are functionally active as indicated by their ability to repress miR-sensors. Although we did not detect an effect of DUX4c nor DUX4 on the expression of miR-139, -152 and -331 we cannot exclude that these microRNAs are indirectly controlled by DUX4 or DUX4c.

DUX4c and DUX4 bind to microRNA promoters in vivo

To test whether DUX4 and DUX4c directly controlled the promoters of myogenic microRNAs we immunoprecipitated chromatin associated with DUX4 and DUX4c using specific antibodies. We found that DUX4c protein was 2 to 3-fold enriched on miR1-1 and miR133a-1 promoters compared to an unrelated sequence (Alu-repeat). DUX4 was enriched approximately 10fold on the miR-1-1 promoter (Figure 3). There results suggest that DUX4c directly control the expression of miR-1 and miR-133a, while DUX4 directly binds to the miR-1-1 promoter and inhibits its activity.

DUX4c activates miR1, and 133 in FSHD myoblasts

After having found that DUX4c specifically binds to miR-1 and miR-133a promoters and activates the expression of these miRNAs we have tested whether DUX4c is responsible for the miR-1 and miR-133 overexpression in FSHD myoblasts. We have transfected the normal and FSHD myoblasts with siRNAs against DUX4c and tested the expression of microRNAs miR-1 and miR-133 in the myoblasts with DUX4c knockdown. We found that in DUX4c-transfected myoblasts from FSHD patients, the expression level of miR-1 and miR-133 is similar to that in the control cells from normal individuals (Figure 4). We conclude that DUX4c overexpression in FSHD is indeed responsible for the observed upregulation of miR-1 and miR-133 in FSHD myoblasts.

A subset of FR-miR target genes is downregulated in FSHD

MiRNAs regulate gene expression either by inducing de-adenylation and degradation of mRNA or inhibiting translation of their target genes [START_REF] Bartel | MicroRNAs: genomics, biogenesis, mechanism, and function[END_REF]). If a gene is controlled at the level of transcript stability by a given miRNA, it will be repressed in samples where that microRNA is overexpressed, in other words, the expression levels of a miRNA and its target gene should be inversely correlated with the expression of its target gene. To test whether the differential expression of miRNAs between FSHD and normal myoblasts had a functional significance, we thus decided to look at the expression level of their potential target genes.

The majority of validated microRNA target genes that are currently available from public databases miRTar Base (http://mirtarbase.mbc.nctu.edu.tw/) and MiRWalk (http://www.ma.uniheidelberg.de/apps/zmf/mirwalk/mirnatargetpub.html) are regulated at the level of translation.

However, the number of genes regulated by miRNAs at the level of transcript stability outnumbers those controlled at the level of translation [START_REF] Lim | Microarray analysis shows that some microRNAs downregulate large numbers of target mRNAs[END_REF]) [START_REF] Guo | Mammalian microRNAs predominantly act to decrease target mRNA levels[END_REF]).

We thus selected target genes that are potentially regulated by FR-miR at the level of transcript stability. For this purpose we adopted the following strategy. First, we used the RNA22 algorithm to predict target genes for each FR-miR [START_REF] Miranda | A pattern-based method for the identification of MicroRNA binding sites and their corresponding heteroduplexes[END_REF]). Then we measured the expression level of RNA22-predicted target genes in samples with high and low expression levels of FR-miRs (normal myotubes and myoblasts respectively). Only those target genes with expression levels inversely correlated with FR-miR expression levels were considered as "confirmed FR-miR targets" (Table S1 file available online). Some of the targets found in this study have been published before. For example, we could confirm the CAND1 and CCND1 genes as miR-1 targets and the CENPA and TAF9B genes as miR-139 targets [START_REF] Lim | Microarray analysis shows that some microRNAs downregulate large numbers of target mRNAs[END_REF][START_REF] Ohlsson Teague | MicroRNA-regulated pathways associated with endometriosis[END_REF]) (Table S1, excel file available online).

We then analyzed the expression of validated FR-miRNA target genes in FSHD as compared to normal myoblasts. We found that in FSHD myoblasts with FR-miRNAs overexpressed, most but not all of the confirmed target genes were downregulated. Thus, CAND1, one miR-1 target gene, was downregulated while another, CCND1, was not (Figure 5). Similarly, only a fraction of miR-139 targets were downregulated when miR-139 was overexpressed (Figure 5). Overall, in FSHD myoblasts overexpressing miR-1 and miR-139, 57.6% and 60% of the corresponding confirmed target genes were downregulated respectively. As reported in Table 2, higher percentages of downregulated genes were found in case of other FR-miRs, ranging from 68.4% for miR-133b to 75.6% for miR-152 (Table 2).

We therefore conclude that FR-miRs fail to downregulate a fraction of their target genes in FSHD myoblasts suggesting that this regulatory mechanism of gene expression is, at least partially, perturbed in FSHD.

Several functionally important target genes escape the control by FR-miR in FSHD

The fact that only a subset of FR-miR controlled target genes is downregulated in FSHD suggested that the functions of FR-miR are perturbed in FHSD myoblasts. Functional classification of the confirmed FR-miR target genes indicated that these microRNAs control cell cycle and myogenesis-related genes, as was demonstrated previously by others, and suggested an implication of these microRNAs in the regulation of kinase activity that was not known previously (Figure 6, Tables 2 andS2). Within every functional class only a fraction of target genes was actually downregulated in FSHD myoblast. We found that while some FR-miR functions stay virtually intact, some others might be severely compromised.

For example the 4 main functions of miR-107 target genes are protein transport, cell cycle regulation, DNA damage response and apoptosis. Only 50% of miR-107 target genes implicated in cell cycle regulation are still downregulated in FSHD myoblasts suggesting that the ability of miR-107 to repress cell-cycle related genes might be compromised in FSHD (Figure 6 andTable2).

Interestingly, cell cycle regulation and DNA damage response are present within top-four functional classes of genes targeted by miR-1, miR-133a/b and miR-139 but only a minor fraction of these genes is still downregulated in FSHD. Other miRNA functions that might be compromised in FSHD include ubiquitination/proteolysis, chromatin organization and modification and cytoskeleton organization (Figure 6).

Taken together these results suggest that some function of FR-miR may be specifically affected in FSHD.

DISCUSSION

Significant progress in understanding of the pathology of FSHD was made possible by numerous genomic [START_REF] Lemmers | Specific Sequence Variations within the 4q35 Region Are Associated with Facioscapulohumeral Muscular Dystrophy[END_REF]) (Lemmers et al. 2010a) (Lemmers et al. 2010b), transcriptomic (Winokur et al. 2003b) [START_REF] Bakay | Nuclear envelope dystrophies show a transcriptional fingerprint suggesting disruption of Rb-MyoD pathways in muscle regeneration[END_REF]) [START_REF] Celegato | Parallel protein and transcript profiles of FSHD patient muscles correlate to the D4Z4 arrangement and reveal a common impairment of slow to fast fibre differentiation and a general deregulation of MyoD-dependent genes[END_REF]) [START_REF] Tsumagari | Gene expression during normal and FSHD myogenesis[END_REF]) [START_REF] Cheli | Expression profiling of FSHD-1 and FSHD-2 cells during myogenic differentiation evidences common and distinctive gene dysregulation patterns[END_REF]) and proteomic studies (Laoudj-Chenivesse et al. 2005) [START_REF] Celegato | Parallel protein and transcript profiles of FSHD patient muscles correlate to the D4Z4 arrangement and reveal a common impairment of slow to fast fibre differentiation and a general deregulation of MyoD-dependent genes[END_REF]). Here we profiled miRNA expression and examined the role of these important posttranscriptional regulators in FSHD to gain insight into specific regulation of gene expression in this disease. We have found that 7 microRNAs (miR-1, miR-133a, miR-133b, miR-107, miR-139, miR-152 and miR-331) that we named FR-miRs (FSHD-related microRNAs) are overexpressed in proliferating FSHD myoblasts (Figure 1). Interestingly, some of these miRNAs were previously found overexpressed in other muscular dystrophies, e.g. miR-1 and miR-133 in Duchenne muscular dystrophy and miR-107 in LGMD [START_REF] Cacchiarelli | miRNAs as serum biomarkers for Duchenne muscular dystrophy[END_REF]) [START_REF] Eisenberg | Distinctive patterns of microRNA expression in primary muscular disorders[END_REF]). We could not confirm the overexpression of miR517* in FSHD myoblasts and biopsies, as demonstrated by others [START_REF] Eisenberg | Distinctive patterns of microRNA expression in primary muscular disorders[END_REF]) (data not shown).

