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Résumé

Le muscle squelettique adulte est capable de se régénérer à plusieurs reprises après blessure grâce à sa population de cellules souches résidentes : les cellules satellites. Cependant, les mécanismes impliquant les cellules satellite dans la recouvrement de l'homéostasie et de l'intégrité musculaire ne sont toujours pas clairs. Skeletal muscle and its resident stem cells 1. Skeletal muscle structure and function

Skeletal muscle as a contractile unit

Skeletal muscle is one of the largest tissues in mammals. It allows voluntary movement and plays a key role in regulating metabolism and homeostasis of the organism. Throughout evolution, skeletal muscle is essentially defined by the succession of motor units which consists of a motoneuron and all of the muscle fibres innervated by that motoneuron (Figure 1). Myofibres are multinucleated cells and compose the cellular units of mature skeletal muscles. The structure of myofibres is strikingly repetitive at all sites in the organism, and the basic principles that govern the development of myofibres are conserved from Drosophila to humans. This structure is illustrated by the linear and repetitive arrangement of sarcomeres composed by an actin and myosin network together with associated proteins that enable muscle contraction (Figure 1). Different fibre types have been described, and these can be classified as slow-oxidative, fast-oxidative-glycolytic, and fastglycolytic (Peter et al., 1972). The inherent contractile speed of each fibre-type cluster is determined essentially by the myosin motor protein isoform that is expressed predominantly. For example, the slow-oxidative unit expresses primarily a slow myosin heavy chain (MyHC) gene designated as slow or type I. The fastoxidative unit expresses a combination of the fast type IIa and IIx MyHC genes, whereas the fast-glycolytic unit expresses both the fast IIb and IIx MyHC genes (Larsson et al., 1991). The accessibility of the hind limb Tibialis anterior muscle (below the knee), a mix of slow and fast fibres, has made it one the major sites for experimentation in studies on muscle homeostasis and regeneration. Finally, skeletal muscle allows the study of plasticity at the tissue and cellular level in different conditions such as overload (exercise), sarcopenia (muscle loss), ageing, and disease (myopathies).

The resident stem cells of skeletal muscle, historically called satellite cells, are located between the basement membrane containing a basal lamina, and the plasmalemma of the muscle fibre (Mauro, 1961) (Figure 1). Importantly, ≈90% of Muscle stem cells (MuSCs) are located in tight proximity with vessels (within 21μm) (Christov et al., 2007) (Figure 1), suggesting a communication between the vasculature and the MuSCs.

Muscle regeneration

The remarkable regenerative ability of skeletal muscle was shown several decades ago in rats that had received weekly injections of bupivacaine (anaesthetic drug that blocks sodium channels (see, (Gayraud-Morel et al., 2009)) for 6 months, and did not show reduction or exhaustion of muscle fibres repair capacity (Sadeh et al., 1985). Similarly in mouse, after 50 bupivacaine injections into the TA muscle mice regenerated their muscle without loss of myofibres or gain of fibrotic areas (Luz The endomysium is located between fibers and it encloses individual muscle fibers. Within the muscle cell (myofibre) the major intracellular source of calcium needed for muscle contraction is the sarcoplasmic reticulum, which connects to the transverse (T) tubules, and these surround the sarcomeres. Satellite cells are located between the basement membrane and the plasmalemma of the myofibre. Note the close proximity of the vessel, stained with India ink on the muscle section, and satellite cell from adult Myf5 nlacZ/+ mouse stained with X-gal (upper image), or immunostained with GFP from a Myf5 GPF-P/+ adult mouse. (Tajbakhsh, 2009) et al., 2002). In human, skeletal muscle injuries resulting from direct trauma (contusions), partial tears, fatigue, following surgical procedures or myopathies are common and present a challenge in traumatology, as therapy and recuperation are not well supported. The most commonly used acute murine injury models involve intramuscular injection of myotoxins (cardiotoxin and notexin), BaCl 2 , and mechanical injury (freeze, needle or crush injuries) (Gayraud-Morel et al., 2009;Hardy et al., 2016) (see also Annex 1). For the purpose of our study, we will focus on the injury following the injection of myotoxins. Cardiotoxin (CTX, protein kinase C inhibitor) and Notexin (NTX, phospholipaseA2) are isolated from snake venom, and they trigger an increase in Ca 2+ influx followed by fibre depolarization and consequently myofibre hypercontraction and necrosis (Gayraud-Morel et al., 2009;Hardy et al., 2016). After trauma, skeletal muscle regeneration follows three distinguishable and overlapping phases (Figure 2). The first phase of degeneration following severe injury is characterized by necrosis and significant inflammation (0 to 5 days post-injury (dpi)). After clearance of cellular debris, new fibres form and they transiently express embryonic and neonatal Myosin Heavy Chain (MyHC) from 3-14 dpi. The remodelling phase is characterized by hyperplasia and hypertrophy regulated in part by the IGF-1/Akt and TGFβ /Smad pathways. IGF-1 affects the balance between protein synthesis and protein degradation thus inducing muscle hypertrophy, whereas TGFβ negatively controls muscle growth (Schiaffino et al., 2013). Seven days post-injury, myoblasts continue to proliferate and fuse to restore fibre homeostasis (central nuclei). By 28 days, muscle regeneration appears to be complete histologically with the presence of centrally located myonuclei, a hallmark of regeneration. (Gayraud-Morel et al., 2009) Normal 3 days 3h 7 days 28 days

Although satellite cells play a crucial role in restoring myofibres following injury, it is clear that other cells types impact on the regeneration process (Figure 3) (see Annex 1). For example, fibro-adipogenic progenitors (FAPs) reside in the muscle interstitium and they play a significant myogenic and trophic role in muscle physiology during regeneration (Fiore et al., 2016;Joe et al., 2010;Lemos et al., 2015;Uezumi et al., 2010). Similarly, macrophages play a critical role during the initial stages following tissue damage as they are required for phagocytosis and cytokines release. The first wave of macrophages (peak at 3dpi) promotes myoblast proliferation via the secretion of pro-inflammatory molecules such as TNFα (Tumor Necrosis Factor α), INFα (Interferon α) and IL6 (Interleukin 6) (Lu et al., 2011a).

Subsequently, macrophages undergo a phenotypical and functional switch toward an anti-inflammatory fate characterized by the production of IL4 and IL10, for example (Arnold et al., 2007). As mentioned previously, this anti-inflammatory response stimulates FAPs, mesoangioblasts, and also directly myoblasts to promote differentiation and fusion (Chazaud et al., 2003;Saclier et al., 2013). In addition, pericytes, located peripheral to the endothelium of microvessels, are known to be involved in blood vessel growth, remodelling, homeostasis, and permeability (Armulik et al., 2011) (Figure 3). The integrity of vessels is essential for muscle repair and homeostasis and it has been proposed that microvascular insufficiency could be responsible for the local inflammation and necrosis observed in both dystrophin-deficient mouse and human (Cazzato, 1968). Moreover, pericytes in skeletal muscles are constituents of the satellite cell niche where they secrete molecules such as IGF1 (insulin growth factor-1) or ANGPT1 (angiopoetin-1) to modulate postnatal myofibres growth and satellite cell entry in quiescence, respectively (Kostallari et al., 2015).

Satellite cells as adult skeletal muscle stem cells

A brief history

The regenerative potential of muscle was first shown in the 1860s, but almost a century elapsed before the satellite cell was discovered. Using electron microscopy, Alexander Mauro observed a group of mononucleated cells located at the periphery of the adult skeletal muscle fibres from the Tibialis anticus of the Xenopus and rat (Mauro, 1961). These cells were named satellite cells due to their localisation on the periphery of the myofibres (Figure 4).

The absence of satellite cells in cardiac muscle prompted him to speculate a role for these cells as skeletal-muscle specific precursor cells: "satellite cells are merely In contrast, a myonucleus (M) is located inside the sarcolemma of the muscle fibre. Bar: 1μm. (Sinha-Hikim et al., 2003) dormant myoblasts that failed to fuse with other myoblasts and are ready to recapitulate the embryonic development of skeletal muscle fibre when the main multinucleate cell is damaged" (Mauro, 1961). Interestingly, the position of this cell adjacent to the myofibre appears to be highly conserved in evolution, and similar satellite cells have been observed in multiple species, from the arthropods to mammals (see Baghdadi and Tajbakhsh,Annex 1). Electron microscopy also revealed other morphological characteristics of satellite cells: large nuclear-tocytoplasmic ratio, few organelles, small nucleus, and condensed interphase chromatin.

The role of satellite cells in regeneration was first assessed after crush injury to the small web muscles of the East African fruit bat, Eidolon helvum [START_REF] Church | The use of the fruit bat in surgical research[END_REF]. This study reported that satellite cells disappear from the highly injured area at the same time as the emergence of mitotic myoblasts, then reappear on myotubes after repair. Authors provided evidence that satellite cells were skeletal muscle "reserve cells", capable of generating new fibres upon injury and replenishing the initial pool of cells. Additional [ 3 H]-Thymidine tracing experiments combined with electron microscopy demonstrated that satellite cells are mitotically quiescent in adult muscle contribute to myofibre nuclei upon injury (Moss and Leblond, 1970;Reznik, 1969). The same studies also demonstrated that satellite cells give rise to proliferating myoblasts (myogenic progenitors cells), which were previously shown to form multinucleated myotubes in vitro [START_REF] Konigsberg | Clonal analysis of myogenesis[END_REF]Snow, 1977;[START_REF] Yaffe | Cellular aspects of muscle differentiation in vitro[END_REF]. Moreover, in vivo [ 3 H]-Thymidine donor satellite cells specific labelling after free grafting of the muscle showed the presence of labelled nuclei on the periphery of regenerated myofibres in the host [START_REF] Gutmann | Fate of 3H-thymidine labelled myogenic cells in regeneration of muscle isografts[END_REF].

Molecular regulation of muscle stem cell emergence

During early development, muscle stem/progenitor cells migrate underneath the dorsal part of the somites called the dermomyotome (DM) and differentiate into mononucleated myocytes to form the myotome. In response to key transcription factors, committed myocytes align and fuse to generate small multinucleated myofibres during primary myogenesis in the embryo (from E11-E14.5), then myofibres containing a few hundred myonuclei during secondary myogenesis (from E14.5-to birth). During the early and late perinatal period that lasts about 4 weeks, continued myoblast fusion, or hyperplasia, is followed by muscle hypertrophy (Sambasivan and Tajbakhsh, 2007;Tajbakhsh, 2009;White et al., 2010) (Figure 5).

The developmental origin of satellite cells was first shown in a chick-quail chimera study: satellite cells of quail origin were found after replacement of chick somitic mesoderm by one from quail. In addition, electroporation of the central dermomyotome (the dorsal somite) in the trunk with a molecular marker showed that marked cells gave rise to Pax7+ satellite cells after hatching, thereby establishing the dermomyotome origin of satellite cells, in chick [START_REF] Armand | Origin of satellite cells in avian skeletal muscles[END_REF][START_REF] Gros | A common somitic origin for embryonic muscle progenitors and satellite cells[END_REF]. Further evidences that satellite cells also originate from Pax3/7+ cells coming from the somites have been reported in the mouse [START_REF] Kassar-Duchossoy | Pax3/Pax7 mark a novel population of primitive myogenic cells during development[END_REF]Relaix et al., 2005).

Emerging satellite cells are found underneath a basement membrane from about 2 days before birth in mice and they further proliferate until the mid-perinatal stage [START_REF] Kassar-Duchossoy | Pax3/Pax7 mark a novel population of primitive myogenic cells during development[END_REF]. The majority of quiescent MuSCs are established from about 2-4 weeks after birth (Tajbakhsh, 2009;White et al., 2010). During prenatal and postnatal myogenesis, stem cell self-renewal and commitment are governed by a gene regulatory network that includes the paired⁄homeodomain transcription factors Pax3 and Pax7, and basic helix-loop-helix (bHLH) myogenic regulatory factors (MRFs), Myf5, Mrf4, Myod and Myogenin (Figure 5). Pax3 plays a critical role in establishing MuSCs during embryonic development (except in cranialderived muscles) and Pax7 during late foetal and perinatal growth. Indeed, Pax3:Pax7 double mutant mice exhibit severe hypoplasia due to a loss of stem and progenitor cells from mid embryonic stages, and these Pax genes appear to regulate apoptosis (Relaix et al., 2006;Relaix et al., 2005;Sambasivan et al., 2009). During perinatal growth, Pax7 null mice are deficient in the number of MuSCs and fail to regenerate muscle after injury in adult mice (Lepper et al., 2009;Oustanina et al., 2004;Seale et al., 2000;von Maltzahn et al., 2013).

Experiments using simple or double knockout mice have shown the temporal and functional roles of these different factors during myogenesis. Myf5, Mrf4 and Myod assign myogenic cell fate of muscle progenitor cells to give rise to myoblasts (Kassar-Duchossoy et al., 2004;Rudnicki et al., 1993;Tajbakhsh et al., 1996) whereas Myogenin plays a crucial role in myoblast differentiation prenatally (Hasty et al., 1993;[START_REF] Nabeshima | Myogenin gene disruption results in perinatal lethality because of severe muscle defect[END_REF] but not postnatally as the conditional mutation of Myogenin in the adult has a relatively mild phenotype (Knapp et al., 2006;Meadows et al., 2008;Venuti et al., 1995). In the adult, Myod deficient mice that survive have increased precursor cell numbers accompanied by a delay in regeneration (Megeney et al., 1996;White et al., 2000); whereas Myf5 null mice display a slight delay in repair (Gayraud-Morel et al., 2007). These studies suggested that Myf5, Mrf4 and Myod could in some cases compensate for each other's function. Whereas Mrf4 plays a role in embryonic progenitors, Myf5 and Myod continue to regulate muscle progenitor cell fate throughout foetal and postnatal life. Interestingly, additional transcription factors have been shown to interact with MYOD to regulate myogenesis. For instance, ChiP-seq data demonstrated that KLF5 (Kruppel-like factor, member of a subfamily of zinc-finger transcription factors) (Hayashi et al., 2016) as well as RUNX1 (Umansky et al., 2015) binding to Myod-regulated enhancers is necessary to activate a set of myogenic differentiation genes.

The MRFs form heterodimers with members of the E-protein bHLH family (E2A, E2-2 and HEB) and bind to a consensus E-box sequence (CANNTG) to activate muscle-specific gene expression. Although there are millions of consensus E-boxes in the genome that can bind of the myogenic bHLH factors, the productivity of this occupancy and the specifity of binding is determined by flanking nucleotides in the E-box, thereby effectively reducing the number of sites that are functional [START_REF] Cao | Genomewide MyoD binding in skeletal muscle cells: a potential for broad cellular reprogramming[END_REF].

It is likely that MRFs combined with other transcription factors fine-tune the myogenesis process and it would be important to further explore the set of coactivators/repressors required for each step of muscle repair.

Heterogeneity in the muscle stem cell population

Compelling evidence from several studies has demonstrated that the satellite cell population is heterogeneous regarding their gene set of expression, proliferation rate, differentiation potential, stemness and even survival.

One remarkable example is demonstrated by the heterogeneity in satellite cells derived from skeletal muscle arising from different developmental origins: head (nonsegmented paraxial mesoderm) versus limb (somites) that showed distinct molecular signatures. Cranial mesoderm derived muscles (except extraoculars) are Tbx1dependent, whereas somite-derived muscles are Pax3-dependent (Sambasivan et al., 2011a). Furthermore, Alx4, Pitx1/2 are specifically expressed in the cranial mesoderm-derived extraoccular muscles (EOM) (Sambasivan et al., 2009). In addition, EOM-derived satellite cells showed greater ex vivo growth, self-renewal capacities and in vivo transplantation efficiency (Stuelsatz et al., 2015).

Similarly, single fibre transplantation experiments suggested that heterogeneity exists in muscles with the same developmental origin, but different anatomical location: MuSCs isolated from EDL (Extensor digitorium longus) or soleus muscles have superior engraftment potential compared to MuSCs from TA (Tibialis anterior) (Collins et al., 2005). Given that the MuSCs were grafted with their adjacent fibre in those experiments, this result could also be explained by the heterogeneity in the stem cell niche rather than cell-autonomous properties of the satellite cells. 6). (Sambasivan and Tajbakhsh, 2007) Strikingly, even within a single muscle cell population, heterogeneity has been reported. Continuous in vivo labelling with the thymidine analogue BrdU (5′-bromo-2′-deoxyuridine) in 4weeks-old rats revealed two populations: about ≈80% of satellite cells readily marked over the first 5 days and a slow cycling minority of cells not fully saturated upon 2 weeks of treatment. This second population named "reserve cells" was proposed to maintain quiescence during muscle growth/homeostasis and enter cell-cycle only upon trauma [START_REF] Schultz | Satellite cell proliferative compartments in growing skeletal muscles[END_REF]. Furthermore, freshly isolated single myofibres from Myf5 nlacZ and Myf5 Cre ;R26R YFP mice showed ≈13% of MuSCs that never express Myf5 (Pax7 + /β-gal -; Pax7 + /YFP -, respectively), suggesting a more stem-like fate (Kuang et al., 2007). This Myf5-population is capable of asymmetric cell division and replenish the stem cell pool upon engraftment, whereas the Myf5+ undergo differentiation. These results suggest a hierarchical organisation of quiescent MuSCs: with a more stem population that will give rise to the more committed cells upon activation while self-renew to repopulate the quiescent niche. However, this phenotype is less pronounced with another Myf5 Cre allele, and eventually all satellite cells experience Myf5 expression, therefore it is unclear how the genetically modified mice reflect stem-like behaviour over time (Sambasivan et al., 2013). Indeed, the presence/absence of labelling relies on the efficiency of the Cre-recombinase that has been shown to not faithfully represent Myf5 expression in every condition, a phenomenon that has been reported also for other tissues (Comai et al., 2014).

To address some of these issues, a Tg:Pax7-nGFP mouse has been used to fractionate the satellite cell population in both quiescent and injured muscles based on the nGFP intensity. Interestingly, fractionation of the Pax7-nGFP population by FACS into Pax7 High (Top 10%) and Pax7 Low (Bottom 10%) revealed that the Pax7 High population displays more stem-like features such as lower metabolic activity, longer time to enter cell cycle compared to Pax7 Low that express more activation/differentiation genes (e.g: Myod, Myogenin, see below section 3.1.2), and higher expression of stem cell markers. Notably, Pax7 High cells were considered to be in a more dormant cell state (deeper quiescence), however serial transplantation of these subpopulations did not show dramatic differences in contribution to the niche (Rocheteau et al., 2012).

Recent technological advancements in single cell RNAseq, methylome analysis and mass cytometry now permit investigations of cellular heterogeneity within specific cell populations [START_REF] Angermueller | Parallel single-cell sequencing links transcriptional and epigenetic heterogeneity[END_REF][START_REF] Grun | De Novo Prediction of Stem Cell Identity using Single-Cell Transcriptome Data[END_REF]Spitzer and Nolan, 2016). For example, analysis of single cells by multiparameter sequencing-based analysis, specifically RNAseq and bisulfite based methylome analysis, allows the investigation of epigenetic, genomic and transcriptional heterogeneities. Although powerful, some limitations include sequence depth and coverage of the genome. On the other hand, CyTOF based mass cytometry is based on a combination of markers conjugated to metal isotopes, and this led to the identification and classification of subpopulations of myogenic cells following muscle injury (Porpiglia et al., 2017).

These emerging technologies can be used to assess the relative potential and role of a whole population at the single cell level and promise to give further insights into understanding MuSC heterogeneities.

Functions of muscle stem cells

Adult myogenesis

The absolute requirement for MuSCs was shown by genetic elimination of satellite cells postnatally using an inducible diphtheria toxin system that leads to an arrest in translation and subsequent cell death. This resulted in failed regeneration and replacement of the damaged muscle tissue with inflammatory and adipogenic cells (Lepper et al., 2011;Murphy et al., 2011;[START_REF] Sambasivan | Pax7-expressing satellite cells are indispensable for adult skeletal muscle regeneration[END_REF]. Nevertheless, some outstanding questions remain regarding the potential role of other interstitial cells in muscle repair (see Baghdadi and Tajbakhsh,Annex 1).

Examination of β-galactosidase activity in Myf5 nlacZ mice indicated that the Myf5 locus is active in 90% of quiescent satellite cells, which suggests that most satellite cells are committed to the myogenic lineage [START_REF] Beauchamp | Expression of CD34 and Myf5 defines the majority of quiescent adult skeletal muscle satellite cells[END_REF]. Satellite cell physiology and progression throughout the myogenic program are tightly controlled by a hierarchy of transcription factors (Yablonka-Reuveni and Rivera, 1994) (Figure 6). At homeostasis, MuSCs remain quiescent and reside in G 0 -phase within their sublaminal niche contiguous to the myofibre (Schultz et al., 1978). It is thought that all adult quiescent satellite cells express the transcription factor Pax7 (Seale et al., 2000); its paralogue Pax3 is also expressed in a subset of satellite cells of certain muscles (Relaix et al., 2006). While Pax3 plays a critical role during embryonic myogenesis, most satellite cells, however, downregulate Pax3 before birth [START_REF] Kassar-Duchossoy | Pax3/Pax7 mark a novel population of primitive myogenic cells during development[END_REF]. As mentioned above, in myogenesis, Pax7 and Pax3 play overlapping but non-redundant roles. These functional differences can be explained by differential binding affinities for paired versus homeobox motifs, suggesting differences in DNA binding and chromatin status affinities [START_REF] Soleimani | Transcriptional dominance of Pax7 in adult myogenesis is due to high-affinity recognition of homeodomain motifs[END_REF].

Upon injury, MuSCs activate, re-enter the cell cycle and undergo cellular division to give rise to myoblasts, a highly proliferative transient amplifying cell population (Figure 6). In the adult, MRFs are also responsible for both myogenic lineage specification as well as for the regulation differentiation. Although MYF5, but not MYOD protein is expressed in satellite cells, Myod and Myf5 genes are both rapidly upregulated upon activation [START_REF] Cooper | In vivo satellite cell activation via Myf5 and MyoD in regenerating mouse skeletal muscle[END_REF][START_REF] Gayraud-Morel | Myf5 haploinsufficiency reveals distinct cell fate potentials for adult skeletal muscle stem cells[END_REF].

Finally, terminal differentiation is initiated by the downregulation of Pax7 [START_REF] Olguin | Pax-7 up-regulation inhibits myogenesis and cell cycle progression in satellite cells: a potential mechanism for self-renewal[END_REF] and the upregulation of Myogenin and Mrf4 to generate elongated myocytes that will further fuse into myotubes [START_REF] Cornelison | MyoD(-/-) satellite cells in single-fiber culture are differentiation defective and MRF4 deficient[END_REF][START_REF] Cornelison | Single-cell analysis of regulatory gene expression in quiescent and activated mouse skeletal muscle satellite cells[END_REF]) (Figure 6). Essentially, a subpopulation of activated satellite cells, exit the cell cycle and return to quiescence in order to maintain the stem cell pool for future regeneration (Figure 6). 

Satellite cell activation and differentiation

Immediately following muscle injury, Myod expression is rapidly upregulated and MYOD protein is already detectable within satellite cells as early as 12 h after injury, before the first cell division that takes place from about 20h (Rocheteau et al., 2012;[START_REF] Smith | Temporal expression of myogenic regulatory genes during activation, proliferation, and differentiation of rat skeletal muscle satellite cells[END_REF]. This early expression of Myod is proposed to be associated with a subpopulation of committed satellite cells, which are poised to differentiate without proliferation [START_REF] Rantanen | Satellite cell proliferation and the expression of myogenin and desmin in regenerating skeletal muscle: evidence for two different populations of satellite cells[END_REF]. In contrast, the majority of satellite cells express either Myod or Myf5 by 24h following injury and subsequently co-express both factors [START_REF] Cornelison | Single-cell analysis of regulatory gene expression in quiescent and activated mouse skeletal muscle satellite cells[END_REF][START_REF] Gayraud-Morel | Myf5 haploinsufficiency reveals distinct cell fate potentials for adult skeletal muscle stem cells[END_REF][START_REF] Zammit | Kinetics of myoblast proliferation show that resident satellite cells are competent to fully regenerate skeletal muscle fibers[END_REF] (Figure 6). Interestingly, ectopic expression of Myod in NIH-3T3 and C3H10T1/2 fibroblasts is sufficient to activate the complete myogenic program in these cells [START_REF] Hollenberg | Use of a conditional MyoD transcription factor in studies of MyoD trans-activation and muscle determination[END_REF]; thus expression of Myod is an important determinant of myogenic commitment and differentiation, and its absence promotes proliferation and delayed differentiation (Myod -/-) [START_REF] Sabourin | Reduced differentiation potential of primary MyoD-/-myogenic cells derived from adult skeletal muscle[END_REF]. During satellite cell activation, Pax7 and Pax3 target genes to promote proliferation and commitment to the myogenic lineage, while repressing genes that induce terminal myogenic differentiation [START_REF] Soleimani | Transcriptional dominance of Pax7 in adult myogenesis is due to high-affinity recognition of homeodomain motifs[END_REF]. For example, PAX7 and PAX3 induce the expression of Myf5 by direct binding to distal enhancer elements and Myod by binding to the proximal promoter [START_REF] Bajard | A novel genetic hierarchy functions during hypaxial myogenesis: Pax3 directly activates Myf5 in muscle progenitor cells in the limb[END_REF][START_REF] Hu | Codependent activators direct myoblast-specific MyoD transcription[END_REF].

Moreover, p38 kinase (p38γ) also negatively regulates the transcriptional potential of Myod by phosphorylation, which leads to a repressive Myod complex occupying the Myogenin promoter [START_REF] Gillespie | p38-{gamma}-dependent gene silencing restricts entry into the myogenic differentiation program[END_REF]. This observation is supported by the premature expression of Myogenin and reduced proliferation of myoblasts in p38decificent muscle [START_REF] Gillespie | p38-{gamma}-dependent gene silencing restricts entry into the myogenic differentiation program[END_REF].

Terminal differentiation is initiated by the expression of Myogenin and later Mrf4 [START_REF] Smith | Temporal expression of myogenic regulatory genes during activation, proliferation, and differentiation of rat skeletal muscle satellite cells[END_REF][START_REF] Yablonka-Reuveni | Temporal expression of regulatory and structural muscle proteins during myogenesis of satellite cells on isolated adult rat fibers[END_REF]) (Figure 6). ChIP-on-chip experiments [START_REF] Bergstrom | Promoter-specific regulation of MyoD binding and signal transduction cooperate to pattern gene expression[END_REF][START_REF] Cao | Global and gene-specific analyses show distinct roles for Myod and Myog at a common set of promoters[END_REF] and ChIP-Seq analysis [START_REF] Cao | Genomewide MyoD binding in skeletal muscle cells: a potential for broad cellular reprogramming[END_REF] revealed MYOD and MYOGENIN specific target genes. These studies suggested a hierarchical organization involved in satellite cell activation and differentiation with regard to MRFs. MYOD directly activates Myogenin and Mef2 transcription factors, a large portion of downstream targets are muscle-specific structural and contractile genes, such as those encoding actins, myosins, and troponins, essential for proper myofibres function. p38α/β kinase stimulates the binding of MYOD and MEF2s to the promoters of muscle-specific genes, leading to the recruitment of chromatin remodelling complexes promoting myogenesis [START_REF] Cox | Phosphorylation motifs regulating the stability and function of myocyte enhancer factor 2A[END_REF][START_REF] Wu | p38 and extracellular signal-regulated kinases regulate the myogenic program at multiple steps[END_REF].

Besides MRFs and their regulators, other post-transcriptional factors have been shown to be involved in myogenic differentiation such as micro-RNAs (see Chapter 3).

Satellite cell self-renewal

The self-renewing capability of MuSCs has been demonstrated by series of transplantation experiments and clearly showed their remarkable ability to sustain the capacity for muscle repair. For example, transplantation of a single myofibre and its resident MuSCs (7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21)(22)/fibre) into irradiated muscles of immunodeficient dystrophic mice (nude; mdx) showed that MuSCs can give rise to over 100 new myofibres, expand and support further rounds of muscle regeneration (Collins et al., 2005).

Similarly, purification of MuSCs followed by transplantation showed that they both contribute to muscle repair of nude; mdx mice and colonize the stem cell niche [START_REF] Montarras | Direct isolation of satellite cells for skeletal muscle regeneration[END_REF]. The self-renewing capability of satellite cells was further shown by serial transplantations of isolated Pax7-nGFP cells in pre-injured immunocompromised mice (Rocheteau et al., 2012); GFP+ cells were collected up to seven rounds of transplantations. Finally, single cell transplant experiments demonstrated that a single freshly isolated MuSC is capable to give rise to progeny cells and to self-renew upon injury [START_REF] Sacco | Selfrenewal and expansion of single transplanted muscle stem cells[END_REF].

To study self-renewal ex vivo, two models are generally used: 1) floating isolated single myofibres where MuSCs will proliferate in clusters formed by activated, differentiated and self-renewed cells within 72h in the absence of cell fusion (Figure 7); 2) reserve cell model, where cells plated at high density will form myotubes and this is accompanied by the emergence of non-proliferative single cells (Pax7 + ) adjacent to the myotubes (Figure 7).

Stem cells can divide, commit to differentiation and self-renew in two fashions: asymmetrically (one daughter stem cell and one daughter committed cell) or symmetrically (two identical daughter cells, either renewed or committed). The balance between asymmetric versus symmetric division depends on several intrinsic and extrinsic cues, however how this is regulated, during growth and regeneration remains largely unknown (Collins et al., 2005;Motohashi and Asakura, 2014;[START_REF] Yennek | Cell adhesion geometry regulates non-random DNA segregation and asymmetric cell fates in mouse skeletal muscle stem cells[END_REF]. Asymmetric cell divisions have been reported in myogenic cells in several studies by following the differential distribution of transcription factors (Pax7, Myod, Myogenin), non-random DNA segregation (NRDS) of old and new DNA strands using nucleotide analogues, reporter gene expression, and dystrophin/Par complex (Kuang et al., 2007;Rocheteau et al., 2012;Shinin et al., 2006;[START_REF] Yennek | Cell adhesion geometry regulates non-random DNA segregation and asymmetric cell fates in mouse skeletal muscle stem cells[END_REF].

For example, when myogenic cells were isolated on myofibres, asymmetric divisions were reported to occur when the mitotic spindle is perpendicular to the myofibre axis with the satellite stem cell (Pax7 + /Myf5 -) in close contact with the basal lamina and the committed cell (Pax7 + /Myf5 + ) adjacent to the myofibre plasma membrane (Kuang et al., 2007). Furthermore, Wnt7a, through its receptor Frizzled-7, was reported to be upregulated in Pax7 + /Myf5 + cells, and it induced polarized expression of Vangl2, an [START_REF] Zammit | Pax7 and myogenic progression in skeletal muscle satellite cells[END_REF]. Right: Culture of murine cells showing differentiated MyHC + myotubes (red) and tightly associated Pax7 + satellite cells (green; arrows) that returned to quiescence: reserve cells (Abou- [START_REF] Abou-Khalil | Human and murine skeletal muscle reserve cells[END_REF].

effector of the planar cell polarity pathway, which was required for Wnt7a-mediated satellite cell expansion (Le Grand, Jones, Seale, Scime, & Rudnicki, 2009).

In other studies, NRDS was reported in satellite cells ex vivo and in vivo [START_REF] Yennek | DNA asymmetry and cell fate regulation in stem cells[END_REF]. Semiconservative replication of DNA can result in random or nonrandom segregation of older template and nascent DNA strands in daughter cells during cell division. Pulse-chase DNA labelling experiments using thymidine analogues (BrdU, EdU (5′-ethynyl-2′-deoxyuridine)) in injured muscle showed that up to 80% of the Pax7 High activated population (by extrapolation, 8% of total GFP population) performs non-random or template DNA segregation (NRDS or TDSS) (Rocheteau et al., 2012;Shinin et al., 2006;[START_REF] Yennek | Cell adhesion geometry regulates non-random DNA segregation and asymmetric cell fates in mouse skeletal muscle stem cells[END_REF]. Interestingly, NRDS was directly associated with cell fates: the more stem cell Pax7 + /Myogenin - retains the old strand while the committed cell Pax7 -/Myogenin + inherits the newly synthesized strand (Figure 8) [START_REF] Conboy | High incidence of nonrandom template strand segregation and asymmetric fate determination in dividing stem cells and their progeny[END_REF]Rocheteau et al., 2012;[START_REF] Yennek | Cell adhesion geometry regulates non-random DNA segregation and asymmetric cell fates in mouse skeletal muscle stem cells[END_REF]. Left: Satellite cell self-renewal can be achieved by either symmetric or asymmetric cell division. Symmetric divisions can amplify the stem cell pool, or generate differentiated cells whereas asymmetric divisions result in maintenance of one stem cell and the generation of one differentiated daughter cell (Sambasivan and Tajbakhsh, 2007). Right: (A) Random DNA segregation where daughter cells inherit old and new DNA strands (1) or only one cell is labelled with BrdU indicating non-random DNA segregation (2). (B) Asymmetric division and cell fate: the division of one Pax7+ cell gives rise to one stem (red) and one committed (green) daughter cell. [START_REF] Yennek | DNA asymmetry and cell fate regulation in stem cells[END_REF] Chapter 2.

Stem cell niche is essential for quiescence

Stem cell quiescence

Cellular quiescence is a reversible, non-proliferative G 0 -arrested state characterized by the ability to re-enter the cell cycle and generate progenitor cells in response stimuli, such as trauma. The quiescence state was extensively studied in the budding yeast Sacchromyces cerevisiae as a mode of survival that can be induced by nutrient deprivation [START_REF] Herman | Stationary phase in yeast[END_REF]. Similar conditions were noted in mammalian cells in vitro [START_REF] Zetterberg | Kinetic analysis of regulatory events in G1 leading to proliferation or quiescence of Swiss 3T3 cells[END_REF]. The presence of quiescent adult stem cells in multiple tissues and organs highlights the essential role of this cell state.

Identification of quiescent stem cells

Due to the low numbers of quiescent stem cells (QSCs) in a given tissue, our understanding of this cell state has been limited to the absence of markers associated with proliferation and differentiation. For example, nucleotide analogues ( 3 H-TdR, BrdU, EdU), endogenous markers of proliferation (PCNA, a DNA polymerase accessory protein expressed in S-phase), Ki67 (ribosomal RNA transcription associated protein), MCM-2 (protein involved in replication origins, S-phase) and phospho-Histone3 (M-phase specific) can be detected by autoradiography or immunofluorescence [START_REF] Conboy | High incidence of nonrandom template strand segregation and asymmetric fate determination in dividing stem cells and their progeny[END_REF]Shinin et al., 2006). More recently, histone tagged proteins (H2B-GFP/YFP) have been used as their association with DNA is replication-dependent thereby allowing live imaging by videomicroscopy [START_REF] Foudi | Analysis of histone 2B-GFP retention reveals slowly cycling hematopoietic stem cells[END_REF][START_REF] Tumbar | Defining the epithelial stem cell niche in skin[END_REF]. QSCs have also been identified based on label retention. Label retention is based on the premise that a dividing cell will dilute away an incorporated label (e.g. nucleotide analogue, H2B-GFP), whereas a QSC, or slow-cycling cell, will retain the label for longer periods of time. The presence or absence of label-retaining cells (LRCs) has been for a long time the only tool to determine if a population of stem cells was quiescent; however, it has become increasingly clear that this approach is not sufficient. In high-turnover tissues such as the small intestinal epithelium, lineage-tracing experiments allow the distinction of at least two populations with stem cell potential: the long-retaining reserve cells (+4) and the proliferating stem cells (Lgr5+) [START_REF] Buczacki | Intestinal label-retaining cells are secretory precursors expressing Lgr5[END_REF]. Similarly, the skin houses a first proliferative stem population at the basal layer of the epidermis and a quiescent population in the bulge of the hair follicle (HFSC) [START_REF] Ito | Stem cells in the hair follicle bulge contribute to wound repair but not to homeostasis of the epidermis[END_REF].

Interestingly, in both cases, the active stem population was proposed to be involved in tissue homeostasis whereas the quiescent, LRCs appear to be mobilized upon injury (Li and Clevers, 2010).

Ex vivo induction of quiescence

Cellular quiescence can be mimicked in vitro by modulating cell culture conditions such as the nutrient concentration or adherence cues. The loss of adherence has been shown to induce both mouse and human myoblasts back to quiescence by culture in suspension in a methylcellulose gel [START_REF] Milasincic | Anchorage-dependent control of muscle-specific gene expression in C2C12 mouse myoblasts[END_REF][START_REF] Sellathurai | A novel in vitro model for studying quiescence and activation of primary isolated human myoblasts[END_REF]. Similarly, culture on soft substrate induces the loss of contractile property and can trigger a quiescent-like state (Gilbert et al., 2010).

Although fibroblasts respond well to the deprivation of nutrients/mitogens, myoblasts tend to differentiate rather than go back to quiescence [START_REF] Arora | Mimicking Muscle Stem Cell Quiescence in Culture: Methods for Synchronization in Reversible Arrest[END_REF]Rumman et al., 2015). 1.3. Molecular signature of quiescence 1.3.1. Epigenetic control Recent epigenetic studies showed that during development, chromatin configuration becomes more and more restrictive as cells commit and differentiate into specific lineages. One key determinant of gene expression is the landscape of histone modifications often associated with gene activation or repression. For example, actively transcribed genes are commonly marked by trimethylation of histone 3 lysine 4 (H3K4me3) around their transcription start sites (TSSs) and H3K36me3 in the gene body, whereas Polycomb group (PcG) complex-mediated H3K27me3 is associated with transcriptional repression [START_REF] Jenuwein | Translating the histone code[END_REF]. Some chromatin regions, referred to as bivalent domains are marked by both H3K4me3 and H3K27me3. They are frequently located in close proximity to TSS and have been shown to mark master regulators of cell lineage, maintaining ES cell in this poised state mentioned above [START_REF] Bernstein | The mammalian epigenome[END_REF][START_REF] Li | Navigating the epigenetic landscape of pluripotent stem cells[END_REF].

Regarding MuSCs, histone profiles in quiescent versus activated (2, 3, and 5dpi) satellite cells has been performed by mass-spectrometry-based proteomics and highlighted a time-dependent shift towards a heterochromatic state during activation [START_REF] Schworer | Epigenetic stress responses induce muscle stem-cell ageing by Hoxa9 developmental signals[END_REF]. Complementary to this study, chromatin immunoprecipitation sequencing (ChIP-seq) combined with transcriptomic analysis in quiescent and activated satellite cells also showed a switch from permissive state in quiescence to a more repressed state in activation (Liu et al., 2013a). Quiescence to activation transition is marked by the retention of H3K4me3 and a dramatic increase of H3K27me3 mark at the TSSs. Finally, the fine-tuned epigenetic regulation of establishment and/or maintenance of the reversible quiescent state has been recently demonstrated in MuSCs, where the H3K9 methyl-transferase PRDM2 binds to thousands of promoters mostly marked by the repressive H3K9me2 mark such as the G 0 -arrest inducing gene Ccna2 [START_REF] Cheedipudi | A fine balance: epigenetic control of cellular quiescence by the tumor suppressor PRDM2/RIZ at a bivalent domain in the cyclin a gene[END_REF].

Cell cycle regulators

Cyclin-dependent kinase inhibitors (CKIs) such as p21, p27 inhibit CDK2, and CDK4 respectively are expressed in QSCs to block cell cycle progression [START_REF] Sherr | CDK inhibitors: positive and negative regulators of G1-phase progression[END_REF]. The genetic loss of p21 or p27 induces exhaustion of HSCs due to a high proliferative capacity [START_REF] Zou | p57(Kip2) and p27(Kip1) cooperate to maintain hematopoietic stem cell quiescence through interactions with Hsc70[END_REF]. Similarly, MuSCs deficient for p21 (p21 KO) increase their proliferation rate but fail to undergo differentiation [START_REF] Hawke | p21 is essential for normal myogenic progenitor cell function in regenerating skeletal muscle[END_REF]; meaning that different CKIs are involved in the exit from the cell cycle triggered by differentiation [START_REF] Mohan | CDK inhibitors for muscle stem cell differentiation and self-renewal[END_REF].