All FR-miRs identified in this study are upregulated during normal myogenesis. miRNA-1 and miRNA-133 are expressed in cardiac and skeletal muscle and their transcription is activated by the myogenic differentiation factors MyoD, Mef2, and SRF [START_REF] Rao | Myogenic factors that regulate expression of muscle-specific microRNAs[END_REF]). Overexpression of miRNA-1 in mouse cardiac progenitors has a negative effect on proliferation, where it targets the transcription factor Hand2, involved in myocyte expansion [START_REF] Zhao | Serum response factor regulates a muscle-specific microRNA that targets Hand2 during cardiogenesis[END_REF]. Overexpression of miRNA-1 and miR-206 in skeletal myoblasts is sufficient to induces their myogenic differentiation.

Other FR-miRs, miR-107, miR-139, miR-152 and miR-331 were not previously associated with myogenesis and their role in this process remained unknown. However, we showed that these miRNAs are also upregulated during myogenic differentiation (data not shown).

We here show that DUX4c was bound to the promoters of miR-1 and miR-133 genes and its overexpression induced the expression of miR-1 and miR-133. DUX4 was bound also to miR-1

promoter, but its overexpression repressed miR-1. We have also found that DUX4 overexpression repressed the miR-206 expression, but we could not detect DUX4 on the miR-206 promoter (Figures 2,3). We have shown previously that DUX4c is overexpressed in proliferating FSHD myoblasts and differentiated myotubes [START_REF] Dmitriev | The Kruppel-like factor 15 as a molecular link between myogenic factors and a chromosome 4q transcriptional enhancer implicated in facioscapulohumeral dystrophy[END_REF]) [START_REF] Ansseau | DUX4c is up-regulated in FSHD. It induces the MYF5 protein and human myoblast proliferation[END_REF]. Therefore, the upregulation of the DUX4c expression level in FSHD may explain the overexpression of miR-1, miR-133a/b and miR-107. We have partly confirmed this hypothesis by demonstrating that knocking down the DUX4c expression in FSHD myoblasts leads to the normalization of miR-1 and miR-133 expression levels (Figure 4). However, DUX4c overexpression in FSHD is not sufficient to explain the overexpression of miR-139, -152 and -331 in FSHD myoblasts that might implicate the participation of another factor.

Overexpression of FR-miRs in FSHD myoblasts is functionally relevant since we observed a decrease in expression levels of the majority of their target genes in FSHD samples as compared to controls. However, several FR-miRs target genes fail to be downregulated in FSHD myoblasts suggesting that the functionality of these microRNAs may be compromised in these cells (Figures 5,6). Similar effect was observed previously in mdx mouse where the simultaneous upregulation of miR-206 and its target gene Utrn (Urotropin) has been demonstrated in diaphragm muscle indicate that miRNA-dependent repression may be compromised in disease too [START_REF] Mccarthy | MicroRNA-206 is overexpressed in the diaphragm but not the hindlimb muscle of mdx mouse[END_REF].

Functional classification of FR-miR target genes indicated that the genes specifically related to cell cycle control and DNA damage response escaped miRNA-dependent repression in FSHD myoblasts , while other functions, including cytoskeleton organization, regulation of kinase activity, and ubiquitination/proteolysis were virtually unchanged (Figure 6). The reason why cell cycle control and DNA damage response escape the control by FR-miR remains unknown. There are two explanations possible. First, miRNA-dependent repression pathway may be impaired in FSHD, second, some other factors may take over the control of the promoters and overrule the miRNAdependent repression of these genes in FSHD. We favor the second model because our transcriptome analysis of FSHD myoblasts did not reveal significant changes in the expression of miRNA processing-related genes (data not shown).

Specific escape of cell cycle and DNA damage response-related genes from the FR-miR control indicates that FSHD myoblasts simultaneously express two competing biological programs:

(i) myogenic program, as witnessed by overexpression of myogenesis-related microRNAs and concomitant repression of the majority of their target genes; (ii) proliferative program manifested as overexpression of cell cycle and DNA damage related genes. Successful completion of myogenic differentiation requires the arrest of the cell cycle. Therefore, a simultaneous expression of two incompatible biological programs explains why FSHD myoblasts do not prematurely enter myogenic differentiation but demonstrate a defect in myogenic differentiation previously observed by others (Winokur et al. 2003b[START_REF] Laoudj-Chenivesse | Increased levels of adenine nucleotide translocator 1 protein and response to oxidative stress are early events in facioscapulohumeral muscular dystrophy muscle[END_REF][START_REF] Bakay | Nuclear envelope dystrophies show a transcriptional fingerprint suggesting disruption of Rb-MyoD pathways in muscle regeneration[END_REF][START_REF] Celegato | Parallel protein and transcript profiles of FSHD patient muscles correlate to the D4Z4 arrangement and reveal a common impairment of slow to fast fibre differentiation and a general deregulation of MyoD-dependent genes[END_REF]).

This study raises several questions. Firstly, what is the origin of this functional dualism in proliferating FSHD myoblasts? Is DUX4c an essential factor for miR-1 and miR-133 upregulation in normal myogenesis? Does the overexpression of myogenic microRNAs in proliferating FSHD myoblasts affects later stages of myogenesis? Replying to all these questions will help to understand better not only the FSHD pathology but also the process of normal myogenic differentiation.

MATERIALS AND METHODS

Cell culture conditions and siRNA transfection. The rhabdomyosarcoma cell line RD (a kind gift of Dr. S. Leibowitz) was grown as described [START_REF] Petrov | A nuclear matrix attachment site in the 4q35 locus has an enhancer-blocking activity in vivo: implications for the facio-scapulo-humeral dystrophy[END_REF]. Primary human myoblasts were isolated from skeletal muscles of healthy subjects as described in [START_REF] Barro | Myoblasts from affected and non-affected FSHD muscles exhibit morphological differentiation defects[END_REF], for details see Table 1), purified with an immuno-magnetic sorting system (MiltenyiBiotec, USA) using an anti-CD56/NCAM antibody according to the manufacturer's specifications. CD56-positive myoblasts were seeded in collagen-coated Petri dishes (P1) and cultured in DMEM, 10% FCS, 1% Ultroser G, at 37°C with 5% CO 2 .All experiments were carried out between P1 and P5 to avoid cell senescence.

Myoblast purity was determined by staining for Desmin. Proliferating primary human myoblasts were transfected as described [START_REF] Vanderplanck | The FSHD Atrophic Myotube Phenotype Is Caused by DUX4 Expression[END_REF], RNA was prepared 24h after transfection.

Human Immortalized myoblasts (a kind gift of Dr. V. Mouly) were cultivated as described previously [START_REF] Zhu | Cellular senescence in human myoblasts is overcome by human telomerase reverse transcriptase and cyclin-dependent kinase 4: consequences in aging muscle and therapeutic strategies for muscular dystrophies[END_REF].

Biopsies. The biopsies have been obtained in accordance with the French national regulations. The origin of biopsies is listed in Table S1 (excel file available online).

Reporter gene assays. 1x10 4 HeLa or 5x10 3 RD cells were plated onto 24-well plates and after 24h

were cotransfected with 0.5 µg of pGL3-based miR-1/206 or miR-133a/b reporter plasmids containing luciferase gene fused to 3'-UTR of Hand2 [START_REF] Zhao | Serum response factor regulates a muscle-specific microRNA that targets Hand2 during cardiogenesis[END_REF] or Whsc2 gene [START_REF] Care | MicroRNA-133 controls cardiac hypertrophy[END_REF]) respectively and 0. Chromatin immunoprecipitation. 20x10^6 rhabdomyosarcoma TE-671 cells were transfected with 3 mkg of using pCIneo-DUX4c, pCIneo-DUX4 [START_REF] Vanderplanck | The FSHD Atrophic Myotube Phenotype Is Caused by DUX4 Expression[END_REF] or GFP-coding plasmid (Stratagene) mixed in 1:3 ratio JetPEI (Polyplus); 24h after transfection, chromatin was prepared, sonication-sheared and 5mkg were used for immunoprecipitation with 1mkg of specific antibodies:

rabbit anti-DUX4c [START_REF] Ansseau | DUX4c is up-regulated in FSHD. It induces the MYF5 protein and human myoblast proliferation[END_REF], mouse anti-DUX4 9A12 [START_REF] Dixit | DUX4, a candidate gene of facioscapulohumeral muscular dystrophy, encodes a transcriptional activator of PITX1[END_REF] or pre-immune rabbit or mouse IgGs (Abcam) using ChiP-IT Express Kit (Active Motif). Immunoprecipitated DNA was then amplified using specific primers (5' to 3') for promoters of microRNA genes (miR-1-1, Forward: ACATATCGATACAATTAAGTATTCCAAAGTGCT, Reverse:

GTGCTCACCAGCTCCTAATGA, Probe: 6FAM-CCACTCGCTAAGTTTAC; miR-133a-1, Forward: CCTGATGTGATATATGTTGTTTTTAGGTTGGT, Reverse:

TGTGTCTTTGTGGGAATTAGTAAGCAA, Probe: 6FAM-AACGCCTGTGAAATTA; Alu, Forward: GCGGGCGCCTGTAGT, Reverse: CCGGGTTCACGCCATTCT, Probe: 6FAM-CAGCCTCCCAAGTAGC) and TaqMan 2x Gene Expression Master Mix (#4369016, AB) on Custom TLDA array (AB), PCR-amplification and data acquisition were performed using AB7900HT Real-Time PCR machine (AB). The results were normalized to control antibodies and expressed as % of input.

Transcriptome profiling. Human primary myoblasts were sacrificed directly on plates at 30% confluency using Trizol, RNA was prepared using organic extraction and ethanol precipitation as described [START_REF] Chomczynski | The single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction: twenty-something years on[END_REF] followed by silica column cleanup on silica columns (Nucleospin RNA Extraction kit, Macherey Nagel). RNA extracted from individual myoblast lines was Cy3-labeled, mixed with with a pool of RNA samples labeled with Cy5 and hybridized to Gene Expression microarrays (4x44k #G4112F, Agilent) and scanned as instructed by the manufacturer.

Scanned images were then analysed using the Feature Extraction software (Agilent) and the treatment of the gene expression data was performed using R and Bioconductor.
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The 3 Discussion and conclusions. An update for the unifying model of FSHD

My PhD work has aimed at deciphering the mechanism of onset of facioscapulohumeral muscular dystrophy (FSHD), a severe disease with no treatment available. Over 20 years after the mapping of FSHD to chromosome 4q [START_REF] Wijmenga | Chromosome 4q DNA rearrangements associated with facioscapulohumeral muscular dystrophy[END_REF], one of the rare characteristics of FSHD, that do not raise controversy is the involvement of the D4Z4 repeats in the disease. D4Z4 repeats harbor a gene coding for a double homeobox transcription factor, DUX4. The reduction in copy number of chromosome 4-specific macrosatellite D4Z4 repeats and/or their demethylation are hallmarks of FSHD (for review see [START_REF] Richards | Facioscapulohumeral muscular dystrophy (FSHD): an enigma unravelled?[END_REF]). Once proven that DUX4 was expressed in FSHD cells [START_REF] Dixit | DUX4, a candidate gene of facioscapulohumeral muscular dystrophy, encodes a transcriptional activator of PITX1[END_REF]) [START_REF] Snider | Facioscapulohumeral dystrophy: incomplete suppression of a retrotransposed gene[END_REF], a unifying genetic model explaining the specific DUX4 overexpression in FSHD was put forward (Lemmers et al. 2010b). A single nucleotide polymorphism (SNP) in the 4qA region located distally to the array of the D4Z4 repeats, and a short array of D4Z4 repeats together are specifically linked to the occurence of FSHD. The role of the FSHD-specific SNP is to provide a polyadenylation signal stabilizing the DUX4 mRNA transcribed from the telomere-most D4Z4 repeat in the array (Lemmers et al. 2010b). This finding, together with the results of others showing that D4Z4 repeats within a short D4Z4 array are demethylated and their decompacted chromatin structure compatible with the activation of the DUX4 promoter [START_REF] Zeng | Specific loss of histone H3 lysine 9 trimethylation and HP1gamma/cohesin binding at D4Z4 repeats is associated with facioscapulohumeral dystrophy (FSHD)[END_REF], provides an explanation of how DUX4 might be exclusively expressed in myogenic cells of FSHD patients.

Pathological features of FSHD Model Sensitivity to oxidative stress (Winokur et al. 2003a) [START_REF] Barro | Myoblasts from affected and non-affected FSHD muscles exhibit morphological differentiation defects[END_REF]) [START_REF] Macaione | RAGE-NF-kappaB pathway activation in response to oxidative stress in facioscapulohumeral muscular dystrophy[END_REF] DUX4 sensitizes cells to oxydative stress (Bosnakovski et al. 2008b) Loss of myogenic differentiation (Winokur et al. 2003b) [START_REF] Celegato | Parallel protein and transcript profiles of FSHD patient muscles correlate to the D4Z4 arrangement and reveal a common impairment of slow to fast fibre differentiation and a general deregulation of MyoD-dependent genes[END_REF] DUX4 inhibits myogenic differentiation (Bosnakovski et al. 2008b) [START_REF] Bosnakovski | Biphasic Myopathic Phenotype of Mouse DUX, an ORF within Conserved FSHD-Related Repeats[END_REF] [START_REF] Wallace | DUX4, a candidate gene for facioscapulohumeral muscular dystrophy, causes p53-dependent myopathy in vivo[END_REF]) [START_REF] Vanderplanck | The FSHD Atrophic Myotube Phenotype Is Caused by DUX4 Expression[END_REF] DUX4c inhibits myogenic differentiation (Bosnakovski et al. 2008a) FRG1 overexpression leads to impairment of myogenic differentiation [START_REF] Wuebbles | Testing the effects of FSHD candidate gene expression in vertebrate muscle development[END_REF] [START_REF] Gabellini | Facioscapulohumeral muscular dystrophy in mice overexpressing FRG1[END_REF] Apoptosis [START_REF] Sandri | Caspase 3 expression correlates with skeletal muscle apoptosis in Duchenne and facioscapulo human muscular dystrophy. A potential target for pharmacological treatment?[END_REF] DUX4 induces apoptosis [START_REF] Kowaljow | The DUX4 gene at the FSHD1A locus encodes a pro-apoptotic protein[END_REF], Bosnakovski et al. 2008b) [START_REF] Bosnakovski | Biphasic Myopathic Phenotype of Mouse DUX, an ORF within Conserved FSHD-Related Repeats[END_REF]) [START_REF] Wallace | DUX4, a candidate gene for facioscapulohumeral muscular dystrophy, causes p53-dependent myopathy in vivo[END_REF]) Mitochondrial respiratory chain [START_REF] Slipetz | Deficiency of complex III of the mitochondrial respiratory chain in a patient with facioscapulohumeral disease[END_REF] ANT1 is overexpressed in FSHD (Laoudj-Chenivesse et al. 2005) Vasculopathy/angiogenesis [START_REF] Osborne | Expression profile of FSHD supports a link between retinal vasculopathy and muscular dystrophy[END_REF] FRG1 is crucial for angiogenesis (Wuebbles et al. 2009a) (Wuebbles et al. 2009b) Impaired splicing [START_REF] Gabellini | Facioscapulohumeral muscular dystrophy in mice overexpressing FRG1[END_REF] [START_REF] Snider | Facioscapulohumeral dystrophy: incomplete suppression of a retrotransposed gene[END_REF] FRG1 is involved in pre-mRNA processing [START_REF] Van Koningsbruggen | FRG1P-mediated aggregation of proteins involved in pre-mRNA processing[END_REF]) [START_REF] Rappsilber | Large-scale proteomic analysis of the human spliceosome[END_REF] Table 1 Contribution of the 4q35 genes in the understanding of the FSHD pathology.