Rb family proteins (Rb, p130 and p107) are guardians of the G1/S transition and inhibit cell cycle progression by controlling S-phase transcription factors [START_REF] Weinberg | The retinoblastoma protein and cell cycle control[END_REF]. HSCs deficient for Rb proteins have an enhanced proliferation and fail to replenish the stem cell pool in the bone marrow after transplantation [START_REF] Viatour | Hematopoietic stem cell quiescence is maintained by compound contributions of the retinoblastoma gene family[END_REF]. Rb proteins are highly expressed in quiescent MuSCs, and their genetic inactivation induce accelerated cell cycle entry, loss of myogenic differentiation and ultimately cell death [START_REF] Hosoyama | Rb1 gene inactivation expands satellite cell and postnatal myoblast pools[END_REF]. Interestingly, p300 has been shown to suppress myogenic differentiation genes; thus Rb proteins block cell cycle progression and differentiation of MuSCs [START_REF] Carnac | The retinoblastoma-like protein p130 is involved in the determination of reserve cells in differentiating myoblasts[END_REF].

Molecular signature of MuSCs

Transcriptomic analysis comparing quiescent and activated satellite cells have been done by several labs (Farina et al., 2012;Fukada et al., 2007;[START_REF] Garcia-Prat | Autophagy maintains stemness by preventing senescence[END_REF]Liu et al., 2013a;Lukjanenko et al., 2016;Pallafacchina et al., 2010). Although many quiescence specific genes are found in all data sets, the variations in the experimental procedures raise questions regarding reproducibility. For instance, for in vivo satellite cell activation, several techniques were used to induce the injuries including BaCl 2 , or myotoxins. Cell extraction protocols also varied among the different studies: i) using transgenic mice expressing a reporter gene that marks satellite cells and ii) using a combination of antibodies targeting surface cell antigens specific to satellites cells (see Annex 2). In an attempt to normalize these differences, we developed a standardized pipeline for comparing quiescent versus activation data sets. An initial analysis of 11 samples revealed a quiescent transcriptional signature that includes already known genes such as Calcitonin receptor, Teneurin-4 and Collagen genes (type 5 and 6) (see Annex 2; manuscript in preparation).

Furthermore, histone landscape analysis coupled with microarray in quiescent versus activated satellite cells showed that genes expressed at high levels in quiescence were marked only by H3K4me3 (Liu et al., 2013a). This list of genes included a large number of known quiescent-specific genes such as Pax7, Cd34, Odz4 and Calcitonin receptor (Calcr), and Notch target genes Hey1, Hey2, and HeyL. Notably, this list of genes was dominated by genes encoding glycoproteins. Given that glycoproteins are integral membrane proteins that often play an important role in cell-cell and cellmatrix interactions (Moremen et al., 2012), these glycoproteins that expressed at high levels in QSCs may be important mediators of interactions within the niche (see Section 2 below). In the context of our work, we focus on two quiescent-specific genes: Calcitonin receptor and Teneurin-4.

Calcitonin receptor

The calcitonin receptor (Calcr) belongs to the secretin-like family of is a Gprotein-coupled seven transmembrane protein (GPCR) arising from a 70kb gene composed of 12 encoding exons. In human and rodents, alternative splicing gives rise to two Calcr isoforms: Calcr-C1α and Calcr-C1β. As the Calcr is widely expressed, it has been proposed that its tissue-specific expression is regulated by the single transmembrane co-receptor of the RAMPs: RAMP1-3 (receptor activity modifying protein) [START_REF] Russell | Calcitonin gene-related peptide: physiology and pathophysiology[END_REF]. Upon glycosylation, the heterodimerization of both CALCR and one of the RAMP peptides is required for the mature protein to be exported from the endoplasmic reticulum to the plasma membrane [START_REF] Mclatchie | RAMPs regulate the transport and ligand specificity of the calcitonin-receptor-like receptor[END_REF]. It is still unclear how the dimerization of RAMPs with the CALCR is regulated, especially in cell types that coexpress several RAMP isoforms (Figure 9). (IP 3 ) and diacylglycerol (DAG). IP 3 binds to the IP 3 receptor (IP 3 R) on the endoplasmic reticulum (ER), causing calcium release and thus raising cytoplasmic concentrations. DAG may activate PKC ε , which in turn phosphorylates proteins further downstream. Upon activation, GPCR forms a complex with β-arrestins (β-Arr), that undergoes dynamin/clathrin dependent endocytosis for further lysosomal degradation or endosome recycling [START_REF] Walker | Regulation of signal transduction by calcitonin gene-related peptide receptors[END_REF]. Adapted from [START_REF] Russell | Calcitonin gene-related peptide: physiology and pathophysiology[END_REF] To date, the only known ligand of CALCR is the polypeptide hormone calcitonin (CT), synthetized by the thyroid gland and known to regulate serum calcium levels.

The main targets of CT are the osteoclasts where it inhibits bone resorption via interaction with CALCR. Although it has other roles in the blood, kidney, CNS, respiratory system, gastrointestinal system and sperm, whether its function is mediated by CT is unclear [START_REF] Russell | Calcitonin gene-related peptide: physiology and pathophysiology[END_REF]. Upon activation, CALCR triggers a downstream pathway involving Gsα protein described in Figure 9.

Quiescent MuSCs specifically express the C1α isoform and all three RAMP isoforms. Calcr is downregulated during activation and is absent in activated cells (2, 5 and 7d post-injury), then it is re-expressed by 14dpi when the majority of satellite cells return to quiescence (Yamaguchi et al., 2015). Interestingly, the specific ablation of Calcr in satellite cells (Pax7 CreERT2 ; Calcr flox ) induces an exit of satellite cells from the quiescence niche followed by apoptosis, resulting in partial a loss of the stem cell poll (Yamaguchi et al., 2015). Furthermore, in vitro activation of CALCR with the synthetic peptide Elcatonin induces the cAMP-PKA pathway to inhibit the expression of cyclin-related genes (like Ccnd1, Ccna2, and Skp2) resulting in the active maintenance of the G0-quiescent state (Yamaguchi et al., 2015).

Teneurin-4 or Odz4

Odz is the vertebrate homologue of the Drosophila odd Oz pair-rule gene and encodes a large type II transmembrane protein family: teneurins (Tenm). In vertebrates, there are four Odz/Tenm numbered 1-4 mainly expressed in the CNS [START_REF] Tucker | Teneurins: transmembrane proteins with fundamental roles in development[END_REF]. Although Odz4 function has been studied in chick embryo neuron patterning [START_REF] Kenzelmann-Broz | The expression of teneurin-4 in the avian embryo: potential roles in patterning of the limb and nervous system[END_REF] and mouse oligodendrocyte differentiation [START_REF] Suzuki | Teneurin-4 is a novel regulator of oligodendrocyte differentiation and myelination of small-diameter axons in the CNS[END_REF], the role of the teneurins and their mechanisms of action remain largely unknown. When the intracellular domain of teneurins are targeted by immunostaining on cells in vitro, they localize to the nucleus whereas the extracellular domain remains at the membrane, suggesting that they might be cleaved and act as transcription factors similar to Notch (see Chapter 4) [START_REF] Bagutti | The intracellular domain of teneurin-2 has a nuclear function and represses zic-1-mediated transcription[END_REF]. However, whether ODZ/TENM binds to DNA and activates transcription of specific genes has yet to be demonstrated.

Odz4 and Odz3 are both present in satellite cells, however only Odz4 expression shows a clear restriction to quiescent satellite cells, and its expression reappears between 5-7 days post-injury (Fukada et al., 2007). Odz4 contains 33 exons that can give rise to 12 different coding proteins by alternative splicing. Interestingly, in the study reporting the role of Odz4 in oligodendrocyte differentiation, the authors also indicated that focal adhesion kinase (FAK), a key regulator of cell adhesion, is activated downstream of Odz4 [START_REF] Suzuki | Teneurin-4 is a novel regulator of oligodendrocyte differentiation and myelination of small-diameter axons in the CNS[END_REF]; therefore, in quiescent MuSCs, Odz4 might control cell adhesion and/or differentiation.

The only study involving Odz4 in muscle used a transgenic mouse originally designed to study the role of a recombinant FLAG-tagged perlecan (heparin sulfate proteoglycan) specifically in cartilage under the control of Col2a1 promoter [START_REF] Suzuki | Teneurin-4 is a novel regulator of oligodendrocyte differentiation and myelination of small-diameter axons in the CNS[END_REF]. Homozygous null mice developed severe tremors in the hindlimbs and paralysis due to hypomyelination in the CNS, hereafter named "furue" (japanese term for tremor): Furue Tg(Hspg2)2Yy . Because this phenotype was likely caused by the transgene insertion, FISH (fluorescent in situ hybridization) and screening of a bacterial artificial chromosome library prepared from Furue mice allowed the identification of a transgene insertion into intron 5 of Odz4, located on chromosome 7 [START_REF] Suzuki | Teneurin-4 is a novel regulator of oligodendrocyte differentiation and myelination of small-diameter axons in the CNS[END_REF]. The analysis of Furue mice showed hypoplasia in perinatal and adult animals in addition to a decrease in MuSCs number, subsequently inducing a delay in regeneration upon injury (Ishii et al., 2015). Moreover, upon injury, Odz4deficient satellite cells atypically maintained high proliferation capacities and the activation marker MYOD 7dpi (Ishii et al., 2015). However, the constitutive repression of Odz4 raises questions about the specificity of its action in the satellite cell population as muscle growth and repair involve the collaboration of diverse cell regulators. Furthermore, the innervation of muscle is critical for its proper development and regeneration, thus the hypomyelination of the CNS showed by Suzuki and collegues has high probability to affect muscle function in general as nervous input is altered [START_REF] Suzuki | Teneurin-4 is a novel regulator of oligodendrocyte differentiation and myelination of small-diameter axons in the CNS[END_REF].

Finally, in the mutant embryos Pax3 Cre/+ ; Rbpj flox/flox ; Myod -/-a decrease of Odz4 expression was observed in isolated myoblasts suggesting that Odz4 and Notch functions might be correlated (Brohl et al., 2012). Accordingly, we showed that Odz4 is a Notch pathway target genes (see Results, part II).

The stem cell niche

The concept of the "niche" proposed to represent the specific microenvironment that maintains and instructs stem cells [START_REF] Schofield | The relationship between the spleen colony-forming cell and the haemopoietic stem cell[END_REF].

Extensive studies that investigated Drosophila and Caenorhabditis elegans (C. elegans) adult SC niches in vivo have confirmed the critical role of the niche in modulating stem cell behaviour [START_REF] Byrd | Scratching the niche that controls Caenorhabditis elegans germline stem cells[END_REF][START_REF] De Cuevas | The stem cell niche: lessons from the Drosophila testis[END_REF]. Recent work has since confirmed in multiple invertebrate and mammalian organ systems that adult stem cells reside in tissue specific niches providing structural support and molecular signals to regulate quiescence, self-renewal, and proliferation instructions essential for tissue homeostasis and regeneration [START_REF] Blanpain | Selfrenewal, multipotency, and the existence of two cell populations within an epithelial stem cell niche[END_REF][START_REF] Jones | No place like home: anatomy and function of the stem cell niche[END_REF][START_REF] Kai | An empty Drosophila stem cell niche reactivates the proliferation of ectopic cells[END_REF][START_REF] Song | Germline stem cells anchored by adherens junctions in the Drosophila ovary niches[END_REF][START_REF] Wilson | Hematopoietic stem cells reversibly switch from dormancy to self-renewal during homeostasis and repair[END_REF][START_REF] Wilson | Bone-marrow haematopoietic-stem-cell niches[END_REF]. Increasing evidence of deregulation of the stem cell niche has been associated with aging, tissue degeneration and cancer [START_REF] Voog | Stem cells and the niche: a dynamic duo[END_REF].

Although each stem cell type resides in a specific niche, in most systems, the organization and components of niche have similar features: (1) the stem cell and progeny themselves, as they provide autocrine and paracrine regulation, respectively, within their own lineage; (2) neighbouring mesenchymal or stromal cells providing paracrine signals; (3) extracellular matrix (ECM) or cell-cell contacts involving adhesion molecules; and (4) external cues from distant sources within the tissue or outside the tissue, such as from blood vessels, neurons, or immune cells (Figure 10). Thus, it is the synergy of all this elements that creates a discretely localized niche.

Extracellular matrix: powerful modulator of cell behaviour

ECM was initially considered to be an inert supportive scaffold, however, it is now clear that by either direct or indirect action, ECM regulates cell behaviour and it plays essential roles during development [START_REF] Hynes | Integrins: bidirectional, allosteric signaling machines[END_REF]. Indeed, the dynamism of ECM is provided by its capacities to adapt the production, degradation, and remodelling of its components. First, the ECM possesses both direct and indirect signalling properties, since it can act directly by binding cell surface receptors or by [START_REF] Jones | No place like home: anatomy and function of the stem cell niche[END_REF] growth factor presentation [START_REF] Hynes | Integrins: bidirectional, allosteric signaling machines[END_REF]. Second, ECM components confer biomechanical properties to the ECM such as rigidity, porosity, topography and insolubility that can influence various anchorage-related biological functions, like cell division, tissue polarity and cell migration [START_REF] Lu | Extracellular matrix degradation and remodeling in development and disease[END_REF]. Indeed, ECM stiffness is an essential property by which cells sense the external forces and respond to the environment in an appropriate manner, a process known as mechanotransduction [START_REF] Dufort | Balancing forces: architectural control of mechanotransduction[END_REF][START_REF] Mammoto | Mechanical control of tissue and organ development[END_REF]. Experiments performed with decellularized tissues, in which the ECM is preserved, showed capacity to guide stem cell differentiation into the cell types residing in the tissue from which the ECM was derived [START_REF] Nakayama | Decellularized rhesus monkey kidney as a three-dimensional scaffold for renal tissue engineering[END_REF] (Webster et al., 2016). Despite the well-investigated cellular stem cell niche, details are lacking regarding the specific roles of ECM components (Figure 11). HFSCs deposit nephronectin in the bulge that interact with α8β1 integrin promoting stem cell anchorage. Collagen XVII synthesized by HFSC is essential for their maintenance by providing an additional niche for melanocyte stem cells; thus maintaining self-renewal of both populations. (C) The subventricular zone (SVZ) of the lateral ventricle is composed of three cell populations that lie immediately beneath a monolayer of ependymal cells and corresponding to NSC, mitotically active transit amplifying cells and neuroblasts. NSCs in the niche are associated with heparan sulfate proteoglycan which regulates the proliferation and differentiation by presenting growth factors (EGF, FGF). [START_REF] Rezza | Adult stem cell niches: cellular and molecular components[END_REF] 

ECM-cell interaction

Interactions between ECM and stem cells can be directly mediated by a number of cell receptors, however, most of the studies have focused on integrins.

Integrins are the main family of ECM receptors for cell adhesion as they connect the extracellular compartment to the intracellular cytoskeleton [START_REF] Hynes | Integrins: bidirectional, allosteric signaling machines[END_REF]. They constitute a large family of heterodimeric transmembrane receptors composed of noncovalently associated α and β subunits. In vertebrates, 18 α subunits and 8 β subunits combine to form 24 distinct type of integrins. The large variety of integrins makes them potent receptor to a large number of ECM components or other cell surface adhesion molecules and receptors [START_REF] Arnaout | Structure and mechanics of integrin-based cell adhesion[END_REF][START_REF] Barczyk | Integrins[END_REF][START_REF] Hynes | Integrins: bidirectional, allosteric signaling machines[END_REF]. They have been found to be essential for the homing of HSCs in the bone marrow niche (α4, α6, α9 and β1) [START_REF] Potocnik | Fetal and adult hematopoietic stem cells require beta1 integrin function for colonizing fetal liver, spleen, and bone marrow[END_REF][START_REF] Qian | Contribution of alpha6 integrins to hematopoietic stem and progenitor cell homing to bone marrow and collaboration with alpha4 integrins[END_REF], spermatogonial stem cells in the testicular niche by binding to laminin (α6β1) [START_REF] Kanatsu-Shinohara | Homing of mouse spermatogonial stem cells to germline niche depends on beta1integrin[END_REF] and NSCs to their vascular niche [START_REF] Shen | Adult SVZ stem cells lie in a vascular niche: a quantitative analysis of niche cell-cell interactions[END_REF].

In addition, follicular stem cells of Drosophila ovary require integrin-mediated interaction for their anchorage to the niche and for their proper self-renewal and asymmetric cell division [START_REF] O'reilly | Integrins control the positioning and proliferation of follicle stem cells in the Drosophila ovary[END_REF]. Finally, in the mouse hair follicle, bulge stem cells produce the ECM protein nephronectin, which interacts with the α8β1 integrin receptor present on the arrector pili muscle to maintain the appropriate position and function of HFSCs [START_REF] Fujiwara | The basement membrane of hair follicle stem cells is a muscle cell niche[END_REF].

Integrins can directly activate downstream signalling via focal adhesion kinase (FAK) and phosphoinositide 3-kinase (PI3K) [START_REF] Lu | Extracellular matrix degradation and remodeling in development and disease[END_REF] or interact with other pathways such as Notch, EGF receptor or Hedgehog signalling [START_REF] Brisken | Stem cells and the stem cell niche in the breast: an integrated hormonal and developmental perspective[END_REF][START_REF] Campos | Notch, epidermal growth factor receptor, and beta1-integrin pathways are coordinated in neural stem cells[END_REF][START_REF] Jones | Conditional deletion of beta1 integrins in the intestinal epithelium causes a loss of Hedgehog expression, intestinal hyperplasia, and early postnatal lethality[END_REF] thus regulating self-renewal, proliferation and differentiation of a large variety of stem cells.

Biophysical properties of ECM

As mentioned above, ECM biophysical properties also influence the stem cell niche by regulating the internal forces that are transmitted to the environment by adhesion sites [START_REF] Dufort | Balancing forces: architectural control of mechanotransduction[END_REF]. The focal adhesion complexes, which include integrins, adaptors and signalling proteins, physically link the actomyosin cytoskeleton with the ECM. Together with cytoskeleton, nuclear matrix, nuclear envelope and chromatin, the focal adhesion complexes constitute a complex machinery that determines how cells respond to forces generated from the ECM. A number of mechanotransduction pathways have emerged as key downstream mediators of ECM elasticity, cell shape and cytoskeletal organization: Ras/MAPK, PI3K/Akt, RhoA/ ROCK, Wnt/β-catenin, TGF-β pathways and more recently YAP/TAZ [START_REF] Halder | Transduction of mechanical and cytoskeletal cues by YAP and TAZ[END_REF][START_REF] Sun | Forcing stem cells to behave: a biophysical perspective of the cellular microenvironment[END_REF].

The stiffness of the extracellular microenvironment, mainly expressed by the elastic modulus (or Young's modulus), is usually several orders of magnitude lower in many organs compared to what cells experience when cultured directly onto a plastic or glass dish. Because of the difficulties in manipulating tissue stiffness in vivo, researchers have developed in vitro engineered stem cell niches, with the aim to mimic the in vivo niche and study stem cells in less artificial conditions. To date, those bioengineering tools include synthesizing novel biomaterials for stem cell culture, fabricating scaffolds in three dimensions with micro/nanoscale topography, micropatterning ECM in two dimensions, and performing high-throughput ECM microarrays [START_REF] Lutolf | Artificial stem cell niches[END_REF][START_REF] Peerani | Enabling stem cell therapies through synthetic stem cell-niche engineering[END_REF]. Interestingly, when human mesenchymal stem cells are cultured on different stiffnesses of ECM that mimic the elastic moduli of brain, muscle or bone, they undergo tissue-specific cell fate switches into neurons, myoblasts and osteoblasts, respectively [START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF]. Adult NSCs cultured on fibronectin-hydrogel with the stiffness of brain tissue differentiate into neurons, whereas stiffer gels promote their differentiation into glial cells [START_REF] Saha | Substrate modulus directs neural stem cell behavior[END_REF]. This biomechanical regulation of cell fate is confirmed in vivo by the finding of stiffness gradients in the hippocampus. Regarding MuSCs, modulating substrate elasticity was found to regulate their self-renewal in culture (Gilbert et al., 2010;Urciuolo et al., 2013), and asymmetric micropatterns were able to switch a subpopulation of satellite cells from symmetric to asymmetric division [START_REF] Yennek | Cell adhesion geometry regulates non-random DNA segregation and asymmetric cell fates in mouse skeletal muscle stem cells[END_REF]. Notably, in Col6 mutant mice that model the human Bethlem/Ulrich myopathy, muscle stiffness is decreased (from 12 to 7kPa) leading to an indirect defect of MuSC self-renewal. Of interest, the engraftment of COLVIsynthetizing fibroblasts partially restores the stiffness and consequently MuSC properties (Urciuolo et al., 2013).