However, this cannot explain why other genes in the region 4q35 are also overexpressed in this disease. Emerging evidence suggests that the DUX4 gene plays a central role in the disease onset. Indeed, it has been shown that DUX4 is involved in the processes that constitute the core of FSHD pathogenesis: it sensitizes myoblasts to oxidative stress, inhibits myogenic differentiation, and induces apoptosis (Table 1). However, DUX4 alone does not account for the entire FSHD phenotype. For example, it cannot explain the deregulation of the mitochondrial respiratory chain or of the angiogenesis-related genes, nor the upregulation of 4q35 genes in FSHD. DUX4 doe snot provide any explanation for a phenomenon of miR-1 and miR-133a/b overexpression in FSHD (Manuscript 1). Furthermore, the heterogeneity of disease manifestations, variability in the age of onset, frequent non-muscular manifestations of FSHD, discourage the assignment of all pathological functions to a single gene. We rather consider FSHD as a complex multigenic syndrome.

These limitations underscore the fact that we should not forget about the regulatory function of the D4Z4 repeats (reviewed in [START_REF] Dmitriev | Pearls in the junk: Dissecting the molecular pathogenesis of facioscapulohumeral muscular dystrophy[END_REF]) and their possible impact on the expression of 4q35 genes. Although 4q35 genes have been shown previously as highly relevant to the FSHD pathology. FRG1, an inhibitor of myoblast proliferation [START_REF] Chen | Decreased proliferation kinetics of mouse myoblasts overexpressing FRG1[END_REF]) and myogenic differentiation [START_REF] Wuebbles | Testing the effects of FSHD candidate gene expression in vertebrate muscle development[END_REF]) is localized to sarcomere and thus linked to the muscle contractile machinery [START_REF] Hanel | Facioscapulohumeral muscular dystrophy (FSHD) region gene 1 (FRG1) is a dynamic nuclear and sarcomeric protein[END_REF]. Upregulation of ADP/ATP carrier and an important regulator of the oxidative phosphorylation system, ANT1, may be associated with the involvement of mitochondria [START_REF] Laoudj-Chenivesse | Increased levels of adenine nucleotide translocator 1 protein and response to oxidative stress are early events in facioscapulohumeral muscular dystrophy muscle[END_REF] as well as apoptosis [START_REF] Sandri | Caspase 3 expression correlates with skeletal muscle apoptosis in Duchenne and facioscapulo human muscular dystrophy. A potential target for pharmacological treatment?[END_REF]) in FSHD.

DUX4c has been shown to inhibit the myogenic differentiation program (Bosnakovski et al. 2008a) [START_REF] Ansseau | DUX4c is up-regulated in FSHD. It induces the MYF5 protein and human myoblast proliferation[END_REF]. FRG2 is the only gene in the region 4q35 without a known function but its overexpression in FSHD has been clearly demonstrated [START_REF] Rijkers | FRG2, an FSHD candidate gene, is transcriptionally upregulated in differentiating primary myoblast cultures of FSHD patients[END_REF]) (Klooster et al. 2009b).

Figure 21 An modified unifying model of FSHD. In myoblasts from healthy subjects, three factors could interfere with FRG2 and DUX4c expression: (i) low expression of KLF15 keeps the activity of the D4Z4 enhancer low; (ii) The MAR (Matrix Attachment Region) is bound to the nuclear matrix, separating the DUX4c and FRG2 genes from the D4Z4 repeats; (iii) the heterochromatin structure of the D4Z4 repeats prevents binding of any activating transcription factors. During normal myogenic differentiation and in FSHD, the expression and activity of myogenic factors increases (in the case of FSHD this upregulation may be due to moderate oxidative stress), MYOD activates the expression of KLF15; the structure of the D4Z4 repeats is changed to euchromatin facilitating binding of KLF15 to the D4Z4 enhancer; The MAR becomes less efficient and allows interaction between the D4Z4 enhancer and the DUX4c and FRG2 gene promoters. The DUX4 gene, a potential inducer of moderate oxidative stress, is separated from the KLF15-controlled D4Z4 enhancer by enhancer blocking elements thus preventing the D4Z4 enhancer to activate it. The mechanism of DUX4 upregulation in FSHD is linked to a specific polymorphism (1614qA) that allows stabilization of its mRNA and seems to be KLF15independent. MAR.

The present work started from the hypothesis that the overexpression of 4q35 genes in FSHD was controlled by the D4Z4 enhancer [START_REF] Petrov | A nuclear matrix attachment site in the 4q35 locus has an enhancer-blocking activity in vivo: implications for the facio-scapulo-humeral dystrophy[END_REF]. According to this model, the D4Z4 enhancer contacts the promoters of the 4q35 genes, thus forming a chromatin loop (Pirozhkova et al. 2008) [START_REF] Bodega | Remodeling of the chromatin structure of the facioscapulohumeral muscular dystrophy (FSHD) locus and upregulation of FSHD-related gene 1 (FRG1) expression during human myogenic differentiation[END_REF]); this contact is lost in normal cells due to a more efficient nuclear matrix attachment [START_REF] Petrov | Chromatin loop domain organization within the 4q35 locus in facioscapulohumeral dystrophy patients versus normal human myoblasts[END_REF]. The role of the transcriptional activator of the D4Z4 enhancer was ascribed to a factor X, and the identification of this factor was the first challenge of this project. The principal results obtained along this work indicate that KLF15, a krüppel-like transcription factor (KLF15) might be the factor X. They can be summarized as follows (Figure 21): Conclusions I -The transcription factor KLF15 was identified as a transcription factor binding to D4Z4 repeats and controlling the activity of the D4Z4 enhancer; -The KLF15-controlled D4Z4 enhancer was shown to activate the DUX4c (Double Homeobox 4, centromeric) and FRG2 (FSHD region 2) genes in the region 4q35; -KLF15 was found to be overexpressed in tissues and cells of FSHD patients, providing the basis for DUX4c and FRG2 overexpression in FSHD.

An unexpected finding was that KLF15 is also upregulated during normal myogenic differentiation. This suggested that the KLF15-controlled D4Z4 enhancer might play a role in the normal myogenic differentiation process. It has been shown previously by others that 4q35 genes, including FRG1, DUX4c and FRG2, are also upregulated during normal myogenic differentiation [START_REF] Bodega | Remodeling of the chromatin structure of the facioscapulohumeral muscular dystrophy (FSHD) locus and upregulation of FSHD-related gene 1 (FRG1) expression during human myogenic differentiation[END_REF] [START_REF] Ansseau | DUX4c is up-regulated in FSHD. It induces the MYF5 protein and human myoblast proliferation[END_REF] [START_REF] Rijkers | FRG2, an FSHD candidate gene, is transcriptionally upregulated in differentiating primary myoblast cultures of FSHD patients[END_REF]). The results I obtained along with my colleagues provide a mechanism for this phenomenon. This can be summarized as follows:

Conclusions II:

-KLF15 is upregulated during normal myogenic differentiation; -The expression of KLF15 is activated by the myogenic factor MyoD; -The D4Z4 enhancer activity is induced by MyoD in a KLF15-dependent manner; -The upregulation of DUX4c and FRG2 gene expression during myogenic differentiation depends on KLF15.

The discovery that KLF15 is upregulated during normal myogenesis unexpectedly provided an explanation for the phenomenon of KLF15 upregulation in FSHD. miRNA expression profiling of FSHD myoblasts provided an evidence that several microRNAs, including myogenesis-related miRNAs miR-1, miR-133a, miR-133b are overexpressed in FSHD suggesting that part of the myogenesis program is prematurely activated in FSHD myoblasts. Therefore, KLF15 upregulation in FSHD may be explained by a partial activation of the myogenesis program in FSHD.

A partial activation of the myogenic program in FSHD was further examined using a transcriptomic approach. It was revealed that several target genes of myogenic miRNAs failed to be downregulated in FSHD myoblasts, suggesting that the functionality of these microRNAs may be compromised in these cells. A functional classification of target genes indicated that genes implicated in cell cycle control and DNA damage response escaped miRNA-dependent repression in FSHD myoblasts. It is well-known that a successful completion of the myogenic differentiation program requires an arrest in the cell cycle. Therefore, the inability of myogenic miRNAs to fulfill their biological function in FSHD cells, e.g. repress cell cycle-related genes, might contribute to a defect in the myogenic differentiation program, a phenomenon previously observed in FSHD cells by others.

Taken together, the results of this part of the work can be summarized as follows:

Conclusions III:

-Several microRNAs including myogenic microRNAs miR-1 and miR-133a are overexpressed in FSHD myoblasts; -The expression of miR-1 and miR-133a was directly activated by the transcription factor DUX4c; -In FSHD miR-1 and miR-133a fail downregulate their natural target gene set.

These results ascribe the partial activation of the myogenic differentiation program to the activity of the DUX4c transcription factor which is activated by KLF15. As a premature activation of the myogenic program in FSHD cells presumably leads to the upregulation of KLF15 expression in these cells, our results suggest the existence of a positive feedback loop linking KLF15, the D4Z4 enhancer, DUX4c, myogenic microRNAs and the myogenic transcription factor MyoD (Figure 22).

There exist a complementary explanation for a partial activation of myogenic factors in FSHD. It has been shown that DUX4 could be an inducer of oxidative stress in FSHD (Bosnakovski et al. 2008b). Oxidative stress activates the expression of myogenic factors via a mechanism that implicates FAK (Focal adhesion kinase)-dependent loss of MBD2/HDAC1/2-dependent inhibition of myogenin. Here FAK plays a role of oxidative stress sensor: in oxydative stress conditions it delocalizes to the nucleus where it interacts with MBD2, thus destroying the MBD2/HDAC1/2 repressor complex on the myogenin promoter [START_REF] Luo | Regulation of heterochromatin remodelling and myogenin expression during muscle differentiation by FAK interaction with MBD2[END_REF]). Thus, this alternative model would place DUX4 as an "ignition" factor that initiates the pathological mechanism in FSHD (Figure 22).

The results obtained here that both DUX4-related and -unrelated events can play an important role in FSHD, contribute to a better understanding of the mechanisms leading to FSHD. Altogether, our findings may be applied in perspective for the development of a novel therapeutic strategy targeting FSHD. 3.1 KLF15, a potential target for a novel FSHD therapy?

Several clinical trials have already been conducted in FSHD patients with apparently no successful results (for review see [START_REF] Tawil | Facioscapulohumeral muscular dystrophy[END_REF]). The first clinical trials in FSHD have targeted inflammation. The presence of inflammatory cells within muscle fibers is a common feature in FHSD, as in inflammatory myopathies such as dermatomyositis, polymyositis or early phases of Duchenne muscular dystrophy. Approximately 60% of the patients suffer from inflammation in pelvic girdle and lower extremity muscles [START_REF] Frisullo | CD8(+) T cells in facioscapulohumeral muscular dystrophy patients with inflammatory features at muscle MRI[END_REF]). While early reports indicated that FSHD patients with severe inflammation improved after treatment with prednisone [START_REF] Munsat | Inflammatory myopathy with facioscapulohumeral distribution[END_REF]) [START_REF] Bates | Polymyositis" with involvement of facial and distal musculature. One form of the fascioscapulohumeral syndrome?[END_REF], subsequent reports showed that prednisone treatment only cause a temporary improvement in serum creatine kinase levels (relatively common marker of myopathy) in some patients with no impact on muscle performance and disease progression in the long-term (Munsat andBradley 1977, Wulff et al. 1982). A 3-month long prednisone pilot trial based on these case reports failed to show an improvement in strength or muscle mass [START_REF] Tawil | A pilot trial of prednisone in facioscapulohumeral muscular dystrophy. FSH-DY Group[END_REF]). As a longterm improvement has never been demonstrated in corticosteroid-treated FSHD patients, this therapeutic strategy was abandoned. However, anti-inflammatory drugs are still prescribed occasionally to FSHD patients with severe inflammation in muscular tissues.

Other FSHD therapies have targeted wasting and atrophy of skeletal muscle, a common feature in all muscular dystrophies. These therapeutic approaches were based on the activation of pro-hypertrophic or inhibiting pro-atrophic signaling cascades in the muscles of FSHD patients. The well-known pathways controlling the muscle growth that can be targeted by drugs are represented by Myostatin-, IGF-1-and β2 adrenergic receptors. The β2 agonists, such as clenbuterol, salbutamol and albuterol, have exhibited several positive effects on muscle function and metabolism including stimulation of satellite cell proliferation, increase in muscle protein synthesis and an inhibition of proteolysis.

The albuterol clinical trial conducted as a 1 year placebo-controlled trial in 90 patients indicated that the muscle mass increased in patients that were taking albuterol, but this positive effect did not lead to a improvement in the strength of FSHD patients [START_REF] Kissel | Pilot trial of albuterol in facioscapulohumeral muscular dystrophy. FSH-DY Group[END_REF]. A myostatin inhibition trial did not lead to a functional improvement in FSHD patients either [START_REF] Wagner | A phase I/IItrial of MYO-029 in adult subjects with muscular dystrophy[END_REF]. The activation of the IGF1 pathway was not considered as a prospective approach for FSHD treatment due to multiple adverse effects of systemic IGF1 administration.

A common view on the reasons the failure of these approaches is that they do not target the cause but the consequences of the disease. The first attempt to target the cause of the problem in FSHD was an attempt to induce methylation of the D4Z4 repeats in FSHD patients via food supplements. It has been shown that folic acid is essential for the synthesis of methionine which, in turn, is required for the maintenance of DNA methylation (van der [START_REF] Van Der Kooi | No effect of folic acid and methionine supplementation on D4Z4 methylation in patients with facioscapulohumeral muscular dystrophy[END_REF]. However, the attempt to restore a normal methylation pattern of the D4Z4 repeats in FSHD patients by folic acid and methionin administration proved unsuccessful (van der [START_REF] Van Der Kooi | No effect of folic acid and methionine supplementation on D4Z4 methylation in patients with facioscapulohumeral muscular dystrophy[END_REF]. Another recently proposed prospective therapeutic approach includes RNAi-mediated inhibition of DUX4 [START_REF] Vanderplanck | The FSHD Atrophic Myotube Phenotype Is Caused by DUX4 Expression[END_REF]) and FRG1 [START_REF] Bortolanza | AAV6-mediated Systemic shRNA Delivery Reverses Disease in a Mouse Model of Facioscapulohumeral Muscular Dystrophy[END_REF].

Our results suggest that the D4Z4 repeat-binding transcription factor KLF15 plays a role in FHSD by inducing the expression of several genes in the 4q35 region. This provides a scientific rationale for a novel prospective FSHD therapeutic approach targeting KLF15 in skeletal muscles of FSHD patients. KLF15 inhibition in dystrophic FSHD muscles could possibly neutralize the pathological activation of 4q35 gene expression. Moreover, the results of others showing that KFL15 is a potential inducer of muscle atrophy, suggest that inhibiting KLF15 expression could prove beneficial not only in FSHD, but also in other muscle wasting diseases such as cancer cachexia, myositis and various inheritable muscular dystrophies.

Possible ways for KLF15-based therapeutic strategies include retrovirus-delivered shRNA to inhibit expression of KLF15, or small molecules capable of specifically blocking KLF15 DNA binding or transactivation activity. Alternatively, KLF15 expression could be modulated by interfering with its natural regulation pathways. For example, it has been shown that injection of branched chain amino acids (BCAA) represses KLF15 expression [START_REF] Shimizu | Crosstalk between glucocorticoid receptor and nutritional sensor mTOR in skeletal muscle[END_REF]. Moreover, the abundance of natural mechanisms that influence the expression level of KLF15, including various hormones and cytokines, gives an advantage over other RNAi-based therapeutic methods that require a still poorly developed technique of siRNA delivery into patient's cells.

Certain precautions have to be taken, however, if KLF15-based therapy is to be considered as a valid therapeutic approach. It has been shown that KLF15 is involved in a number of important processes in skeletal muscles, liver and heart. For example KLF15 inhibition in the cardiovascular system may cause heart failure and aortic aneurism [START_REF] Haldar | Klf15 deficiency is a molecular link between heart failure and aortic aneurysm formation[END_REF]. Inhibition of KLF15 in skeletal muscles may also cause a life threatening hypoglycemia [START_REF] Shimizu | Crosstalk between glucocorticoid receptor and nutritional sensor mTOR in skeletal muscle[END_REF]. Therefore, particular care will be mandatory should a systemic inhibition of KLF15 be envisioned.