Collagens constitute a major component of the ECM

One key component of the ECM is collagen, the most abundant protein in animals. In light of what has been described above, collagens provide essential structural support for connective tissues but they can also directly interact with cells through cell surface receptors or via intermediary molecules. Collagens have a triple helical structure composed of three genetically distinct polypeptide chains termed αchains (α1, α2, α3), characterized by repeating glycine-X-X' sequence with X and X' being any amino acid. Looping of the three α-chains requires every third amino acid to be a glycine whereas 4-hydroxyproline-proline confers stability. In vertebrates 46 distinct collagen α-chains assemble to form 29 homodimer or heterodimer collagen types. Most triple helices assemble collagen into macromolecules to form fibrils and fibres that are essential components of tissues and bones. Collagen families include fibrillar collagen (eg. type I, III, V), network-forming collagen (COLIV, major component of basement membranes), fibril-associated collagens with interruptions in their helice (FACIT; eg IX, XII) and filamentous (COLVI; beaded microfibrils) [START_REF] Mouw | Extracellular matrix assembly: a multiscale deconstruction[END_REF].

Upon synthesis, collagens α-chains are targeted to the ER where they assemble and undergo post-transcriptional modifications to form a precursor procollagen molecule.

Note that the α1-chain is necessarily present in every collagen form. Procollagens are then secreted by cells into the extracellular space and converted into mature collagen by the removal of the N-and C-propeptides via collagen type-specific metalloproteinase enzymes [START_REF] Mouw | Extracellular matrix assembly: a multiscale deconstruction[END_REF].

Insights from Collagen V

For the purpose of this thesis, we will focus on one specific type of collagen: type V Collagen. Collagen V is a fibrillar collagen involved in the regulation of fibril assembly and it can be classified as a regulatory fibril-forming collagen. The major isoform of Collagen V, [α1(V)] 2 α2(V) (two α1 chains and one α2), co-assembles with Collagen I to form heterotypic fibrils [START_REF] Birk | Collagen type I and type V are present in the same fibril in the avian corneal stroma[END_REF]. The constitutive deletion of Collagen V in mouse (Col5a1 -/-) is lethal at embryonic day E8.5.

Interestingly, in the embryonic mesenchyme, even if the number of COLI fibrils is altered, the amount of Collagen I remains normal, suggesting that Collagen V is critical for fibril assembly [START_REF] Wenstrup | Type V collagen controls the initiation of collagen fibril assembly[END_REF]. Moreover, Col5a1 heterozygous mice are haploinsufficient and present a phenotype mimicking the human Ehlers-Danlos syndrome (EDS) that is characterized by a connective tissue disorder with broad tissue involvement typified by fragile, hyperextensible skin, widened atrophic scars, joint laxity, a high prevalence of aortic root dilation, and other manifestations of connective tissue [START_REF] Malfait | Clinical and genetic aspects of Ehlers-Danlos syndrome, classic type[END_REF][START_REF] Wenstrup | Murine model of the Ehlers-Danlos syndrome. col5a1 haploinsufficiency disrupts collagen fibril assembly at multiple stages[END_REF]. This mouse model of EDS of heterozygous Col5a1 ablation ultimately provides an explanation for the haploinsufficiency observed in Col5a1 mice [START_REF] Wenstrup | Murine model of the Ehlers-Danlos syndrome. col5a1 haploinsufficiency disrupts collagen fibril assembly at multiple stages[END_REF].

Native collagen triple helix can interact directly with cells via cell transmembrane receptors triggering diverse functions such as stable adhesion or migration. To date, four classes of vertebrate receptors have been described: collagen-binding integrins (α1β1, α2β1, α11β1, α10β1), discoidin domain receptors (DDRs), glycoprotein VI (GPVI), and leukocyte-associated immunoglobulin-like receptor-1 (LAIR-1).

Although collagen-binding integrins and DDRs have different structures, they both bind to specific amino acid motifs within the collagen triple helix, and have overlapping cellular functions [START_REF] Leitinger | Transmembrane collagen receptors[END_REF]. In contrast, the structurally related receptors GPVI and LAIR-1 have similar collagen-binding motifs but mediate opposing functions: GPVI is an activating receptor on platelets, and LAIR-1 is an inhibitory receptor on immune cells [START_REF] Leitinger | Transmembrane collagen receptors[END_REF].

Intriguingly, G-protein coupled receptors (GPCRs) have been shown to bind to collagen as well; to date, only two examples have been described in vitro: 1)

Collagen III (COLIIIa1) interacts with GPR56 and induces RhoA downstream pathway to inhibit neural migration [START_REF] Luo | G proteincoupled receptor 56 and collagen III, a receptor-ligand pair, regulates cortical development and lamination[END_REF]; and 2) Collagen IV binds to GPR126 and activates the cAMP downstream pathway [START_REF] Paavola | Type IV collagen is an activating ligand for the adhesion G protein-coupled receptor GPR126[END_REF]) in HEK293T cells.

The MuSCs niche

As noted with other adult stem cells, MuSCs are localized in a highly specific niche, composed of ECM, a vascular network, different types of surrounding cells, and various diffusible molecules. Furthermore, satellite cells, acting as niche components, have been suggested to influence each other by means of cell-cell interaction and autocrine or paracrine signals [START_REF] Jones | No place like home: anatomy and function of the stem cell niche[END_REF].

Due to the direct physical contact with MuSCs, myofibres represent the first critical component of the MuSC niche. Selective killing of myofibres with Marcaine resulted in greater numbers of proliferating satellite cells, thus demonstrating their requirement for MuSC homing and quiescence [START_REF] Bischoff | Interaction between satellite cells and skeletal muscle fibers[END_REF]. Myofibres are likely to be the main source of the transmembrane Notch ligand Delta-like 1, thereby inducing the Notch signalling cascade in MuSCs, which in turn is critical for their maintenance (Bjornson et al., 2012;Mourikis et al., 2012b)(see Chapter 4,Section 5).

According to the context, myofibres can release numerous modulators that impact on satellite cell behaviour, such as TGFβ to maintain quiescence or Wnt to stimulate proliferation and expansion by symmetric division of myoblasts following injury (Bentzinger et al., 2013).

Extracellular matrix and associated factors

Resident fibroblasts are considered to be the main producers of ECM in skeletal muscle. The ECM surrounding the myofibres is composed of laminin, fibronectin (Fn), collagen and proteoglycans; all together these constituents form the basal lamina (BL) and the reticular lamina (RL) [START_REF] Sanes | The basement membrane/basal lamina of skeletal muscle[END_REF] (Figure 12). Importantly, at homeostasis, MuSC is not in contact with the RL. MuSCs sit on top of the fibre and are surrounded by the BL, whose two primary components are collagen IV and laminin-2 (α2β1γ), which form a network that will further link the BL to the glycoprotein nidogen [START_REF] Sanes | The basement membrane/basal lamina of skeletal muscle[END_REF]. Notably, the BL also contains type I and type VI Collagens that make the connection with the RL. COLIV and laminin-2 concentrations vary with the muscle type; slow-type Soleus muscle has twice more COLIV and twice less laminin-2 than the fast-type Rectus femoris [START_REF] Kovanen | Type IV collagen and laminin in slow and fast skeletal muscle in rats--effects of age and life-time endurance training[END_REF][START_REF] Schultz | A quantitative study of satellite cells in regenerated soleus and extensor digitorum longus muscles[END_REF]. Perlecan, decorin and biglycan are negatively-charged proteoglycans capable of binding and sequestering several growth factors, such as TGFβ or Wnt ligands [START_REF] Thorsteinsdottir | The extracellular matrix dimension of skeletal muscle development[END_REF]. Perlecan binds to COLIV while decorin binds to COLIV and laminin-2 with COLI in the RL (Figure 12). Fibronectin is another important ECM regulator located in the RL. Finally, the structure of the satellite cell niche is stabilized by the direct binding of the BL with dystroglycan complex proteins that are connected to the myofibres via membrane proteins such as dystrophin (Figure 12).

Integrins play important signalling roles in the regulation of myogenesis. Although satellite cells express almost all of the integrin subtypes (Siegel et al., 2009), quiescent MuSCs express mainly integrin α7 and β1 that form a complex with laminin-2 in the BL. Interestingly, MuSCs deficient for integrin-β1 (Pax7 CreERT2 ; Itgb1 Flox ) cannot maintain quiescence and they differentiate spontaneously without extensive proliferation (Rozo et al., 2016). Moreover, integrin-β1 has been shown to cooperate with the growth factor Fgf2 to maintain the cell in the niche. Furthermore, β1 integrins were found to be essential in preserving the pool of different types of stem cells, by controlling the balance between symmetric and asymmetric divisions (similarly in NSCs), as well as stem cell self-renewal and differentiation [START_REF] Boppart | Alpha7beta1-integrin regulates mechanotransduction and prevents skeletal muscle injury[END_REF]. However, their expression decreases with activation and is replaced by other types of integrins like α5β3 that bind to proteins with RGD exposed domain (Arg-Gly-Asp) such as fibronectin or some degraded laminins and collagens [START_REF] Goetsch | Transcriptional profiling and regulation of the extracellular matrix during muscle regeneration[END_REF]. This temporal variation of integrin expression reflects the dynamic remodelling of the ECM from developing muscle to resting and injured states.

Injury involves the destruction of the BL structure by proteases inducing ECM fragmentation and growth factor release essential for recruitment of immune cells, endothelial cells and myoblasts. Metalloproteases (MMP2 and MMP9) expression peaks upon damage, followed by an upregulation of the ECM components [START_REF] Thomas | Extracellular matrix regulation in the muscle satellite cell niche[END_REF] of the BL in a total muscle extract and in purified satellite cells [START_REF] Kherif | Expression of matrix metalloproteinases 2 and 9 in regenerating skeletal muscle: a study in experimentally injured and mdx muscles[END_REF]; These observations suggest that satellite cells are involved in the breakdown of their own niche, allowing them to migrate to the site of injury.

Given that fibroblasts are a major contributor to niche [START_REF] Zou | Muscle interstitial fibroblasts are the main source of collagen VI synthesis in skeletal muscle: implications for congenital muscular dystrophy types Ullrich and Bethlem[END_REF] to what extend do satellite cells participate to the remodelling of their own microenvironment? Interestingly, co-culture of mouse fibroblasts with quail myoblasts showed COLIV incorporation into the BL of myotubes of both mouse and quail origin, suggesting that both fibro-and myo-blasts contribute to COLIV in the niche [START_REF] Kuhl | Role of muscle fibroblasts in the deposition of type-IV collagen in the basal lamina of myotubes[END_REF]. In addition, transcriptome analysis in quiescent and activated satellite cells showed a clear ECM signature characteristic of each cell state.

Similarly, MuSCs from foetal (E. 16.5), perinatal (P8) and adult (8weeks) showed an ECM stage-specific ECM signature with a progressive acquisition of the adult characteristics (Tierney et al., 2016). Col6a1, Col6a2, Col6a3, Fn and Tenascin C (TnC) were the more upregulated ECM genes in foetal MuSCs; however, only TnC showed a foetal-specific expression. Loss of function experiments of TnC followed by transplantation showed inhibition of cell expansion resulting in a decrease of engraftment potency. Interestingly, Fn is rapidly upregulated upon injury, and it binds to Syndecan-4 together with the Wnt ligand Frizzled-7 to form a functional Wnt activating complex that promotes symmetric expansion of myoblasts (Bentzinger et al., 2013). However, these assays rely on in vitro gain and loss of function experiments with purified MuSCs, and they do not address which proportion of ECM proteins produced by the fibroblasts or the satellite cells in vivo is sufficient for proper function.

Chapter 3.

Post-transcriptional regulation of myogenesis: a role for microRNAs

The discovery of microRNAs

Studies in the 1990s revealed the existence of an endogenous regulatory RNA ~22nt in size in C. elegans, lin-4, as a regulator of developmental timing [START_REF] Lee | The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14[END_REF][START_REF] Wightman | Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans[END_REF]. The identification of a second small RNA, let-7, that is highly conserved in bilaterians was a major breakthrough as it strongly suggested the post-transcriptional regulation of gene expression by small RNAs in other organisms [START_REF] Pasquinelli | Conservation of the sequence and temporal expression of let-7 heterochronic regulatory RNA[END_REF]. The development of high throughput next-generation sequencing methods for small RNAs, combined with computational analysis, allowed detailed investigations of microRNAs (miRNAs). From a phylogenetic perspective, miRNAs are found early in evolution in eumetazoans (cnidarians) and expansion of miRNAs is observed at the base of vertebrate lineage and the lineage leading to mammals [START_REF] Campo-Paysaa | microRNA complements in deuterostomes: origin and evolution of microRNAs[END_REF][START_REF] Christodoulou | Ancient animal microRNAs and the evolution of tissue identity[END_REF][START_REF] Grimson | Early origins and evolution of microRNAs and Piwi-interacting RNAs in animals[END_REF][START_REF] Hertel | The expansion of the metazoan microRNA repertoire[END_REF]. Remarkably, there is a direct correlation between the number of miRNAs and morphological complexity, suggesting that expansion of miRNAs may have been a key event in the emergence of complex organisms [START_REF] Prochnik | Evidence for a microRNA expansion in the bilaterian ancestor[END_REF]Sempere et al., 2006;[START_REF] Wheeler | The deep evolution of metazoan microRNAs[END_REF]. A comprehensive description of microRNAs is listed in miRBase the online database that catalogues more than 30,000 miRNAs from 206 species including mouse and human (http://mirbase.org). As an example, the human genome comprises >1500 hairpin structures that produce detectable small RNAs. Although their functions remain to be established, it suggests that more than half of all human protein-coding genes are under the control of small-RNAs (Bartel, 2004;[START_REF] Chiang | Mammalian microRNAs: experimental evaluation of novel and previously annotated genes[END_REF].

MicroRNAs: Genomics, biogenesis, mechanism and function

Biogenesis of microRNAs

Mature miRNAs are endogenous single-stranded non-coding nucleotides in length generated by multiple processing steps (Figure 13). First, RNA polymerase II produces the primary miRNAs (pri-miRNAs), a long double-stranded hairpin-shaped RNA [START_REF] Lee | MicroRNA genes are transcribed by RNA polymerase II[END_REF] with a 5' cap structure and poly-A tail [START_REF] Cai | Human microRNAs are processed from capped, polyadenylated transcripts that can also function as mRNAs[END_REF]. In the canonical pathway, the microprocessor complex, composed of the RNAse III Drosha and its double strand RNA binding domain partner DGCR8 (DiGeorge syndrome critical region gene 8, in mammals and Pasha in flies) (Han et al., 2004;[START_REF] Han | Molecular basis for the recognition of primary microRNAs by the Drosha-DGCR8 complex[END_REF], recognizes and cleaves ~11nt from the base of the stemloop to produce a ~60bp hairpin structure, designated as the precursor RNA (pre-miRNA) [START_REF] Gregory | The Microprocessor complex mediates the genesis of microRNAs[END_REF][START_REF] Lee | The nuclear RNase III Drosha initiates microRNA processing[END_REF][START_REF] Lee | MicroRNA maturation: stepwise processing and subcellular localization[END_REF]. The pre-miRNA is actively transported from the nucleus to the cytoplasm by a nuclear export receptor Exportin 5 coupled to Ran-GTP [START_REF] Lund | Nuclear export of microRNA precursors[END_REF][START_REF] Yi | Exportin-5 mediates the nuclear export of pre-microRNAs and short hairpin RNAs[END_REF] where it undergoes a second cleavage by Dicer, another RNAse III enzyme [START_REF] Bernstein | Role for a bidentate ribonuclease in the initiation step of RNA interference[END_REF][START_REF] Grishok | Genes and mechanisms related to RNA interference regulate expression of the small temporal RNAs that control C. elegans developmental timing[END_REF][START_REF] Hutvagner | A cellular function for the RNA-interference enzyme Dicer in the maturation of the let-7 small temporal RNA[END_REF][START_REF] Ketting | Dicer functions in RNA interference and in synthesis of small RNA involved in developmental timing in C. elegans[END_REF]. Cleavage of the terminal loop end of pre-miRNAs leaves the 5' phosphate (miRNA-5p) and ~2nt 3' overhang (miRNA-3p) of a ~22nt double stranded duplex miRNA-miRNA* (miRNA* for passenger strand) [START_REF] Lau | An abundant class of tiny RNAs with probable regulatory roles in Caenorhabditis elegans[END_REF]. Following processing, the strand of the duplex with a less thermodynamically stable 5' end, the guide RNA, is preferentially loaded with one of the Argonaute proteins (AGO) to form the miRNAinduced silencing complex (RISC) [START_REF] Hammond | An RNAdirected nuclease mediates post-transcriptional gene silencing in Drosophila cells[END_REF][START_REF] Kawamata | Making RISC[END_REF]. The other strand (miRNA*) is usually degraded, however, in some cases it can also be incorporated into the RISC to function as miRNA [START_REF] Khvorova | Functional siRNAs and miRNAs exhibit strand bias[END_REF][START_REF] Schwarz | Asymmetry in the assembly of the RNAi enzyme complex[END_REF]. The mature miRNA associated with the RICS binds to the 3'UTR of the target mRNA based on their complementarity (Elbashir et al., 2001a;Elbashir et al., 2001b). The primary determinant of binding specificity to complementary target mRNA is determined by Watson-Crick base-pairing of nucleotides 2-8 at the 5' end of the miRNA, referred as to "seed sequence" [START_REF] Bartel | MicroRNAs: target recognition and regulatory functions[END_REF][START_REF] Lai | Micro RNAs are complementary to 3' UTR sequence motifs that mediate negative post-transcriptional regulation[END_REF]. When the complementarity is perfect, the miRNA induces degradation of the target mRNA through AGO endonuclease activity. In contrast, partial paring results in repression of target mRNA translation at the initiation or elongation steps and/or sequestration of target mRNAs into cytoplasmic processing bodies (P-bodies) where mRNA is degraded through deadenylation pathways (Figure 13) [START_REF] Parker | P bodies and the control of mRNA translation and degradation[END_REF]. Because near-perfect complementary is thought to be required for RISC-mediated cleavage but not translational repression, the lower degree of complementary seen in animals suggests that translational repression is more prevalent in animals than in plants. And to date only one example in mammalian cells of miRNA inducing cleavage of a target has been shown [START_REF] Yekta | MicroRNA-directed cleavage of HOXB8 mRNA[END_REF]. After transport to the nucleus, the pri-miRNA is cleaved a second time by Dicer together with its ds-RNA-binding partners TRBP (mammals; Loqs in flies). Mature miRNAs assemble with the RISC complex and regulate gene expression by inhibiting translation, inducing mRNA degradation, while the passenger strand miRNA* is degraded. See text for more details. Right: (a) Perfect pairing induces endonucleolytic cleavage of the target mRNA; the 5'-to-3' exoribonuclease XRN1 (XRN4 in plant) and the 3'-to-5' exonucleolytic complex, the exosome subsequently degrade the sliced mRNA. (b) Imperfect pairing induces translation inhibition by blocking its initiation, deadenylation or recruitment of translation blockers. Adapted from [START_REF] Ameres | Diversifying microRNA sequence and function[END_REF] 

MicroRNAs arise from distinct genomic loci

As mentioned earlier, miRNA emerge from different genomic sources that determine their spatiotemporal pattern. miRNAs can be encoded in genomes as independent transcriptional units with their own promoters (solo miRNAs) (Figure 14a) or as clusters of several miRNA genes transcribed as a single pri-miRNA [START_REF] Ambros | A uniform system for microRNA annotation[END_REF] (Figure 14b). miRNAs produced from a polycistronic unit arise from local gene duplication, thus they have identical seed sequences and are grouped into the same family [START_REF] Ambros | A uniform system for microRNA annotation[END_REF]. It is estimated that 33% of the human and 38% of mouse miRNAs are grouped into 141 families [START_REF] Ambros | A uniform system for microRNA annotation[END_REF]. A substantial fraction of animal miRNA genes are located in introns of protein-coding genes [START_REF] Rodriguez | Identification of mammalian microRNA host genes and transcription units[END_REF]. For example, almost half of human miRNAs are located in introns in the same orientation of the host gene [START_REF] Campo-Paysaa | microRNA complements in deuterostomes: origin and evolution of microRNAs[END_REF]. Intronic miRNAs can have their own promoter (Figure 14c) or depend on the expression the host gene, thus refer to as mirtron [START_REF] Isik | Expression patterns of intronic microRNAs in Caenorhabditis elegans[END_REF][START_REF] Ozsolak | Chromatin structure analyses identify miRNA promoters[END_REF]. Mirtrons are released during the alternative splicing of the host gene following debranching of the branched lariat intermediate [START_REF] Ruby | Intronic microRNA precursors that bypass Drosha processing[END_REF] (Figure 13 and Figure 14d).

MicroRNA prediction tools

Micro-RNAs comprise 1-2% of all genes in worms, flies and mammals [START_REF] Bartel | MicroRNAs: target recognition and regulatory functions[END_REF], and because each miRNA is predicted to regulate hundreds of targets, the majority of coding proteins is thought to be under their control [START_REF] Friedman | Most mammalian mRNAs are conserved targets of microRNAs[END_REF]. Thus, target identification and validation required for phenotypical analysis remains a major challenge in the field. Prediction algorithms based on diverse methods and performance have been generated where the major criterium is based on the type of pairing between the seed sequence and its potential targets (Figure 15). Additional features such as the conservation across species, the positioning within the 3'UTR (away from centre, 15nt from stop codon), and AU-rich nucleotide Figure 14. RNA gene structure. miRNA transcripts emerge from the genome either as independent transcriptional units with their own promoters (a) or clusters of multiple miRNAs transcribed as a single pri-miRNA (b). An important fraction of miRNAs in animals is located within introns with their own promoter (c) or do not rely on Drosha processing but rather use the host gene splicing events machinery to generate pre-miRNA (d). [START_REF] Berezikov | Evolution of microRNA diversity and regulation in animals[END_REF] composition near the binding site, are also used for determination of predicted target genes (Agarwal et al., 2015;[START_REF] Bartel | MicroRNAs: target recognition and regulatory functions[END_REF]. Figure 15 shows a non-exhaustive list of prediction tools in metazoans.

MicroRNAs in cell and tissue regulation

The absolute requirement of miRNAs for mouse development has been shown by the germinal loss of Dicer which leads to lethality during gastrulation [START_REF] Bernstein | Dicer is essential for mouse development[END_REF], and Dgcr8 knock-out (KO) mice that die early in development (E6.5) [START_REF] Wang | DGCR8 is essential for microRNA biogenesis and silencing of embryonic stem cell selfrenewal[END_REF]. To bypass the lethality associated with inactivation of Dicer, generation of conditional KO mice using inducible Cre-recombinase has been essential to study the role of miRNAs in specific adult tissues. Interestingly, blocking the miRNA biogenesis pathway in adult mice through ubiquitous KO of Dicer (R26 CreERT2 ; Dicer flox ) results in defects in several tissues; the mice rapidly developed intestinal decline and died within 10 days with additional defects in bone marrow, spleen and thymus (Huang et al., 2012a). These phenotypes point to the continuous requirement of miRNAs in tissues that undergo turnover and are maintained by stem cells. For example, the deletion of Dicer in HSCs in adult mice (Mx1-Cre combined with interferon or polyinosinic-polycytidylic acid (pI:pC) treatment) induces apoptosis of HSCs following irradiation. In adult skin, deletion of Dicer from the basal epidermal layer (K14-CT2; Dicer flox ) showed epidermal thickening and presence [START_REF] Bartel | MicroRNAs: target recognition and regulatory functions[END_REF] of ectopic suprabasal cells [START_REF] Teta | Inducible deletion of epidermal Dicer and Drosha reveals multiple functions for miRNAs in postnatal skin[END_REF]. Hair follicles are known to undergo cycles of growth (anagen), regression (catagen) and rest (telogen), which can be experimentally induced by hair plucking. Deletion of Dicer and Drosha at different time points during the hair follicle cycle using a doxycycline-inducible Cre (Krt5-rtTA and tetO-Cre) that is active throughout the basal epidermis and in hair follicle cells, showed that loss of miRNAs in telogen did not affect resting hair follicles [START_REF] Teta | Inducible deletion of epidermal Dicer and Drosha reveals multiple functions for miRNAs in postnatal skin[END_REF]. Interestingly, after hair plucking, mutant follicles undergo apoptosis and degradation of hair follicles. These findings underscore the temporal requirement of the miRNA pathway specifically in the growth phase in adult skin.

Regulation of myogenesis by microRNAs

The essential role of miRNAs for muscle development was demonstrated by the conditional deletion of Dicer in Myod-expressing cells in embryos (Myod Cre ; Dicer flox ) that results in perinatal lethality due to muscle hypoplasia [START_REF] O'rourke | Essential role for Dicer during skeletal muscle development[END_REF]. In the adult, the requirement of miRNAs in skeletal muscle regeneration has been demonstrated where the conditional deletion of Dicer in the Pax7+ population results in depletion of MuSCs and a quasi-absence of repair following injury (Cheung et al., 2012).

Almost immediately after the discovery that miRNAs are conserved across species, it became apparent that some miRNAs are not ubiquitously expressed as let-7, but are expressed only in certain tissues. The initial finding that some miRNAs were expressed in a tissue-specific fashion was confirmed in a study showing that miR-1, miR-122a and miR-124a expression was restricted to striated muscle, liver and brain, respectively [START_REF] Lagos-Quintana | Identification of tissue-specific microRNAs from mouse[END_REF]. In an effort to identify new miRNAs, 30 miRNAs were found to be enriched or specifically expressed in skeletal muscle (Sempere et al., 2006). In addition, several studies identified other skeletal muscle specific miRNAs defined as myomirs. Interestingly, myomirs appear to have either uniform expression throughout the muscle (miR-1 and miR-133a) (McCarthy and Esser, 2007;van Rooij et al., 2009), or are enriched in slow-twitch, type I muscles (miR-206, miR-208b and miR-499) (Liu et al., 2013b;[START_REF] Muroya | Profiling of differentially expressed microRNA and the bioinformatic target gene analyses in bovine fast-and slow-type muscles by massively parallel sequencing[END_REF]. To date, no myomir has been reported to be enriched specifically in fast-twitch, type II muscle. However, several miRNAs have been experimentally shown to regulate myogenesis; these miRNAs and their respective targets are listed in Table 1. Most of the published studies contributing to our understanding of miRNAs during myogenesis have been performed using the immortalized myogenic C2C12 cell line, which recapitulates the proliferation and differentiation processes of myogenesis in vitro [START_REF] Yaffe | Serial passaging and differentiation of myogenic cells isolated from dystrophic mouse muscle[END_REF], while in vivo studies are still missing. Due to the technical limitations to study quiescence in vitro, only one report has emerged implicating miR-489 regulating quiescence by the suppression of the oncogene Dek (Cheung et al., 2012). Thus, the regulation of MuSC quiescence and/or self-renewal by miRs remains largely unexplored. 

Inhibition of microRNAs using "Antagomirs"

A traditional approach for selective in vivo miRNA inhibition is to perform a knockout. Considering that about half of miRNAs are located in introns (mirtron or intronic) care will need to be taken to avoid disruption of host mRNA processing. To date, no mirtrons have yet been specifically deleted, thus in vivo evidence of mirtron functions from knockouts remain to be studied. Antagomirs have a cholesterol-tag at their 3' end, which enables their efficient direct uptake via the cell membrane. Antagomirs cannot cross the blood-brain barrier and silencing was detectable up to one month after treatment even at low doses (Krutzfeldt et al., 2005). However, the systemic delivery of antagomirs induces a lack of specific cellular targeting thus secondary effects should be taken into account in the analysis of a given phenotype (Krutzfeldt et al., 2005).

Over the past fifteen years, miRNAs have emerged as key components of gene regulation; in vitro and in vivo studies uncovered their important role in myogenesis, however, whether they function to maintain muscle throughout adulthood is less clear. Moreover, future research should focus on the miRNAs involved in maintenance of adult skeletal muscle, and whether the dysregulation of miRNA expression is responsible of the progressive loss of muscle mass with disease or ageing [START_REF] Chen | microRNAs and muscle disorders[END_REF][START_REF] Goljanek-Whysall | microRNAs in skeletal muscle differentiation and disease[END_REF]Williams et al., 2009).

Furthermore, miRNA have been shown to be dysregulated in various myopathies, therefore both cases represent possibilities where miRNAs may be therapeutic targets or biomarkers of specific disorders [START_REF] Cacchiarelli | miRNAs as serum biomarkers for Duchenne muscular dystrophy[END_REF][START_REF] Li | Circulating Muscle-specific miRNAs in Duchenne Muscular Dystrophy Patients[END_REF].

Similarly, antagomirs could be used as potential therapeutics by controlling the ability of a given miRNA to post-transcriptionally regulate gene targets that are dysfunctional resulting in a disease phenotype.

Chapter 4.

Notch signalling is a pleiotropic regulator of stem cells

An introduction to the world of Notch

Almost a century ago, the first description of a mutant in Drosophila named Notch emerged because it generated serrations ("notches") on the wing margin [START_REF] Mohr | Character Changes Caused by Mutation of an Entire Region of a Chromosome in Drosophila[END_REF]. Since then, the study of Notch has contributed to the progress of genetics as a fundamental link with developmental biology. The study of lethal phenotypes of chromosomal deficiencies unveiled a small X-linked deficiency surrounding the Notch locus (Notch 8 ) that was haploinsufficient: heterozygous females had characteristic "Notch" wings, while homozygous Notch females or hemizygous Notch males died as embryos [START_REF] Dexter | The Analysis of a Case of Continuous Variation in Drosophila by a Study of Its Linkage Relations[END_REF]. Finally, the analysis of the Notch lethal allele revealed a specific and reproducible neurogenic phenotype (hypertrophy of the nervous system at the expense of ectoderm). Shortly thereafter, Notch proteins were cloned in C. elegans and in the vertebrate Xenopus [START_REF] Coffman | Xotch, the Xenopus homolog of Drosophila notch[END_REF]. The wide array of tissues throughout ontogeny and the fundamental developmental processes it affects, make the Notch locus pleiotropic, a rare feature in metazoans.

However, it was the cloning of vertebrate Notch proteins [START_REF] Coffman | Xotch, the Xenopus homolog of Drosophila notch[END_REF]) that established the pathway logic biochemically, starting with the suggestion that truncated receptors were constitutively active [START_REF] Coffman | Expression of an extracellular deletion of Xotch diverts cell fate in Xenopus embryos[END_REF][START_REF] Ellisen | TAN-1, the human homolog of the Drosophila notch gene, is broken by chromosomal translocations in T lymphoblastic neoplasms[END_REF], identification of Notch/RBPJ complexes in nuclear extracts and the characterization of Notch cleavage sites (Jarriault et al., 1995). After twenty-five years of research, it is now clear that Notch is a fundamental, evolutionarily conserved, cell-cell interaction signalling pathways that govern metazoan cell fate determination. Not surprisingly, dysregulated signalling has also been implicated in a number of different human diseases ranging from neurodegeneration to cancer, most notably in the case of T-cell acute lymphoblastic leukemia/lymphoma (T-ALL) [START_REF] Aster | Notch signaling in leukemia[END_REF][START_REF] Weng | Activating mutations of NOTCH1 in human T cell acute lymphoblastic leukemia[END_REF].

Notch receptors, ligands and the cascade

The binding of a specific Notch receptor to a given ligand directs the specification of cell type behaviour toward differentiation, proliferation, survival, and apoptosis -events that are essential for tissue patterning and morphogenesis [START_REF] Bray | Notch signalling: a simple pathway becomes complex[END_REF][START_REF] Fiuza | Cell and molecular biology of Notch[END_REF]. Notch receptors are large transmembrane proteins that transfer signals upon binding to transmembrane ligands expressed on adjacent cells.

Evolution induces divergence of invertebrates as flies possess a single Notch gene, worms two (GLP-1 and LIN-12), and mammals four (NOTCH1-4). Regarding the canonical ligands, Drosophila has two prototypes, Delta and Serrate, while mammals have three Delta-like proteins (DLL1, 3 and 4) and two homologues of Serrate, Jagged-1 and 2 (JAG1-2) (Figure 16) grouped in the DSL (Delta/Serrate/LAG-2)

nomenclature.

In the absence of ligand, Notch receptors are maintained in a resting, proteolytically resistant conformation on the cell surface. DSL ligand binding induces a proteolytic cascade that releases the Notch intracellular domain of the receptor (NICD) from the membrane. The first cleavage step is achieved by ADAM metalloproteases at the S2 site located ≈12 amino acids before the plasma membrane and generates the membrane-anchored Notch extracellular truncation (NEXT) fragment [START_REF] Brou | A novel proteolytic cleavage involved in Notch signaling: the role of the disintegrin-metalloprotease TACE[END_REF][START_REF] Mumm | A ligand-induced extracellular cleavage regulates gamma-secretase-like proteolytic activation of Notch1[END_REF]. This truncated receptor NEXT remains at the membrane until it is processed at site S3 and S4 by γ-secretase, a multiprotein enzyme complex [START_REF] De Strooper | A presenilin-1dependent gamma-secretase-like protease mediates release of Notch intracellular domain[END_REF][START_REF] Struhl | Presenilin is required for activity and nuclear access of Notch in Drosophila[END_REF][START_REF] Wolfe | Two transmembrane aspartates in presenilin-1 required for presenilin endoproteolysis and gamma-secretase activity[END_REF]. After γsecretase cleavage, NICD translocates to the nucleus, where it assembles a transcriptional activation complex containing a DNA-binding transcription factor called CSL [CBF1 (yeast)/RBPJ (vertebrates)/Su(H) (Drosophila)/Lag-1 (C.

elegans)] and a co-activator of the Mastermind family (MAML) [START_REF] Petcherski | Mastermind is a putative activator for Notch[END_REF] to induce the transcription of specific genes (Figure 17). Interestingly, genome-wide Chromatin immunoprecipitation (ChIP) sequencing experiment performed on myogenic cells unravelled a dynamic recruitment of RBPJ on DNA upon Notch activation. Moreover, in the majority of cases, RBPJ was not statically occupying gene regulatory sequences and the absence of expression was essentially due to the absence of RBPJ rather than an active transcriptional repression (Castel et al., 2013) (Figure 18). This new model, that complemented similar findings in Drosophila [START_REF] Krejci | Notch activation stimulates transient and selective binding of Su(H)/CSL to target enhancers[END_REF], modified our view on how Notch signalling activation/repression modulates cell behaviour; however future work on other cell types needs to be performed to define whether this is a general phenomenon. 

Notch targets genes and their regulation

The diversity in Notch signalling outputs covers proliferation, apoptosis, cells fates or activation of other signalling pathways. However, only a fairly limited set of Notch target genes have been identified in various cellular and developmental contexts. The first and best-characterized Notch targets are the highly conserved basic helix-loop-helix (bHLH) genes of the hairy/enhancer of split (Hes) and its related Hey genes families, like the E(spl) genes in Drosophila and Hes1 in mouse [START_REF] Fischer | Delta-Notch--and then? Protein interactions and proposed modes of repression by Hes and Hey bHLH factors[END_REF]. Several lines of evidence have suggested that these genes are indeed direct Notch target genes: a) Their promoters (Hes, Hey and HeyL) can be activated by a constitutive active form of Notch1 [START_REF] Iso | HES and HERP families: multiple effectors of the Notch signaling pathway[END_REF], b) endogenous expression is upregulated by NICD in several different cell lines [START_REF] Iso | HES and HERP families: multiple effectors of the Notch signaling pathway[END_REF], c) similarly in co-culture experiments with Notch-ligand expressing cells, that reach a more physiological level of Notch signalling [START_REF] Jarriault | Delta-1 activation of notch-1 signaling results in HES-1 transactivation[END_REF][START_REF] Shawber | Notch signaling inhibits muscle cell differentiation through a CBF1-independent pathway[END_REF]; d) microarray analysis on γ-secretase (inhibitor DAPT) treated cells identified again members of this transcription factor family as direct Notch target genes [START_REF] Weng | Activating mutations of NOTCH1 in human T cell acute lymphoblastic leukemia[END_REF]. Finally, Notch signalling such as oscillations of Hes expression that have been observed and are thought to contribute to clocks that regulates somitogenesis, limb segmentation, and neural progenitor maintenance [START_REF] Brend | Expression of the oscillating gene her1 is directly regulated by Hairy/Enhancer of Split, T-box, and Suppressor of Hairless proteins in the zebrafish segmentation clock[END_REF][START_REF] Kageyama | Ultradian oscillations in Notch signaling regulate dynamic biological events[END_REF][START_REF] Lewis | Notch signaling, the segmentation clock, and the patterning of vertebrate somites[END_REF][START_REF] Pascoal | A molecular clock operates during chick autopod proximal-distal outgrowth[END_REF][START_REF] Shimojo | Oscillations in notch signaling regulate maintenance of neural progenitors[END_REF]. is translocated to the nucleus, where it binds to RBPJ (red). This model proposes an absence of RBPJ occupancy on DNA in absence of NICD. Instead, NICD binds to RBPJ off the DNA and subsequently recruits the co-activators to induce gene transcription on the inducible sites. On the constant sites, RBPJ is present on DNA and inhibits transcription by binding to co-repressors. (Castel et al., 2013) All HES/HEY proteins appear to function as transcriptional repressors as they share a C-terminal motif sufficient to recruit transcriptional co-repressors of the Groucho family [START_REF] Paroush | Groucho is required for Drosophila neurogenesis, segmentation, and sex determination and interacts directly with hairy-related bHLH proteins[END_REF]. However, Hes/Hey genes alone are not sufficient to explain all Notch functions as demonstrated by the elimination of E(spl) genes in the Drosophila wing that fails to mimic the classic wing "notching" caused by Notch mutation. This includes Nrarp [START_REF] Lamar | Nrarp is a novel intracellular component of the Notch signaling pathway[END_REF] and Deltex-1 [START_REF] Izon | Deltex1 redirects lymphoid progenitors to the B cell lineage by antagonizing Notch1[END_REF], cmyc [START_REF] Palomero | NOTCH1 directly regulates c-MYC and activates a feed-forward-loop transcriptional network promoting leukemic cell growth[END_REF], cyclinD1 [START_REF] Ronchini | Induction of cyclin D1 transcription and CDK2 activity by Notch(ic): implication for cell cycle disruption in transformation by Notch(ic)[END_REF], Notch1

itself and Notch3 [START_REF] Weng | Activating mutations of NOTCH1 in human T cell acute lymphoblastic leukemia[END_REF], bcl-2 [START_REF] Deftos | Correlating notch signaling with thymocyte maturation[END_REF] and E2Ac [START_REF] Ordentlich | Notch inhibition of E47 supports the existence of a novel signaling pathway[END_REF] andHoxA5, 9 and10 [START_REF] Weerkamp | Identification of Notch target genes in uncommitted T-cell progenitors: No direct induction of a T-cell specific gene program[END_REF]. Interestingly, recent genome-wide studies in human T-ALL cells and in Drosophila myogenic precursor-related cells revealed that, even within a specific cell type, Notch regulates a diverse array of direct targets at every step during lineage progression [START_REF] Krejci | Direct response to Notch activation: signaling crosstalk and incoherent logic[END_REF][START_REF] Palomero | NOTCH1 directly regulates c-MYC and activates a feed-forward-loop transcriptional network promoting leukemic cell growth[END_REF].