ANNEXES

Article n°3

Introduction of new antibiotic resistance genes in the plasmids of interest is a frequent task in molecular cloning practice. Classical approaches involving digestion with restriction endonucleases and ligation are time-consuming. We have created a set of insertion vectors (pINS) carrying genes that provide resistance to various antibiotics (puromycin, blasticidin and G418) and containing a loxP site. Each vector (pINS-Puro, pINS-Blast or pINS-Neo) contains either a chloramphenicol or a kanamycin resistance gene and is unable to replicate in most E.coli strains as it contains a conditional R6Kγ replication origin. Introduction of the antibiotic resistance genes into the vector of interest is achieved by Cre-mediated recombination between the replication-incompetent pINS and a replication-competent target vector. The recombination mix is then transformed into E.coli and selected by the resistance marker (kanamycin or chloramphenicol) present in pINS, which allows to recover the recombinant plasmids with 100% efficiency. Here we propose a simple strategy that allows to introduce various antibiotic-resistance genes into any plasmid containing a replication origin, an ampicillin resistance gene and a loxP site.

Article n°4

Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant hereditary neuromuscular disorder linked to chromosomal rearrangement within the subtelomeric region of chromosome 4q (4q35). The clinical features of FSHD include weakness of the facial and shoulder girdle muscles followed by wasting of skeletal muscles of the pelvic girdle and lower extremities.

Although FSHD myoblasts grown in vitro can differentiate into myotubes by serum starvation, the resulting FSHD myotubes have been shown previously to be morphologically abnormal. In order to find the cause of morphological anomalies of FSHD myotubes we compared in vitro myogenic differentiation of normal and FSHD myoblasts at the protein level. We induced myogenic differentiation of normal and FSHD myoblasts by serum starvation. We then compared protein extracts from proliferating myoblasts and differentiated myotubes using SDS-PAGE followed by mass spectrometry identification of differentially expressed proteins. We demonstrated that that the expression of vimentin was elevated at the protein and mRNA levels in FSHD myotubes as compared to normal myotubes. We demonstrate for the first time that in contrast to normal myoblasts, FSHD myoblasts fail to downregulate vimentin after induction of in vitro myogenic differentiation.

Vimentin could be as an easily detectable marker of FSHD myotubes.

Figure 1 .

 1 Figure 1. Facioscapulohumeral and scapuloperoneal presentation and groups of muscles affected in the

Figure 2 .

 2 Figure 2. Schematic representation of conserved functional elements within the D4Z4 repeat (nucleotides 1-3296): Enhancer (nt 1-329) (Petrov et al. 2007) containing KLF15 sites (Dmitriev et al. 2011); Insulator (nt 382-814) containing CTCF sites (Ottaviani et al. 2009); Promoter (nt 1600-1729) containing a divergent TATA-box (CATAA)[START_REF] Gabriels | Nucleotide sequence of the partially deleted D4Z4 locus in a patient with FSHD identifies a putative gene within each 3.3 kb element[END_REF]), a D4Z4 binding element (DBE) that includes Nucleolin, HMGB2 and YY1 sites[START_REF] Gabellini | Inappropriate gene activation in FSHD: a repressor complex binds a chromosomal repeat deleted in dystrophic muscle[END_REF]; DUX4 open reading frame (nt 1797-3063)[START_REF] Gabriels | Nucleotide sequence of the partially deleted D4Z4 locus in a patient with FSHD identifies a putative gene within each 3.3 kb element[END_REF]; Fragments "329" (nt 1-329)[START_REF] Petrov | A nuclear matrix attachment site in the 4q35 locus has an enhancer-blocking activity in vivo: implications for the facio-scapulo-humeral dystrophy[END_REF]).

Figure 3 .

 3 Figure 3. 3-dimensional structure of the 4q35 region implicated in FSHD. M: Nuclear matrix attachment region; tel: telomere. Previously published data indicate that telomeric DNA may be attached to the nuclear matrix (de Lange 1992).

Figure 4 .

 4 Figure 4. A specific combination of polymorphisms of the region 4q35 constitute the FSHD predisposition haplotype.

Figure 5 .

 5 Figure 5. The model explaining the upregulation of 4q35 genes in FSHD

Figure 6

 6 Figure 6 Distinct embryonic origin of different groups of skeletal muscles (Duprez 2011).

Figure 7

 7 Figure 7 Distinct genetic cascades controlling development of different groups of skeletal muscles in embryogenesis (Braun and Gautel 2011).

Figure 9

 9 Figure 9 Embryonic, fetal, and adult myogenesis in the mouse (Duprez 2011).

  heart is the first organ formed during development. Cardiomyocytes develop from the splanchnic mesoderm located around the endothelial heart tube. The heart development is governed by a set of core transcription factors including MEF2, NK2 homeobox proteins, GATA family of zinc-fingers transcription factors, T-box family transcription factor Tbx and Hand family of bHLH transcription factors. These factors are necessary for cardiac cell fate determination, contractile

Figure 11

 11 Figure 11Examples of microRNA gene structure[START_REF] Kim | Biogenesis of small RNAs in animals[END_REF]).

Figure 12

 12 Figure 12The schematic representation of microRNA processing and microRNA dependent regulation of gene expression

  1.3.4.1 microRNA in normal skeletal myogenesis and muscular dystrophy Many miRNAs are expressed in skeletal and cardiac muscles. Some of them are exclusively expressed or highly enriched in these tissues suggesting that they might play a specific role in myogenesis (for review see[START_REF] Braun | Transcriptional mechanisms regulating skeletal muscle differentiation, growth and homeostasis[END_REF] (Ge and Chen 2011) [START_REF] Callis | Muscling through the microRNA world[END_REF] [START_REF] Guller | MicroRNAs in skeletal muscle: their role and regulation in development, disease and function[END_REF]).In vertebrates miR-1/206 and miR-133a/b families of microRNA originate from bicistronic transcripts on three different chromosomes. The transcription of miR1-1/133a-2 and miR-1-2 and miR-133a-1 common to cardiac and skeletal muscles is controlled by two separate enhancers (one upstream and one intronic) bound by SRF, MyoD and MEF2 transcription factors[START_REF] Liu | An intragenic MEF2-dependent enhancer directs muscle-specific expression of microRNAs 1 and 133[END_REF]),[START_REF] Rao | Myogenic factors that regulate expression of muscle-specific microRNAs[END_REF],[START_REF] Zhao | Serum response factor regulates a muscle-specific microRNA that targets Hand2 during cardiogenesis[END_REF]) (Figure13). The skeletal muscle-specific cluster of microRNAs encoding miR-206 and miR-133b[START_REF] Chen | The role of microRNA-1 and microRNA-133 in skeletal muscle proliferation and differentiation[END_REF]) is exclusively controlled by a MyoD-dependent enhancer[START_REF] Rao | Myogenic factors that regulate expression of muscle-specific microRNAs[END_REF]) (Figure13). During myogenic differentiation, miR-1, miR-206 and miR-133a/b are strongly overexpressed following the upregulation of myogenic factors MyoD and MyoG[START_REF] Chen | The role of microRNA-1 and microRNA-133 in skeletal muscle proliferation and differentiation[END_REF])[START_REF] Rao | Myogenic factors that regulate expression of muscle-specific microRNAs[END_REF]. In agreement with this, signaling cascades such as FGF-ERK-MAPK inhibiting the expression and/or activity myogenic factors also inhibit miR-1, -206 and -133a/b expression[START_REF] Sweetman | Specific requirements of MRFs for the expression of muscle specific microRNAs, miR-1, miR-206 and miR-133[END_REF]).

Figure 13 .

 13 Figure 13. Three bicistronic clusters of muscle-specific miRNAs Three bicistronic gene clusters each encoding two miRNAs are shown. miR-1-1, -1-2 and -206 are nearly identical in sequence, as are miR-133a-2, -133-a-1 and -133b. Cis-regulatory elements that direct muscle-specific expression of each locus are indicated by black boxes, and the transcription factors that act through these elements areshown[START_REF] Williams | MicroRNA control of muscle development and disease[END_REF]).