Notch signalling in the regulation of stem cell fate

As mentioned in the previous chapter, maintenance and differentiation of stem cells depend intimately on cellular interactions between stem cells themselves, and between stem cells and the stromal cell components of their niche. As a consequence, the pleiotropic influence of Notch on tissue-specific stem cells is highly context dependent, and its biological outcomes vary from stem cell maintenance or expansion, to promotion of differentiation (Table 2) [START_REF] Brack | A temporal switch from notch to Wnt signaling in muscle stem cells is necessary for normal adult myogenesis[END_REF][START_REF] Casali | Intestinal stem cells in mammals and Drosophila[END_REF][START_REF] Dreesen | Signaling pathways in cancer and embryonic stem cells[END_REF][START_REF] Farnie | Breast stem cells and cancer[END_REF]. Advances in inducible Cre-loxP targeting technologies that allow cell-specific in vivo tracing and gain/loss of function have demonstrated the critical role of Notch signalling in tissue renewal and maintenance in many organs, including blood, intestine, central nervous system, bone, skin and muscle (Table 2).

Notch signalling in skeletal muscle and satellite cells

In the dermomytome, lineage-tracing experiments showed that Notch activity is necessary for smooth muscle production while inhibiting striated muscle differentiation by influencing lineage diversification in the multipotent cells [START_REF] Ben-Yair | Notch and bone morphogenetic protein differentially act on dermomyotome cells to generate endothelium, smooth, and striated muscle[END_REF]. Moreover, activated Notch signalling has long been known to suppress myogenic differentiation before muscle cell commitment and muscle structural gene activation by suppressing Myod and to lesser extent Myf5

Stem/Progenitor cells Function Reference

Small intestinal ISC Maintenance Proliferation and terminal differentiation to absorptive lineage [START_REF] Fre | Notch lineages and activity in intestinal stem cells determined by a new set of knock-in mice[END_REF][START_REF] Fre | Notch signals control the fate of immature progenitor cells in the intestine[END_REF][START_REF] Pellegrinet | Dll1-and Dll4-mediated Notch signaling is required for homeostasis of intestinal stem cells[END_REF]) Skin Bulge SC Epidermal SC Tumour suppressor Lineage determination toward hair follicle cells [START_REF] Blanpain | Canonical notch signaling functions as a commitment switch in the epidermal lineage[END_REF][START_REF] Demehri | Notch-deficient skin induces a lethal systemic B-lymphoproliferative disorder by secreting TSLP, a sentinel for epidermal integrity[END_REF][START_REF] Nowell | Cutaneous Notch signaling in health and disease[END_REF][START_REF] Okuyama | Notch signaling: its role in epidermal homeostasis and in the pathogenesis of skin diseases[END_REF] Hair follicle Melanocyte SC Survival of immature melanoblasts Luminal lineage differentiation [START_REF] Lee | Bi-compartmental communication contributes to the opposite proliferative behavior of Notch1-deficient hair follicle and epidermal keratinocytes[END_REF][START_REF] Nowell | Cutaneous Notch signaling in health and disease[END_REF][START_REF] Okuyama | Notch signaling: its role in epidermal homeostasis and in the pathogenesis of skin diseases[END_REF][START_REF] Rizvi | A novel cytokine pathway suppresses glial cell melanogenesis after injury to adult nerve[END_REF] Nervous system NPC, NSC Maintenance of quiescence Inhibit differentiation [START_REF] Carlen | Forebrain ependymal cells are Notch-dependent and generate neuroblasts and astrocytes after stroke[END_REF][START_REF] Chapouton | Notch activity levels control the balance between quiescence and recruitment of adult neural stem cells[END_REF][START_REF] Ge | Notch signaling promotes astrogliogenesis via direct CSLmediated glial gene activation[END_REF][START_REF] Imayoshi | Essential roles of Notch signaling in maintenance of neural stem cells in developing and adult brains[END_REF][START_REF] Kazanis | Quiescence and activation of stem and precursor cell populations in the subependymal zone of the mammalian brain are associated with distinct cellular and extracellular matrix signals[END_REF][START_REF] Mizutani | Differential Notch signalling distinguishes neural stem cells from intermediate progenitors[END_REF] Mammary gland MaSC Oncogene Proliferation and differentiation of MaSC [START_REF] Bouras | Notch signaling regulates mammary stem cell function and luminal cell-fate commitment[END_REF][START_REF] Dontu | Role of Notch signaling in cell-fate determination of human mammary stem/progenitor cells[END_REF][START_REF] Farnie | Mammary stem cells and breast cancer--role of Notch signalling[END_REF][START_REF] Visvader | Mammary stem cells and the differentiation hierarchy: current status and perspectives[END_REF] Bone MSC Maintenance of mesenchymal progenitors to promote osteogenesis [START_REF] Yavropoulou | The role of Notch signaling in bone development and disease[END_REF] Blood HSC

Dispensable for maintenance Expansion of multipotent progenitors High Notch > T-cell

Absence Notch > B-cell (Han et al., 2002;[START_REF] Izon | Deltex1 redirects lymphoid progenitors to the B cell lineage by antagonizing Notch1[END_REF][START_REF] Maillard | Canonical notch signaling is dispensable for the maintenance of adult hematopoietic stem cells[END_REF][START_REF] Pear | Notch signaling in lymphopoiesis[END_REF][START_REF] Weerkamp | Identification of Notch target genes in uncommitted T-cell progenitors: No direct induction of a T-cell specific gene program[END_REF] Eye Corneal epithelial SC Maintenance of SCs during repair [START_REF] Nowell | Corneal epithelial stem cells and their niche at a glance[END_REF][START_REF] Vauclair | Corneal epithelial cell fate is maintained during repair by Notch1 signaling via the regulation of vitamin A metabolism[END_REF] Table 2 ( [START_REF] Kopan | The intracellular domain of mouse Notch: a constitutively activated repressor of myogenesis directed at the basic helixloop-helix region of MyoD[END_REF]. Moreover, Notch was shown to be essential for myogenic stem cell fate regulation and differentiation throughout embryogenesis as conditional mutation of Rbpj or Dll1 results in uncontrolled myogenic differentiation associated with depletion of the myogenic precursor pool and severe muscle hypotrophy [START_REF] Schuster-Gossler | Premature myogenic differentiation and depletion of progenitor cells cause severe muscle hypotrophy in Delta1 mutants[END_REF][START_REF] Vasyutina | RBP-J (Rbpsuh) is essential to maintain muscle progenitor cells and to generate satellite cells[END_REF]. This block of myogenic differentiation appears to be mediated by repression of MRF expression by Hes1 [START_REF] Jarriault | Delta-1 activation of notch-1 signaling results in HES-1 transactivation[END_REF] as well as by direct interaction of activated Notch with Mef2c [START_REF] Wilson-Rawls | Activated notch inhibits myogenic activity of the MADS-Box transcription factor myocyte enhancer factor 2C[END_REF]. Interestingly, in dorsal somitic muscle progenitor cells in the avian embryo, transient, but not sustained Notch activation is necessary for the expression of Myod and Myf5 and for lineage commitment and differentiation [START_REF] Rios | Neural crest regulates myogenesis through the transient activation of NOTCH[END_REF] showing differences among vertebrates.

Emerging MuSCs are found underneath a basement membrane from about 2 days before birth in mice and they continue to proliferate until the mid-perinatal stage (Tajbakhsh, 2009). Consistent with this notion, previous studies have indicated that the muscle stem cell population requires the presence of differentiating cells for their maintenance, such that a lack of differentiated cells results in the loss of upstream Pax7 + cells in the foetus [START_REF] Kassar-Duchossoy | Pax3/Pax7 mark a novel population of primitive myogenic cells during development[END_REF]. Furthermore, deletion of Rbpj in myogenic progenitor pool results in depletion of progenitors accompanied by upregulation of Myod [START_REF] Vasyutina | RBP-J (Rbpsuh) is essential to maintain muscle progenitor cells and to generate satellite cells[END_REF]. Interestingly, the double elimination of both Rbpj and Myod in myogenic progenitors (Pax3 Cre ; Rbpj flox/flox ; Myod -/-) rescues the loss of the myogenic stem cell pool. However, those cells fail to adopt a satellite cell phenotype and do not colonize the stem cell niche (Brohl et al., 2012). The transcriptomic analysis of Pax3 Cre ; Rbpj flox/flox ; Myod -/-isolated cells showed deregulated expression of genes encoding cell adhesion (e.g. Megf10, Gpc1,Mcam) and basal lamina molecules (e.g. Itga7, Col18a1, Sgca, Col4a2). Additional immunostaining experiments showed defects in the assembly of the basal lamina surrounding emerging cKO satellite cells highlighting the requirement of Notch in the homing and anchorage of future satellite cells in the embryos (Brohl et al., 2012).

In contrast, constitutive overexpression of NICD in myoblast precursors (Myf5 Cre ; R26 stop-NICD ) results in adoption of a premature MuSC fate (under basal lamina, EdUnegative, Calcitonin receptor-positive) (Mourikis et al., 2012a). Taken together, these studies showed an essential role of Notch, initiated by Dll1 ligand and transduced by RBPJ, for establishing the muscle stem cell pool during development, however, the mechanisms underlying those events remain unclear.

In addition to its key significance in developing skeletal muscle, Notch signalling plays a continuous and essential role in satellite cell quiescence and proliferation during muscle regeneration. Notch activity is high in the more upstream progenitors, and it decreases with commitment (Mourikis et al., 2012b). Satellite cells express Notch 1, 2, and 3 receptors and the ligand, Dll, is most likely provided by the myofibres. The involvement of Notch in satellite cell behaviour has been shown first in vitro by overexpression of the Dll1 in signal-sending cells, or constitutive expression of Notch1 in satellite cells that also showed inhibition of myogenic differentiation [START_REF] Conboy | Notchmediated restoration of regenerative potential to aged muscle[END_REF][START_REF] Conboy | The regulation of Notch signaling controls satellite cell activation and cell fate determination in postnatal myogenesis[END_REF][START_REF] Sun | The role of Delta-like 1 shedding in muscle cell self-renewal and differentiation[END_REF].

However, the role of Numb as a negative regulator of Notch in this process remains unclear; although it has been shown to have a role in the asymmetric cell division in primary myoblasts (Shinin et al., 2006), Numb does not appear to regulate Notch in satellite cells (Le Roux et al., 2015) [START_REF] George | Numb-deficient satellite cells have regeneration and proliferation defects[END_REF]. Ultimately, it was the in vivo conditional depletion of Rbpj in MuSCs (Tg:Pax7-CT2; Rbpj flox ) that revealed the absolute requirement for Notch activity in maintaining satellite cell quiescence and maintenance. In these studies, the absence of Notch induces the MuSCs spontaneous exit from quiescence and premature differentiation leading to the depletion of the stem cell pool and quasi-absence of regeneration upon injury (Bjornson et al., 2012;Mourikis et al., 2012b) (Figure 19). Surprisingly, overexpression of NICD in MuSCs induces a fate switch from myogenic to brown adipogenic lineage (Pax7 CreET2/+ ; R26 stop-NICD ), while it rescues the loss of satellite cells in adult Pax7-deficient mice (Pax7 CreET2/flox ; R26 stop-NICD ) (Pasut et al., 2016).

As mentioned above, the activation of Notch in muscle cells results in the transcription activation of specific genes, notably members of the Hes/Hey family (Castel et al., 2013;[START_REF] Jarriault | Delta-1 activation of notch-1 signaling results in HES-1 transactivation[END_REF]Kopan and Ilagan, 2009). Intriguingly, the constitutive double Hey1 and HeyL knock-out triggers a progressive loss of MuSCs (<20% in 20 weeks) similar to depletion of Rbpj (Fukada et al., 2011), whereas the absence of Notch3 receptor (Notch3 -/-) results in an increase in satellite cell number (+140% in 4 months) (Kitamoto and Hanaoka, 2010). Although those studies used constitutive mutants, they provide insightful information on the role of Notch in muscle physiology and repair. For example, aged (Tg:MCK-Cre; R26 stop-NICD ) and dystrophic mice (Tg:MCK-Cre; R26 stop-NICD ; mdx) that experienced NICD specifically in myofibres have been shown to improve muscle function and repair (Bi et al., 2016).

To control muscle stem and progenitor cell activity, Notch signals must be integrated with a host of other intrinsic and extrinsic inputs, which ultimately determine cell fate. Indeed, genetic and pharmacological analyses indicate significant cross talk between this pathway and several other key regulators of muscle development and regeneration [START_REF] Buas | Regulation of skeletal myogenesis by Notch[END_REF]. Interestingly, Notch signals can either Top: Quiescent, G 0 -arrested MuSCs express high level of Notch (Notch High ), which directly inhibits Myogenin (via Hey1) and indirectly Myod to maintain Pax7. Upon activation, Notch level rapidly decreases, Myod expression is released to promote expression of Cd6 and S-phase entry. During amplification, Notch is restricted to upstream Pax7 High population that will selfrenew. Bottom: The majority of Rbpj null MuSCs spontaneously differentiate without injury, bypass S-phase and fuse with the pre-existing fibre. [START_REF] Mourikis | Distinct contextual roles for Notch signalling in skeletal muscle stem cells[END_REF] reinforce or counteract these additional tissue regulators in a developmental and tissue-dependent manner. Similar to Notch, induction of BMP signalling appears to block differentiation of myogenic cells [START_REF] Kopan | The intracellular domain of mouse Notch: a constitutively activated repressor of myogenesis directed at the basic helixloop-helix region of MyoD[END_REF][START_REF] Kuroda | Delta-induced Notch signaling mediated by RBP-J inhibits MyoD expression and myogenesis[END_REF]. Addition of BMP4 in satellite cells in vitro dramatically reduces the number of differentiated myoblasts and simultaneously induces Notch responsive genes (Hey1 and Hes1), suggesting that BMP4 may inhibit myogenic differentiation through upregulation of Notch signalling [START_REF] Dahlqvist | Functional Notch signaling is required for BMP4-induced inhibition of myogenic differentiation[END_REF]. Consistent with this notion, concomitant blockade of Notch signalling in BMP4-treated cell cultures, either by addition of GSI or by introduction of a dominant-negative version of CSL, can restore myogenic differentiation [START_REF] Dahlqvist | Functional Notch signaling is required for BMP4-induced inhibition of myogenic differentiation[END_REF]. Thus, functional Notch signalling appears to act in concert with BMP4 to restrict myogenic differentiation and promote a more primitive stem cell fate among muscle satellite cells.

Similarly, TGF-β also instructs a signalling cascade that intersects with Notch pathway, however, in contrast to BMP4, TGF-β appears to restrain myogenic differentiation. For example, aged muscle produces excessive TGF-β which induces abnormal high levels of phosphorylated Smad3 in satellite cells that appears to impair muscle regenerative capacity through direct antagonism of endogenous Notch signals.

Thus, inhibition of TGFβ/Smad3 or, conversely, activation of Notch signalling in the injured muscle of aged mice can restore muscle regenerative potential [START_REF] Carlson | Imbalance between pSmad3 and Notch induces CDK inhibitors in old muscle stem cells[END_REF][START_REF] Derynck | Smad-dependent and Smad-independent pathways in TGF-beta family signalling[END_REF][START_REF] Massague | Transcriptional control by the TGF-beta/Smad signaling system[END_REF].

RESULTS

Part I:

Notch-induced Collagen V maintains muscle stem cells by reciprocal activation of the Calcitonin Receptor
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Notch-induced collagen V maintains muscle stem cells by reciprocal activation of the Calcitonin Receptor

Meryem B. Baghdadi 1,2,3 , David Castel 4,5 , So-ichiro Fukada 6 , David E. Birk 7 , Frederic Relaix 8 , Shahragim Tajbakhsh 1,2 * andPhilippos Mourikis 8 Using ChIP-seq screening we identified ECM collagens as direct targets of Notch signalling, a pathway critical for maintaining MuSCs in a quiescent state 4 . Sequences bound by intracellular Notch (NICD) and its downstream effector RBPJ were found close to collagens Col5a1, Col5a, Col6a1 and Col6a2 (Figure 1A; data available at Gene Expression Omnibus, Accession no. GSE37184), which are amongst the most highly expressed collagen types in MuSCs (Figure S1A). The epigenetic signature of these sequences by the histone modifications H3K4me1, H3K27ac and the acetyltransferase p300 that are associated with enhancer elements (Figure 1A), the presence of RBPJ binding consensus, and their ability to induce transcription upon Notch activation in cell-based luciferase assays, demonstrated that these are bona fide NICD/RBPJ-regulated enhancers 9-11 (Figure 1B-C). Accordingly, RNA-3 seq in the murine myogenic C2C12 cell line showed that following Notch activation, 4 out of the 5 upregulated collagen genes corresponded to those associated with NICD/RBPJ regulated enhancers (Figure S1B) 12 .

We then investigated the transcriptional response of the collagen genes to Notch activity modulations in vivo. First, we analysed distinct subpopulations of MuSCs from Tg:Pax7-nGFP E17.5 foetuses, in which endogenous Notch activity gradually declines as cells transit from an upstream Pax7 Hi to a committed Pax7 Lo state 4,13 (Figure S1C-C'). Accordingly, we found that Col5a1, Col5a3, Col6a1, and Col6a2 were highly expressed in the Pax7-nGFP Hi /Notch-high population and drastically decreased in the differentiating, Pax7-nGFP Lo cells (Figure 1D). Analysis of quiescent MuSCs in which Notch signalling was abrogated by combining the Pax7 CreERT2 driver and the conditionally null Rbpj flox allele 4,14 showed a marked reduction of the candidate collagen targets in Rbpj null compared to control cells (Figure 1E and S1D). In a complementary gain-of-function approach, we expressed NICD (R26 stop-NICD-nGFP ) conditionally in embryonic 15 and adult MuSCs, using Myf5 Cre and Pax7 CreERT2 , respectively. All collagen target transcripts tested were significantly upregulated in MuSCs isolated from E17.5 Myf5 Cre -NICD foetuses (Figure 1F) and the COLV protein isoform [(a1(V)a2(V)a3(V)] (α3-COLV) was drastically increased both in foetal forelimb (Figure 1G) and resting adult Tibialis anterior (TA) muscle sections (Figure 1H andS1E). To determine if Notch drives de novo COLV synthesis in MuSCs, we isolated and immunolabelled single myofibres from Pax7 CT2 -NICD mice. Expectedly, as collagenase is used for the separation of individual myofibres, no α3-COLV was detected immediately after isolation (Figure 1I). However, after 24h of culture, abundant, newly synthetized COLV surrounded the MuSCs as visualized by optical sections of myofibre z-stacks (Figure 1I,1J).
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To assess the impact of the different collagens on MuSC behaviour, we incubated freshly isolated MuSCs with COLV and COLVI. The ubiquitous collagen I (COLI) as well as the solubilizing agent acetic acid (HOAc) were used as controls. Notably, only the COLVcomplemented medium induced a significant decrease in EdU uptake at 32h post-plating (Figure 2A-B). Furthermore, an increase in the ratio of Pax7 + over Myogenin -cells indicated that just COLV exhibited an anti-myogenic activity (Figure 2C-D). Accordingly, MuSCs cultured for 10 days to allow myoblast fusion showed a striking reduction in myotube formation when treated with COLV, but not COLI or COLVI (Figure 2E-F). Remarkably, COLV also rescued the precocious differentiation of Rbpj -/-MuSCs 4 , indicating that it acts downstream of Notch signalling (Figure 2G and S2A). Moreover, transcript analysis of these cells showed that COLV strongly antagonized the expression of Myogenin even in the absence of RBPJ (Figure S2B). Taken together, these results show that COLV in suspension specifically induces a delay in cell cycle entry, differentiation, and fusion of MuSCs, and that it acts epistatically to Notch signalling.

In a complementary approach, we tested the impact of COLV loss-of-function using shortinterfering RNA (siRNA) on isolated myofibres, where resident MuSCs enter the myogenic program and form clusters composed of proliferating (Pax7 + /MyoD + /MyoG -), differentiated (Pax7 -/MyoG + ) and self-renewed (Pax7 + /MyoD -) cells within 72h 16 . Targeting of either Col5a1 or Col5a3 dramatically decreased the number of the self-renewing Pax7 + /MyoD -cells, compared to scramble controls (Figure 2H andS2C). Of note, siCol5a3 phenocopied siCol5a1, strongly suggesting that the active triple helix is the a3-COLV isoform composed of both a1 and a3 chains as an [α1(V)α2(V)α3(V)] heterotrimer. Taken together, these data demonstrate that cell-autonomous production of COLV by MuSCs contributes to their niche and promotes their self-renewal downstream of Notch signalling.

The observation that COLV could sustain primary MuSCs in a more stem-like, Pax7 + state ex vivo is consistent with a putative role as regulator of the quiescent niche. To test this directly, we analysed COLV-null MuSCs in compound Tg:Pax7-CT2; Col5a1 flox mice 4,17 (Figure 3A-B). As the COL5A1 chain is present in all COLV isoforms, Col5a1 deletion produces complete COLV-null cells. Of interest, COLV-null MuSCs in resting muscle showed upregulation of the activation and differentiation markers Myod and Myog, respectively, and a concomitant reduction of the quiescence marker Calcr, as well as Pax7 (Figure 3C).

Accordingly, mutant MuSCs in resting muscle were abnormally positive for MyoG protein (Figure 3D). As loss of COLV function resulted in the loss of cellular quiescence, we investigated if this cell state transition was accompanied by entry into S-phase, by exposing the mice to uninterrupted BrdU for 6 days prior to sacrifice (Figure 3A). As shown in Figure 3E, a significantly increased number of cycling cells was detected in COLV mutants compared to controls. Therefore, within a relatively short period of 2-4 weeks, inhibition of de novo COLV production resulted in MuSCs spontaneously exiting from quiescence, entering into the cell cycle, progressing to terminal differentiation. We next examined the regeneration and self-renewal capacity of Col5a1 null MuSCs in an acute, cardiotoxininduced injury of Tibialis anterior (TA) muscles (Figure 3F). Although overall regeneration was comparable between mice following a relatively short period of Cre-mediated recombination (Figure S3), we observed a significantly lower number of Pax7 + cells at day 18 post-injury in the Col5a1 mutants compared to controls (Figure 3G). This observation strongly suggested that the self-renewal of COLV-deficient MuSCs was impaired, in agreement with the phenotype of Col5a1 and Col5a3 siRNA experiments (Figure 2H). Taken together, our data lead us to conclude that MuSCs require continuous and cell-autonomous COLV production, likely as an a3-COLV isoform to maintain their quiescent state. 6 Substrate rigidity and geometry have been demonstrated to control MuSC stemness, differentiation and self-renewal 18-21 . We noted that COLV interacted with MuSCs only when in solution, but not as a coating substrate in culture (data not shown), leading us to speculate that in this scenario COLV acts as a signalling molecule rather than a biomechanical modulator. To identify the cell surface receptor of collagen V on MuSCs, we used the differentiation assay of primary MuSCs treated with COLV (see Figure 2E) coupled to inhibitors of specific receptors previously shown to bind diverse collagen types, including Integrin β1 and the RTK receptor DDR 22,23 . The DDR1 inhibitory small molecule 7rh, as well as integrin inhibitors specifically directed against α1β1, α2β1 or the broad-spectrum integrinbinding competitor RGDS peptide did not obscure the anti-myogenic activity of COLV (Figure S4A). Since collagens have also been shown to bind G-protein coupled receptors in some cases 24,25 , we focused on the MuSC-expressed GPCR Calcitonin Receptor, a factor critical for maintenance of MuSCs 8 . In addition to a strong induction of Calcr transcripts observed in COLV-treated MuSCs (Figure S4B), CALCR protein was maintained in MuSCs cultured for 72h in the presence of COLV, whereas it was undetectable in control cells, suggesting a possible interaction between these two proteins (Figure 4A). To determine whether CALCR can mediate COLV signalling, we isolated Calcr null MuSCs from Pax7 CT2 ;Calcr flox mice (Figure 4B and S4C-D) and cultured them in the presence of COLV for 10 days. Strikingly, in contrast to control cells, Calcr -/-MuSCs did not respond to COLV treatment, demonstrating that CALCR constitutes a crucial mediator of the COLV signal (Figure 4C). To further test the role of CALCR in COLV induction, we generated CALCRoverexpressing C2C12 cells by retroviral transduction, and compared them to mocktransduced C2C12 cells which do not express the receptor 8 (Figure 4D). Strikingly, the response to COLV treatment was CALCR-dependent: mock cells did not respond to COLV, whereas cells with CALCR showed decreased proliferation (Figures 4D). Similarly, primary CalcR -/-MuSCs were unresponsive to COLV, and proliferated (t32h, EdU + ) and differentiated (t72h, MyoG + ) as controls (Figure 4E). Interestingly, these effects were specific for COLV, but not COLI or COLVI. In summary, we show that CALCR is a critical mediator of the effect of COLV for maintaining the quiescence and stemness properties of MuSCs.

To date, it has been assumed that MuSC-CALCR is regulated by circulating peptide hormones (calcitonin family members), pointing to an unusual model of systemic regulation of MuSC quiescence in different muscle masses, although clear evidence for such a mechanism are lacking. Following our functional association studies, we assessed if COLV might serve as a local surrogate ligand for the CALCR receptor. Notably, on-cell ELISA experiments showed that COLV selectively bound to the CALCR + , but not mock-transduced C2C12 cells that lack this receptor (Figure 4F and4G). To determine if this binding was functional, we measured the intracellular levels of cAMP, a downstream reporter of CALCR activation 26 . Strikingly, COLV, but not COLI or COLVI, triggered cAMP upregulation only in the Calcr-expressing cells, and at levels similar to the known CALCR ligand Elcatonin (Figure 4H), with a half-maximal response (EC50) at 25 µg/ml (Figure 4I). Finally, a time course study determined that cAMP increased markedly after 60 min and reached a plateau after 180 minutes of exposure to COLV, indicating a rapid kinetics for activation response of CALCR by COLV (Figure 4J). Of note, in vitro co-immunoprecipitation experiments and Surface Plasmon Resonance (SPR) binding assays using the extracellular domain of CALCR, did not detect an interaction with COLV (data not shown). Therefore, we propose that the COLV/CALCR binding requires not solely the extracellular domain of CALCR, but presumably a specific CALCR configuration found on the plasma membrane of cells, possibly involving the extracellular loops of this GPCR or other co-factors. Taken together, these data demonstrate that COLV physically and functionally interacts with CALCR thereby identifying a cell-autonomous feedback loop for stem cell maintenance by reciprocal interactions between MuSCs and their niche.

In this report we show that crosstalk between Notch and CalcR signalling, via the MuSCproduced ECM protein collagen V (COLV), is critical for maintenance of MuSC equilibrium in the niche. Given this remarkably specific interaction with COLV, but not COLI and COLVI, we propose that COLV acts as a surrogate ligand for CALCR. Furthermore, we demonstrate using functional studies that COLV requires CALCR to signal to MuSCs, and that COLV specifically binds and activates this receptor. Taken together, our data identify a specific collagen as a critical regulator of the muscle stem cell niche and also indicate that MuSCs are maintained cell-autonomously by employing a Notch/COLV/CALCR signalling pathway (Figure S4E). These findings reconcile the discordance between the critical role that CALCR plays in stem cell maintenance, and the proposed control of the stem cell niche by its systemically produced ligand. It would be of interest to extend the novel Notch/COLV/ CALCR signalling cascade described here to stem cells in other tissues and organisms. The regulatory mechanism that we identify provides a framework to reconstruct a more complete view of the stem cell niche, and to manipulate stem cell behaviour in a therapeutic context.

Methods

Mouse strains

Mouse lines used in this study have been described and kindly provided by the corresponding laboratories: Myf5 Cre [1] , Pax7 CreERT2 [2] , R26 stop-NICD-nGFP [3] , R26 mTmG [4] , Rbpj flox/flox [5] , Pax7 CT2/+ ; Calcr flox/flox ; R26 YFP/YFP [6] and Col5a1 flox/flox [7] . Tg:Pax7-CreERT2 and Tg:Pax7-nGFP lines have been generated in the S.T. lab 8,9 .

Muscle injury, tamoxifen and BrdU administration

For muscle injury, Tg:Pax7-CreERT2;Col5a1 flox ;R26 mTmG mice were anesthetized with 0.5% Imalgene/2% Rompun and the Tibialis anterior (TA) muscle was injected with 50µl of Cardiotoxin (10mM; Latoxan). Tg:Pax7-CreERT2;Rbpj flox ;R26 mTmG and mice were injected intraperitoneally with tamoxifen three times (250 to 300µl, 20mg/ml; Sigma T5648; diluted in sunflower seed oil/5% ethanol). Pax7 CreERT2 ;Calcr flox ;R26 YFP were injected intraperitoneally with tamoxifen twice (5mg/ 25g mouse) and sacrificed 2 weeks later.

Pax7 CreERT2 ;R26 stop-NICD-ires-nGFP and Tg:Pax7-CreERT2;Col5a1 flox ;R26 mTmG were fed tamoxifen containing diet for one and two weeks, respectively (Envigo, TD55125). Six days prior sacrifice Tg:Pax7-CreERT2;Col5a1 flox ;R26 mTmG mice were given the thymidine analogue 5-Bromo-2'-deoxyuridine (BrdU, 0.5mg/ml, #B5002; Sigma) in the drinking water supplemented with sucrose (25mg/ml). Comparisons were done between age-matched littermates using 8-12 week old mice. Animals were handled as per European Community guidelines.

Construction of luciferase reporters and luciferase assays

For the generation of luciferase reporters, candidate enhancers of Col5a1, Col5a3, Col6a1/2 (shared enhancer) and Hey1 were amplified by PCR from genomic DNA of C2C12 cells. The enhancers were then cloned into the firefly-luciferase pGL3-Basic vector (Promega, E1751) upstream of a minimal thymidine kinase promoter (minTK). The sequences of enhancers are listed in Table S1. Transfected cells (Lipofectamine LTX, Life technologies, 15338030) were lysed and luciferase signal was scored using the Dual-Luciferase Reporter Assay System (Promega, E1910). For normalization, Renilla luciferase (pCMV-Renilla) was transfected at 1:20 ratio relative to firefly-luciferase constructs.

RNA isolation and Quantitative RT-PCR

Total RNA was extracted from MuSCs isolated by FACS using QIAGEN mini RNeasy kit and reverse transcribed using SuperScript III (Invitrogen, 18080093) according to manufacturers' instructions. RT-qPCR was performed using FastStart Universal SYBR Green Master mix (Roche, 04913914001) and analysis was performed using the 2 -∆∆CT method 10 . Specific forward and reverse primers used in this study are listed in Table S2.

Cell culture and Collagen incubation

MuSCs isolated by FACS were plated at 3x10 3 cells/cm 2 on ibi-Treated µ-slides (Ibidi, 80826) pre-coated with 0.1% gelatin for 2h at 37°C. Cells were cultured in MuSC growth medium (GM) containing Dulbecco's Modified Eagle's Medium (DMEM; Gibco) supplemented with F12 (50:50; Gibco), 1% penicillin/streptomycin (PS; Gibco), 20% foetal bovine serum (FBS; Gibco) and 2% Ultroser (Pall; 15950-017) at 37°C, 3% O 2 , 5% CO 2 for the indicated time. Twelve hours after plating, collagens (COLI rat tail, BD Biosciences, 354236; COLV human placenta, Sigma, C3657; COLVI human placenta, AbD Serotec 2150-0230) resuspended in HOAc acid at 1mg/ml, were added to the culture medium at a final concentration of 50µg/ml and cells were fixed with 4% paraformaldehyde (PFA) for 10min.

To assess proliferation, cells were pulsed with the thymidine analogue 5-ethynyl-2′deoxyuridine (EdU), 1x10 -6 M 2h prior to fixation (ThermoFisher Click-iT Plus EdU kit, C10640). Inhibitors used: Obtustatin (Integrin α1β1, Tocris, 4664, 100nM), TC-I 15 (Integrin α2β1 Tocris, 4527, 100µM), RGDS peptide (all integrins, Tocris, 3498, 100µM), 7rh 11 (DDR1, kind gift from Dr. Ke Ding, 20nM).

Single myofibre isolation and siRNA transfection

Single myofibres were isolated from EDL muscles following the previously described protocol 12 . Briefly, EDLs were dissected and incubated in 0.1% w/v collagenase (Sigma, 11 C0130)/DMEM for 1h in a 37°C shaking water bath at 40rpm. Following enzymatic digestion, mechanical dissociation was performed to release individual myofibres that were then transferred to serum-coated petri dishes. Single myofibres were transfected with siCol5a, siCol5a3 (Dharmacon SMARTpool Col5a1 (12831) L-044167-01 and Col5a3 (53867) L-048934-01-0005) or scramble siRNA (Dharmacon ON-TARGETplus Non-targeting siRNA #2 D-001810-02-05) at a final concentration of 200nM, using Lipofectamine 2000 (ThermoFisher, 11668) in Opti-MEM (Gibco). Four hours after transfection, 6 volumes of fresh MuSC growth medium was added and fibres were cultured for 72h at 37°C, 3%O 2 .

Myofibres were fixed for 15min in 4% PFA/PBS.

Immunostaining on cells, sections and myofibres

Following fixation, cells and myofibers were washed three times with PBS, then permeabilised and blocked at the same time in buffer containing 0.25% Triton X-100 (Sigma), 10% goat serum (GS; Gibco) for 30min at RT. For BrdU immunostaining, cells were unmasked with DNaseI (1,000 U/ml, Roche, 04536282001) for 30 min at 37°C. Cells and fibres were then incubated with primary antibodies (Table 3) for 4h at room temperature (RT).

Samples were washed with 1X PBS three times and incubated with Alexa-conjugated secondary antibodies (Life Technologies, 1/1000) and Hoechst (Life Technologies, 1/5000) for 45min at RT. EdU staining was chemically revealed using the Click-iT Plus kit according to manufacturer's recommendations (Life Technologies, C10640). For collagen staining, the myofibers and the muscle sections were incubated with 0.1% Triton X-100 for 30min at RT. Myofibers and sections were then washed 3 x 10min and incubated with 10% GS in PBS for 30min. After one wash, samples were incubated with primary antibodies and secondary antibodies as described in Table 3. Confocal images were acquired with a Leica SPE microscope and Leica Application Suite or with Zeiss LSM 700 microscope and Zen Blue 2.0 software. 3D images were reconstructed from confocal Z-stacks using Imaris software. The 12 Section view function was used to inspect the MuSC environment by showing the cut in the x-, y-, and z-axes.

C2C12 cell manipulations

Murine myoblast cell line C2C12 (provided by Yaffe D. 13 ) was cultured in DMEM/ 20% FBS/ 1% PS at 37°C, 5% CO 2 . Notch activation: Notch activation was achieved by plating cells on Dll1-coated dishes or by doxycycline inducible Notch constructs, as described previously (Castel et al., 2013). Calcr retrovirus preparation and transduction: Calcitonin receptor C1a-type (pMXs-Calcr-C1a-IRES-GFP) and mock control (pMXs-IRES-GFP) retrovirus vectors were prepared as described previously 6,14 . Briefly, 48h after transfection of Platinum-E cells the supernatant was recovered and used to transduce C2C12. Two days later stably labelled GFP + C2C12 cells were isolated by FACS.

Quantification of cAMP

Transduced mock (IRES-GFP) and Calcr (CalcR-C1a-IRES-GFP) C2C12 cells were isolated by FACS based on GFP and seeded on 0.1% gelatin-coated, white culture 96-well plates (Falcon, 353296) at 3x10 3 cells/well. After overnight culture, the cells were incubated with the complete induction medium containing DMEM/1%PS/500µM IBMX (isobutyl-1methylxanthine; Sigma, 17018)/100µM Ro 20-1724 ([4-(3-butoxy-4-methoxy-benzyl) imidazolidone]); Sigma, B8279)/MgCl 2 40mM, collagen, solvant HOAc or Elcatonin (0.1U/ml; Mybiosource, MBS143228) for 3h. The amount of intracellular cAMP was measured using cAMP-Glo Max Assay (Promega, V1681) following the manufacturer's protocol. Luminescence was quantified with FLUOstar OPTIMA (BMG Labtech). EC50 value was determined with GraphPad Prism software using a sigmoid dose-response curve (variable slope).

On-cell Enzyme-Linked Immunosorbent Assay (ELISA)

Transduced mock and Calcr C2C12 were seeded on a clear bottom 96-well plate (TPP, 92096) at 3x10 3 cells/well density. After overnight culture, cells were treated with 50µg/ml of biotinylated collagens for 2h and fixed with 4%PFA/PBS for 15min. After 3x PBS washes, cells were blocked with a solution containing 10% GS, 2% BSA, PBS for 1h at room temperature, washed and incubated 1h/RT with goat anti-mouse biotin-HRP antibody (Jackson, 1/1000e, 115-035-003). After 3x PBS washes, the HRP signal was developed by addition of 3,3',5,5' tetramethylbenzidine (1-Step Ultra TMB-ELISA, Sigma, 34028). HRP substrate and absorbance at 650nm was measured once every 30sec for 30min with FLUOstar OPTIMA (BMG Labtech). The signal was normalized to the background signal (no secondary antibody) and to the number of cells assessed by Janus green staining (Abcam, ab111622).

Muscle enzymatic dissociation and stem cell isolation

Adult and foetal limb muscles were dissected, minced and incubated with a mix of Dispase II (Roche, 04942078001) 3U/ml, Collagenase A (Roche, 11088793001) 100ug/ml and DNase I (Roche, 11284932001) 10mg/ml in Hank's Balanced Salt Solution (HBSS, Gibco) supplemented with 1% PS at 37°C at 60rpm in a shaking water bath for 2h. The muscle suspension was successively filtered through 100µm and 70µm cell strainers (Milteny, and then span at 50g for 10min/4°C to remove large tissue fragments. The supernatant was collected and washed twice by centrifugation at 600g for 15min. Prior to FACS, the final pellet was re-suspended in cold DMEM/1%PS supplemented with 2% FBS and the cell suspension was filtered through a 40µm strainer. MuSCs were sorted with Aria III (BD Biosciences) using either the GFP (Tg:Pax7-nGFP, Tg:Pax-CreERT2;Rbpj flox ;R26 mTmG , Tg:Pax7-CreERT2;Col5a1 flox ;R26 mTmG ) or the YFP (Pax7 CT2 ; Calcr flox ;R26 YFP ) cell marker. Isolated, mononuclear cells were collected in 14 DMEM/1%PS/2%FBS. Enzymatic dissociated muscle was also plated directly without FACS on Matrigel (Corning, 354248) coated dishes, 30min at 37°C, and fixed 12h later with 4%PFA/PBS. Cells were immunostained following the protocol described above in section "Immunostaining on cells, sections and myofibres".

Muscle fixation and histological analysis

Embryo forelimbs were fixed in 4% PFA/0.1% Triton for 2h, washed overnight with 1X PBS, immersed in 20% sucrose/PBS overnight, embedded in OCT, frozen in liquid nitrogen and sectioned transversely at 12-14µm. Isolated TA muscles were immediately frozen in liquidnitrogen cooled isopentane and sectioned transversely at 8µm. For Pax7 staining on adult TA, sections were post-fixed with 4%PFA, 15min. After 3 washes with 1XPBS, antigen retrieval was performed by incubating sections in boiling 10mM citrate buffer pH6 for 10min.

Sections were then blocked, permeabilised and incubated with primary and secondary antibodies as described above in section "Immunostaining on cells, sections and myofibres".

Biotinylation of Collagens

Commercial collagen proteins (COLI rat tail, BD Biosciences, 354236; COLV human placenta, Sigma, C3657) were biotinylated using the Pierce EZ-Link Biotinylation Kit, with slight modifications. Briefly, 20µl of 1M Hepes was added to 0.5ml of 1mg/ml collagen dissolved in 0.5M HOAc. Then, 20µl of 100mM biotin reagent were added and incubated at room temperature for 1.5h. Biotinylated collagens were next dialyzed in 25mM HEPES, 2.5M CaCl 2 , 125mM NaCl, 0.005% Tween (Slide-A-Lyze MINI Dialysis Device, ThermoFisher 88401) over-night at 4°C.

Statistical analysis

All experiments were carried out on a minimum of 3 mice (see Figure legends). No statistical method was used to predetermine sample size, no animals were excluded from the analysis and the experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment. For comparison between two groups, two-tailed Student's t test was performed to calculate p values and to determine statistically significant differences (* p<0.05, ** p<0.01, *** p<0.001). All statistical analyses were performed with Excel software and graphed using the GraphPad Prism software. Part II:
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Introduction

The regenerative ability and plasticity of adult skeletal muscle is largely due to its resident muscle stem (satellite) cells (MuSCs) located between the basal lamina and the plasmalemma of the myofibers (Mauro, 1961) during homeostasis. In resting muscle, MuSCs are quiescent (G 0 phase) and express the paired-box transcriptional factor Pax7 (Seale et al., 2000). Following injury, they re-enter the cell cycle, proliferate to generate myoblasts that further differentiate and fuse to restore the damaged fibre while a subpopulation of myogenic cells returns to quiescence for selfrenewal of the MuSC pool (Motohashi and Asakura, 2014).