  MyoD[START_REF] Naguibneva | The microRNA miR-181 targets the homeobox protein Hox-A11 during mammalian myoblast differentiation[END_REF]); -miR-27b and miR-486 induce myoblast differentiation by inhibiting the expressionof Pax3 and Pax7 genes respectively[START_REF] Dey | miR-206 and -486 induce myoblast differentiation by downregulating Pax7[END_REF] [START_REF] Crist | Muscle stem cell behavior is modified by microRNA-27 regulation of Pax3 expression[END_REF]. The expression of miR-486 is activated by MRTF-A, SRF and MyoD[START_REF] Small | Regulation of PI3-kinase/Akt signaling by muscleenriched microRNA-486[END_REF]; -miR-24 promotes skeletal muscle differentiation probably by inhibiting TGF-β pathway[START_REF] Sun | Transforming growth factor-beta-regulated miR-24 promotes skeletal muscle differentiation[END_REF]); -miR-208b/499 are expressed both in skeletal and cardiac muscle and regulate myofiber type specification. These microRNAs are encoded within introns of their myosin-coding host genes (beta-MHC in case of miR-208b and Myh7b in case of miR-499) (van Rooij et al. 2009); -miR-214 and miR-26a promote myogenesis by inhibiting the Polycomb group protein Ezh2 (Juan et al. 2009) (Wong and Tellam 2008); -miR-29b/c was shown to promote myogenic differentiation by inhibiting YY1 transcription factor (Wang et al. 2008); -miR-322/424 and miR-503 promote myogenic differentiation by inhibiting Cdc25A expression (Sarkar et al. 2010); The phosphatase Cdc25A activates cell cycle progression by removing the inhibitory phosphorylation from Cyclin-dependent kinase Cdk2. Fewer microRNAs have been shown previously to be downregulated during myogenesis:-miR-221/222 repress the expression of the Cyclin-dependent kinase inhibitor gene (Cdkn1b/Kip1, also known as p27) (le[START_REF] Le Sage | Regulation of the p27(Kip1) tumor suppressor by miR-221 and miR-222 promotes cancer cell proliferation[END_REF]. The expression of miR-221/222 is activated by the Ras-MAPK pathway known for its inhibitory impact on myogenic differentiation[START_REF] Cardinali | Microrna-221 and microrna-222 modulate differentiation and maturation of skeletal muscle cells[END_REF]).-miR-125b is an inhibitor of myogenic differentiation and muscle regeneration targeting the expression of pro-myogenic factor IGF-II. The expression of miR-125b[START_REF] Polesskaya | Lin-28 binds IGF-2 mRNA and participates in skeletal myogenesis by increasing translation efficiency[END_REF])(Ge et al. 2011) is negatively controlled by mTOR signaling (for review see(Ge and Chen 2011)).

Figure 14 .

 14 Figure 14. miRNA-transcription factor circuits involved in skeletal muscle development MEF2 and MyoD control expression of miR-1, miR-133 and miR-206 in skeletal muscle. Targets for repression by these miRNAs, and the processes they regulate during skeletal muscle development, are shown (Williams et al. 2009).

Figure 15 .

 15 Figure 15. microRNA promote myogenic differentiation by repressing Pax3 and Pax7genes[START_REF] Braun | Transcriptional mechanisms regulating skeletal muscle differentiation, growth and homeostasis[END_REF] 

  The cardiomyocyte-specific miR-208a is encoded within an intron of the α-MHC (alpha myosin heavy chain) gene and regulates myofiber specification. Both miR-208 and α-MHC are heartspecific and controlled by common regulatory elements[START_REF] Van Rooij | Control of stress-dependent cardiac growth and gene expression by a microRNA[END_REF]).

Figure 16

 16 Figure16miRNA-transcription factor circuits involved in cardiac growth and development Expression of miR-1 and miR-133 in cardiac muscle is controlled by MEF2 and SRF. Targets for repression by miR-1 and miR-133, and the processes they regulate during cardiac growth and development, are shown.[START_REF] Williams | MicroRNA control of muscle development and disease[END_REF] 

Figure 17

 17 Figure17the general structure of a transcription factor in the Krüppel-like family[START_REF] Pearson | Kruppel-like transcription factors: a functional family[END_REF]).

Figure 18

 18 Figure 18 The dynamics of insulin, glucagon and glucose levels in the blud during starvation (figure from Harper's biochemistry Illustrated)

Figure 19

 19 Figure 19The role of KLF15 in gluconeogenesis

Figure 20

 20 Figure 20The role of KLF15 in lipid metabolism.

Figure 1 .

 1 Figure 1. KLF15 interacts with the D4Z4 repeat. A. Schematic representation of conserved functional elements within the D4Z4 repeat (nucleotides 1-3296): Enhancer (nt 1-329) (Petrov et al. 2007) containing KLF15 sites (this study); Insulator (nt 382-814) containing CTCF sites (Ottaviani et al. 2009); Promoter (nt 1600-1729) containing a divergent TATA-box (CATAA) (Gabriels et al.1999) a D4Z4 binding element (DBE) that includes Nucleolin, HMGB2 and YY1 sites[START_REF] Gabellini | Inappropriate gene activation in FSHD: a repressor complex binds a chromosomal repeat deleted in dystrophic muscle[END_REF]; DUX4 open reading frame (nt 1797-3063)[START_REF] Gabriels | Nucleotide sequence of the partially deleted D4Z4 locus in a patient with FSHD identifies a putative gene within each 3.3 kb element[END_REF]; Fragments "329" (nt 1-329)[START_REF] Petrov | A nuclear matrix attachment site in the 4q35 locus has an enhancer-blocking activity in vivo: implications for the facio-scapulo-humeral dystrophy[END_REF], "170" (nt 1-170) and "A" (nt 120-170) used in this study are shown.Nucleotide numeration starts from the first nucleotide of the KpnI site that separates individual repeats in the D4Z4 array. Arrows indicate positions of forward and reverse primers used to PCR amplify fragment "A". B. Fragment "170" forms two complexes (I and II) with proteins in HeLaS3 nuclear extracts. EMSA analysis of a nuclear extract incubated with 32 P-labeled fragment "170" in the presence of 3-, 10-, 30-, 100-, 300-or 1000-fold excess of cold specific competitor; "-e": no

Figure 2 .

 2 Figure 2. A. Overexpression of the KLF15 gene activates the D4Z4 enhancer. Luciferase activity was measured in HeLa cells co-transfected with pEA-Pro or pE170-Pro reporters along with plasmids expressing SP1, EGR1, KLF15 or GFP (control). Stars indicate p-value <0.01 (Student's t-test). B. Mutations in the KLF15 recognition sites abolish the KLF15-dependent activation of the D4Z4 enhancer. Wild-type fragment A containing KLF15, SP1, ZNF44 and EGR1 recognition sites and its mutant versions (mut-a, b and c) were cloned upstream of the SV40 promoter into the luciferase reporter vector. Nucleotides 1 to 35 in the 50bp-long wild-type and mutant versions of fragment A are shown (corresponding to nucleotides 120-155 within the D4Z4 repeat). K and S refer to the presence of intact KLF15 or SP1 sites, respectively. Luciferase activity was measured in rhabdomyosarcoma (RD) cells co-transfected with the indicated reporters along with the KLF15 or SP1 plasmids. *p-value <0.01 (Student's t-test). C. KLF15 silencing inhibits the activity of the D4Z4 enhancer. Left panel. Human immortallized myoblasts (iMyo) were transiently transfected with siRNA against KLF15 or scrambled control. KLF15 expression was revealed by Western blotting. Right panel: KLF15 expression was measured by qRT-PCR in iMyo transiently transfected with siRNA against KLF15 or scrambled siRNA. Luciferase activity was measured in iMyo cells transiently co-transfected with reporter pEA-Pro and siRNA against KLF15 or scrambled siRNA. *p-value <0.02 (Student's t-test).

Figure 3 .

 3 Figure 3. KLF15 activates DUX4c and FRG2. A Left panel. FRG1, FRG2, ANT and KLF15 expression was measured using RT-PCR in RD cells transiently transfected with the KLF15 plasmid.*p-value <0.01 (Student's t-test). Right panel. The expression of FRG2 is controlled by KLF15. KLF15 (endogenous and ectopic), FRG2, and MYH1 expression was measured by qRT-PCR in proliferating and differentiated primary human myoblasts from a normal subject transiently transfected with a siRNA against KLF15 or scrambled control siRNA. *p-value <0.01 (Student's t-test). B. KLF15 activates DUX4c. The D4Z4 enhancer activates the DUX4c promoter in a KLF15-dependent manner. Luciferase activity was measured in iMyo cells co-transfected with KLF15 plasmid or an empty vector control and reporter constructs containing the luciferase gene under the control of the SV40 (p-Pro) or the DUX4c promoter, alone (p-ProDUX4c) or downstream of fragment "170" (pE170-ProDUX4c). ** p-value <0.1; * p-value <0.05 (Student's t-test). The same experiment was repeated using luciferase reporter constructs including the

Figure 4 .

 4 Figure 4. A. KLF15 is upregulated during myogenic differentiation. Left panel. Expression of KLF15, Troponin T1 (TNNT1) and Myogenin (MYOG) was measured using qRT-PCR in primary proliferating human myoblasts (Prolif) and differentiated myotubes (Diff) from a healthy subject (N5 in TableS1). Middle panel. KLF15 protein was revealed by Western blotting in proliferating myoblasts (Prolif) and differentiated myotubes (Diff) from a healthy control and an FSHD patient (N5 and F1 in TableS1). Right panel.KLF15 expression was measured using qRT-PCR in immortalized human myoblasts transiently transfected with empty (e.v.) or MYOD expressing plasmid. B Mutations is KLF15-binding sites abolish the MYOD-dependent activation of the D4Z4 enhancer. Luciferase activity was measured in iMyo cells co-transfected with MYOD plasmid and reporters p-Pro or pEA-Pro containing either wild-type or mutant versions of fragment A. Luciferase activity of the reporter co-transfected with a GFP plasmid was considered as background. *p-value <0.01 (Student's t-test). C. KLF15 is essential for MYOD-dependent activation of the D4Z4 enhancer. Luciferase activity was measured in iMyo cells co-transfected with siRNAs against

Figure 5 .

 5 Figure 5. KLF15, DUX4c and FRG2 are overexpressed in FSHD cells. A. Expression of KLF15, FRG2,MYOG and MYH1, KLF13, MYOD and PPARG was measured by qRT-PCR in proliferating myoblasts (Prolif), differentiated myotubes (Diff) from four healthy subjects (Norm) and four FSHD patients (N1 to N4 and F1 to F4 in TableS1) and muscle biopsies from two healthy subjects (Norm) and

  DUX4c expression was measured at the protein level in proliferating myoblasts (quantification of Western blots in panel B), differentiated myotubes and muscle biopsies (quantification of Western blots previously published in (Ansseau et al. 2009)). *p-value<0.05 (Mann-Whitney test). B. Western blot analysis of DUX4c and KLF15 expression in proliferating myoblasts from healthy subjects (N1, N2, N5), FSHD patients (F1, F3, F6). Two exposures are shown for KLF15.

Figure 6 .

 6 Figure 6. Putative model for KLF15-dependent activation of DUX4c and FRG2 expression. In myoblasts from healthy subject three factors could interfere with FRG2 and DUX4c expression: (i) low expression of KLF15 keeps the activity of the D4Z4 enhancer low; (ii) MAR is bound to the nuclear matrix separating the DUX4c and FRG2 genes from the D4Z4 repeats; (iii) the heterochromatin structure of the D4Z4 repeats prevents binding of any activating transcription factors. During normal myogenic differentiation and in FSHD the expression and activity of myogenic factors increases (in case of FSHD this upregulation may be due to moderate oxidative stress), MYOD activates the expression of KLF15; the structure of D4Z4 repeats is changed to euchromatin facilitating binding of KLF15 to the D4Z4 enhancer; MAR becomes less efficient and allows interaction between the D4Z4 enhancer and the DUX4c and FRG2 promoters. The DUX4 gene, a potential inducer of moderate oxidative stress, is separated from the KLF15-controlled D4Z4 enhancer by

Figure

  Figure S3. A. KLF15 activates the D4Z4 enhancer in various cell lines. Luciferase activity was measured in HeLa and iMyo cells co-transfected with the reporters pPro, pEA-Pro, pE170-Pro and the KLF15 plasmid. B. Consensus sequence of KLF15 and Sp1 binding sites. С. FRG1, FRG2, ANT and KLF15 (endogenous and ectopic, see Materials and Methods for details) expression was measured using qRT-PCR in RD cells transiently transfected either with the KLF15 plasmid (upper panel) or siRNA against KLF15 (lower panel).*p-value <0.01 (Student's t-test); NS, not significant. D. DUX4c expression was analyzed using semi-quantitative RT-PCR in proliferating iMyo cells transiently transfected with the KLF15 plasmid or an empty vector control. Controls with no reverse transcriptase (RT) are shown in lanes 2, 4, 6, 8, 10 and 12. As a positive control for DUX4c expression, RT-PCR was performed using total RNA from iMyo cells

Figure 1 .

 1 Figure 1. FR-miR are overexpressed in FSHD myoblasts. The expression of miRNA was measured using qRT-PCR TaqMan in proliferating myoblasts (P) from four healthy subjects (N) and four FSHD patients (F), the expression of RNU44 was used as a control. Mean values are shown, error bars represent S.E.M. of 4 independent experiments. *p-value <0.05 (Student's t-test).

Figure 2 .

 2 Figure 2. A. DUX4c upregulates expression of miR1 and miR133. The expression of miR1, miR133a/b and miR206 was measured using qRT-PCR in immortalized human myoblasts transiently transfected with DUX4, DUX4c plasmid or empty vector control. The expression of RNU44 was used as a control. B. Immortalized human myoblasts were transiently co-transfected with either DUX4, DUX4c plasmid or empty vector control and luciferase microRNA sensor plasmid. The plasmid coding for luciferase reporter gene coupled to the HWSC2 gene 3'UTR was used as miR133a/b sensor (HWSC2 L), the plasmid with a mutation in HWSC2 gene 3'UTR destroying miR133a/b recognition site was used as a control (HWSC2 mut). A similar plasmid coding for the luciferase reporter coupled to the HandII gene 3' UTR was used as miR1/206 sensor (HandII). The same plasmid with a mutation in HandII gene 3'UTR destroying miR1/206 recognition site was used as a control (HandIImut). Luciferase activity was assayed 24h post-transfection normalized to Renilla

Figure 3 .

 3 Figure 3. DUX4 and DUX4c interact with miR1 and miR133 promoters. Chromatin was immunoprecipitated using DUX4, DUX4c antibodies or pre-immunization IgG, and PCR-amplified using primers specific to miR1, miR133 promoters or Alu-repeat (control). Quantification of PCR products was performed using qPCR TaqMan. Mean %input with subtracted signal originating from pre-immunization IgG is shown. Error bars represent S.E.M. of 3 independent experiments. *p-value <0.05 (Student's t-test).

Figure 4 .

 4 Figure 4. DUX4c knockdown in FSHD myoblasts restores normal expression levels of myogenic microRNAs. Normal and FSHD myoblasts were transfected with siRNA against DUX4c or scrambled siRNA and the expression of miR1 and miR133a/b was measured using qRT-PCR. The expression of RNU44 was used as a control. Mean values are shown, error bars represent S.E.M. of 4 independent experiments. *p-value <0.05 (Student's t-test).

Figure 5 .

 5 Figure 5. A subset of FR-miR target genes are downregulated in FSHD. The expression of miR1 and miR139 target genes was analyzed using qRT-PCR in normal (N) and FSHD (F) primary myoblasts and normalized to GAPDH. Mean values are shown, error bars represent S.E.M. of 4 independent experiments. *p-value <0.05 (Student's t-test).

Figure 6 .

 6 Figure 6. Functional classification of FR-miR target genes. Functional classes of target genes inversely correlated with FR-miR during normal myogenic differentiation are shown. Piechart sections were left blank in cases where 50% or less of target genes are inversely correlated with FR-miR in FSHD indicating that functions of these microRNAs may be compromised in FSHD.

Figure 22

 22 Figure 22Feed forward mechanism of the FSHD pathology.
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Table 2 Table S1 is available online
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TABLES

Table S1 Biopsies and Myoblasts BIO: muscle biopsies; MB: Myoblasts; MT: Myotubes; ND: non-determined number of D4Z4 repeats.

enhancer blocking elements thus preventing the D4Z4 enhancer to activate it. The mechanism of DUX4 upregulation in FSHD is linked to the specific polymorphism (1614qA) stabilizing its mRNA and seems to be KLF15-independent. MAR: Matrix attachment region, D4Z4*: truncated D4Z4 repeat.