The cell-cell communication pathway Notch is a crucial regulator of satellite cells as the specific depletion of RBPJ, the DNA binding factor essential for mediating canonical Notch signalling, induces spontaneous differentiation and a loss of MuSCs during quiescence, and following injury (Bjornson et al., 2012;Mourikis et al., 2012b). Notch receptors are expressed at the satellite cell surface and their putative ligands, Delta-like ligand (DLL1, 4) and Jagged (JAG1, 2) are likely provided by the myofibre upon which they reside. Binding of ligand to the receptor results in cleavage of Notch (ADAM and γ-Secretase proteases), and release of the Notch intracellular domain (NICD) to the nucleus where it binds RBPJ to activate immediate target genes, notably the transcription factors HeyL, Hes1 and Hesr1/3 (Castel et al., 2013;Jarriault et al., 1995;Kopan and Ilagan, 2009).

MicroRNAs (miRNAs), a family of small non-coding RNAs, regulate a broad range of cellular processes involved in tissue determination, differentiation and maintenance [START_REF] Yao | MicroRNA biogenesis and their functions in regulating stem cell potency and differentiation[END_REF]. The essential role of miRNAs in myogenesis has been demonstrated

where the conditional deletion of Dicer (a RNAse III endonuclease required for maturation of miRNAs) in the Pax7+ population results in a depletion of MuSCs and a quasi-absence of repair upon injury (Cheung et al., 2012). Although numerous miRNAs have been reported to regulate myoblast proliferation and differentiation [START_REF] Kirby | The role of microRNAs in skeletal muscle health and disease[END_REF], only miR-489 (Cheung et al., 2012) has been shown to regulate

MuSC quiescence and/or self-renewal. We performed a RNA deep sequencing (Castel et al. manuscript in preparation) and identified a quiescence specific miRNA 3 that is regulated by Notch signalling, and that plays a critical role in satellite cell 72 maintenance in the quiescent niche in vivo by inhibition of cell migration. 73

Results

A quiescence-specific microRNA is regulated by Notch signalling in MuSCs

To define the expression of miRNAs expression during quiescence, activation and differentiation, we performed a RNA-deep sequencing on freshly isolated MuSC (Quiescent Satellite Cells, QSC), in vitro activated satellite cells for 60h (Activated Satellite Cells, ASC) and differentiated cells cultured for 7 days (DIFF) (Figure 1A; Castel et al., manuscript in preparation). We found an enrichment of specific sets of miRNAs for each cell state, among those, miR-708 was exclusively expressed in quiescent MuSCs (Figure S1A). Quantitative PCR (RT-qPCR) analysis showed miR-708 expression to be significantly decreased in vivo in ASCs 5 days post-cardiotoxin injury and in freshly isolated myofibers from EDL muscle (DIFF) compared to freshly isolated MuSCs (QSC) (Figure 1B). In MuSCs, the miR-708-5p strand constitutes the mature form of miR-708 while the passenger strand miR-708-3p is degraded (Figure 1A-C andS1A). Therefore, miR-708-5p (Accession MIMAT0004828) will be the focus of the remaining experiments in this study.

Interestingly, miR-708 is a highly conserved mirtron encoded in the quiescencespecific gene Odz4/Tenm4 (Figure 1C;

http://people.csail.mit.edu/akiezun/microRNAviewer/) [START_REF] Yamaguchi | Calcitonin receptor and Odz4 are differently expressed in Pax7-positive cells during skeletal muscle regeneration[END_REF]. Odz is the vertebrate homologue of the Drosophila pair-rule gene odd Oz (Odz/Tenm) known to be a type II transmembrane protein; however, the function of the Odz family remains unknown. Notably, Odz4 expression is decreased in Notch-depleted myogenic progenitors in embryos (Pax3 Cre/+ ; Rbpj -/-; Myod -/-) (Brohl et al., 2012) suggesting a potential link with Notch signalling. To test this hypothesis, we used a genome-wide ChIP-seq approach to identify direct targets of Notch signalling in adult murine myoblasts (C2C12) in the context of inhibited (RBPJ NotchOFF ) or activated (RBPJ NotchON ) Notch pathway (Castel et al., 2013). Intriguingly, we found two NICD and RBPJ binding sites close to Odz4. The combination of histones modifications H3K4me1, H3K27ac and the acetyltransferase p300 indicates that those sequences are in bona fide enhancers (Figure 1D; data available at Gene Expression Omnibus, Accession no. GSE37184). To test whether Notch signalling regulates the transcription of Odz4 and miR-708 in vivo we first conditionally ablated RBPJ in Pax7-expressing cells driven by tamoxifen-inducible Cre-recombinase expression (Tg:Pax7-CT2; Rbpj flox/flox ; R26 mTmG herein Rbpj null) (Mourikis et al., 2012b). RT-qPCR performed on isolated GFP + MuSCs showed a significant decrease in both

Odz4 and miR-708 targets compared to control cells (Figure 1E). In a complementary gain-of-function approach, we overexpressed NICD in embryonic myogenic progenitors in which Cre-recombinase expression is under Myf5 expression (Myf5 Cre ;R26 stop-NICD-nGFP ) (Mourikis et al., 2012a). RT-qPCR was performed on cells isolated by FACS at E14.5, a developmental stage where the majority of myogenic cells are still proliferating. Both Odz4 and miR-708 are specifically upregulated in response to Notch activation whereas miR-489, another quiescent miRNA [START_REF] Cheung | Maintenance of muscle stem-cell quiescence by microRNA-489[END_REF], remained unchanged (Figure 1F). Importantly, transcriptional responses of (72h: 37% and 4% 4d: 61% and 33% for Scramble and Mimic-708, respectively;

Figure 2C

). Overall, these results show that miR-708 can retain MuSCs proliferation and delay myogenic differentiation.
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In a complementary loss-of-function assay, we depleted miR-708 using shortinterfering RNA (AntimiR-708) (Figure S2C) in an ex vivo system where resident MuSCs on isolated myofibers exit quiescence, enter the myogenic program and form clusters composed of proliferating (Pax7 + /MyoD + /MyoG -), differentiated (Pax7 - /MyoG + ) and self-renewed (Pax7 + /MyoG -) cells within 72h [START_REF] Zammit | Muscle satellite cells adopt divergent fates: a mechanism for selfrenewal?[END_REF].

Single myofibres isolated from EDL muscle of Tg:Pax7-nGFP mice were transfected with AntimiR-708 or Scramble control and cell clusters were analysed after 72h.

Targeting specifically miR-708-5p increased significantly the number of differentiated cells per fibre (43% vs 79% for Scramble and AntimiR-708), and reduced self-renewed events (21% vs 5% for Scramble and AntimiR-708) (Figure 2D). Thus, miR-708 inhibition results in a reduction in self-renewal, and increased differentiation. We note that this did not result in a depletion in cell number suggesting that some amplification of myogenic cells might have occurred in this condition prior to differentiation.

Antagonism of miR-708 in vivo induces spontaneous exit from quiescence and premature differentiation of MuSCs

To investigate the role of miR-708 function in maintenance of satellite cells in vivo, we synthesized a miR-708 antagonist (AntagomiR-708) with an antisense sequence to mature miR-708-5p, as well as control Scramble with the same modifications that does not target any mouse gene or EST sequence (see Methods). To assess potential secondary targets, we first assayed miR-708 expression in different cell types extracted from skeletal muscles, namely endothelial cells, fibro-adipogenic progenitors, resident and infiltrating macrophages. RT-qPCR analysis revealed that among the different cell types tested, only MuSCs expressed miR-708 (data not shown). We then performed lineage tracing of MuSCs using Tg:Pax7-CT2; R26 mTmG mice fed two weeks with tamoxifen (95% efficiency of recombination, Figure S3A).

Control Scramble or AntagomiR-708 were then injected in the tail vein every day for 4 days, and resting muscles were analysed 10 days later (Figure 3A). RT-qPCR analysis on mGFP+ cells isolated by FACS showed a significant reduction of miR-708 and miR-489 levels, whereas miR-92 expression (activation enriched miRNA, Figure 1A) was strongly upregulated (Figure 3B). These results suggest that MuSCs treated with AntagomiR-708 spontaneously switch on the activation program in the absence of muscle injury. To test this hypothesis, we analysed quiescence (Pax7, Odz4), activation (Myod), and differentiation (Myogenin) genes expression in mGFP+ cells isolated by FACS. A significant decrease in the quiescence genes was noted, whereas Myod and Myogenin expressions were strongly upregulated following AntagomiR-708 treatment (Figure 3C). Consistent with these results, immunostaining showed that 30% of mGFP+ cells lost Pax7 expression in mice that received AntagomiR-708 (Figure 3D). The expression profile and the loss of Pax7

protein, indicate that reduced miR-708 levels in MuSCs leads to their spontaneous exit from the quiescent state. Furthermore, when mGFP+ cells isolated by FACS from AntagomiR-708 treated mice were cultured for 5 days they exhibited a striking increase in myotube formation as indicated by a higher fusion index (24% for Scramble vs. 51% for AntagomiR-708; Figure 3E). During homeostasis, MuSCs are localized between the myofibre membrane and the basal lamina (Mauro, 1961).

Surprisingly, we observed abnormal localization of Pax7+ cells in the interstitial space in the TA of AntagomiR-708 treated mice (2% for Scramble vs. 38% for AntagomiR-708; Figure 3F) suggesting that those cells escaped the quiescent stem cell niche.

We showed previously that alteration of Notch signalling induces MuSCs to differentiate spontaneously without entering S-phase (Mourikis et al., 2012b). As loss of miR-708 function promoted a loss of cellular quiescence and differentiation of myogenic cells, we investigated whether this cell state transition was accompanied by exit from G0 and entry into S-phase. To do so, mice were exposed to uninterrupted BrdU administration through the drinking water for 5 days prior to sacrifice (Figure 3A). As shown in figure 3E, the loss of miR-708 induces an increase in BrdU uptake quantified by the number of mGFP+/BrDU+ cells (2% for Scramble vs. 15% for AntagomiR-708; Figure 3G) indicating that the knock-down of miR-708 induces spontaneous exit from quiescence accompanied by proliferation.

To investigate in more detail the long-term impact of miR-708 inhibition in vivo, we treated mice with tamoxifen and AntagomiR as described above, and analysed resting muscle 28 days later (Figure 3H). Strikingly, the amount of mGFP+ cells isolated by FACS was 50% lower than Scramble control (Figure S3B andC) and this result was confirmed in vivo by the quantification of Pax7+ cells in sections of Tibialis anterior (TA) muscle (30 Pax7+ cells/mm 2 for Scramble vs. 14 for AntagomiR-708; Figure 3I). We then investigated whether the loss of MuSCs was due to apoptosis or cell fusion. Immunostaining with cleaved-caspase 3 did not reveal a significant change in the number of apoptotic cells in AntagomiR-708 treated TA muscle compared to control (data not shown). In contrast, we found numerous GFP+ fibres in resting muscle indicating mGFP+ cells fused with pre-existing myofibers (Figure 3J) a phenotype that is reminiscent of loss of function of Rbpj in MuSCs (Mourikis et al., 2012b). Taken together, these results demonstrate that miR-708 is necessary for the maintenance of MuSCs in the quiescent state and their localization in the niche.

We further analysed the behaviour of the 50% remaining satellite cells (Figure 3I) 28 days upon AntagomiR-708 treatment. Interestingly, RT-qPCR and culture experiments did not show any perturbations in quiescence and differentiation capacities (Figure S3D). Moreover, AntagomiR-708 treated mice depicted a delay in regeneration at 14 days post-injury (dpi) as shown by hematoxylin/eosin histological analysis (Figure S3E). However, this delay in regeneration was not overtly detectable by 31dpi demonstrating the functionality of the remaining cells, that are likely escapers, following the short period of AntagamiR-708 treatment (Figure S3F). We propose that either the remaining cells were spared from the AntagomiR-708 treatment due to accessibilities issues, or that the short treatment did not have a lasting effect and miR-708 levels were restored.

miR-708 promotes myogenic differentiation by targeting MuSC motility and migration capacities

miR-708 has been shown to be downregulated in human prostate [START_REF] Saini | miRNA-708 control of CD44(+) prostate cancer-initiating cells[END_REF] , breast [START_REF] Ryu | Suppression of miRNA-708 by polycomb group promotes metastases by calcium-induced cell migration[END_REF], renal [START_REF] Saini | MicroRNA-708 induces apoptosis and suppresses tumorigenicity in renal cancer cells[END_REF], ovarian [START_REF] Lin | Glucocorticoids mediate induction of microRNA-708 to suppress ovarian cancer metastasis through targeting Rap1B[END_REF] and gliobastoma [START_REF] Guo | miR-708 acts as a tumor suppressor in human glioblastoma cells[END_REF] cancer cells. Although the target genes were different, those studies demonstrate a common feature of miR-708 in the suppression of invasion and metastasis via inhibition of cell migration properties. To assess whether miR-708 could affect satellite cell migration, we overexpressed miR-708 in activated satellite cells, using a Mimic-708 transfection system, and monitored cell behaviour ex vivo for 48h by live video microscopy (Figure 4A). In addition to the decrease in the number of dividing cells mentioned above (Figure 2A), the distance and velocity of myogenic treated with miR-708 strongly diminished compared to Scramble control (Figure 4B-4C; see supplementary movies).

Active cell migration is a key property of satellite cells (Siegel et al., 2009) and it has been shown that stimulation of migration improves myoblast dispersal following transplantation, thereby resulting in enhanced engraftment efficiency [START_REF] Bentzinger | Wnt7a stimulates myogenic stem cell motility and engraftment resulting in improved muscle strength[END_REF]. We examined the migration potential of miR-708-treated myogenic cells in 4E). Among the 24 genes that were predicted by the three algorithms (Figure S4A), 3

were differentially expressed in quiescent compared to activated satellite cells (Liu et al., 2013) (Figure S4): Tensin-3 (Tns3), Dickkopf-3 (Dkk3) and Syndecan-1 (Sdc1).

To test whether the putative miR-708 target sequences could mediate translational repression, we inserted the 3'UTR sequences of each of the predicted targets in a luciferase reporter plasmid (Table 3). HEK293T cells were co-transfected with constructs and with Mimic-708 or Scramble control. Notably, miR-708 repressed luciferase activity of both Dkk3 and Tns3 but not Sdc1 (Figure 4F).

Discussion

We identified miR-708 as a quiescence-specific mirtron in the Odz4 gene, where this We show that miR-708 in vivo inhibition induces premature exit from quiescence in MuSCs, proliferation and spontaneous fusion with the pre-existing fibre resulting in the loss of about 50% of the satellite cell population. Given that the analysis was performed on the total Pax7-nGFP population as in previous studies, we consider the possibility that a subpopulation of MuSCs is not under miR-708 regulation; single cell studies could address this point.

The in silico analysis of miR-708 potential target genes provided 3 candidates: Dkk3, Sdc1 and Tns3. We have validated Dkk3 as a target gene. Dkks (Dkk1-4) represent a family of evolutionary conserved secreted glycoproteins known to specifically inhibit Wnt/β-catenin signalling cascade. However, DKK3 appears to be a divergent member of the Dkk family in DNA sequence, protein structure and function [START_REF] Niehrs | Function and biological roles of the Dickkopf family of Wnt modulators[END_REF]; as it has no affinity for Wnt co-receptors LRP5/6 and Kremen, but instead it regulates TGF-β (Transforming growth factor) signalling level [START_REF] Romero | Downregulation of Dickkopf-3 disrupts prostate acinar morphogenesis through TGF-beta/Smad signalling[END_REF] in addition of the FGF-MAPK signalling (Lodygin et al., 2005;Pinho and Niehrs, 2007).

TGF-β/Smad has been shown to maintain satellite cell quiescence [START_REF] Rathbone | Effects of transforming growth factor-beta (TGF-beta1) on satellite cell activation and survival during oxidative stress[END_REF] while FGF promotes exit of quiescence of satellite cells as well as myoblast expansion and recruitment (Yablonka-Reuveni et al., 1999) (Chakkalakal et al., 2012).

TNS3 is a member of focal adhesion (FA)-associated proteins that are important regulators of cell adhesion and migration by association with multiple types of adhesion structures such as FA or podosomes. Tensins have been shown to regulate actin dynamics by modulation of Rho GTPase signalling pathways (Blangy, 2017).

Interestingly, miR-708 has been shown to negatively regulate the phosphorylation of ERK (extracellular signal-regulated kinases) that further phosphorylates FA.

Therefore, we are currently investigating the possibility of a combined effect of inhibition of TNS3 in addition to DKK3 for mediating miR-708 functional inhibition 11 of cell migration. To do so, analysis of TGF-β/Smad, FGF-MAPK and FA behaviour under miR-708 gain/loss of function are on going.

We note that miR-708 overexpression resulted in a delay in satellite cell proliferation however, analysis of miR-708 putative targets did not reveal any candidates that are involved in cell cycle regulation. Thus, we propose that the inhibition of migration/motility indirectly inhibits cell cycle progression. To uncouple proliferation and migration properties, we aim to use the Fucci-green (Fluorescence ubiquitinationbased cell cycle indicator) mouse model to follow the cell cycle progress in isolated MuSCs [START_REF] Sakaue-Sawano | Visualizing spatiotemporal dynamics of multicellular cell-cycle progression[END_REF]. Taking advantage of the ubiquitin-mediated proteolysis regulation of cell cycle, this approach will permit ex vivo analysis of spatial and temporal patterns of cell-cycle dynamics, using Azami green to label S/G2/M phases. We propose to overexpress miR-708 in freshly isolated quiescent satellite cells and to assess whether migration precedes cell cycle entry. Moreover, miR-708 expression in activated satellite cells from Fucci green mouse could inform us on whether those cells transiently return to G 0 -state, or if they will be blocked within the cell cycle. These questions are currently under investigation experimentally.
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Material and methods

Mouse strains

Mouse lines used in this study have been described and kindly provided by the corresponding laboratories: Myf5 Cre [START_REF] Haldar | Two cell lineages, myf5 and myf5-independent, participate in mouse skeletal myogenesis[END_REF], R26 stop-NICD-nGFP [START_REF] Murtaugh | Notch signaling controls multiple steps of pancreatic differentiation[END_REF], R26 mTmG [START_REF] Muzumdar | A global double-fluorescent Cre reporter mouse[END_REF], Rbpj flox/flox (Han et al., 2002), Tg:Pax7-CreERT2 and Tg:Pax7-nGFP lines have been generated in the S.T. lab and previously described (Mourikis et al., 2012b;Sambasivan et al., 2009). Animals were handled according to national and European community guide-lines, and protocols were approved by the ethics committee at Institut Pasteur.

Muscle injury, tamoxifen and BrdU administration

For muscle injury, mice were anesthetized with 0.5% Imalgene/2% Rompun and the TA muscle was injected with 50μl of Cardiotoxin (10mM; Latoxan). Tg:Pax7-CreERT2; Rbpj flox ; R26 mTmG and Tg:Pax7-CreERT2; R26 mTmG were fed with tamoxifen containing diet for two or three weeks (Envigo, #TD55125). Five days prior sacrifice Tg:Pax-CreERT2; R26 mTmG mice were given the thymidine analogue 5-Bromo-2'deoxyuridine (BrdU, 0.5mg/ml, #B5002; Sigma) in the drinking water supplemented with sucrose (25mg/ml). Comparisons were done between age-matched littermates using 8-12 week old mice.

Satellite cell dissociation and Fluorescence Activated Cell Sorting (FACS)

Adult limb muscles were dissected, minced and digested in a solution containing 0.1% collagenase D (Roche #11088882001) and 0.25% trypsin (Invitrogen #15090) diluted in Dulbecco's Modified Eagle's Medium (DMEM; Gibco) supplemented with 1% penicillin/streptomycin (PS; Gibco) and DNase I (10 mg/ml; Roche) for five consecutive cycles of 30 min at 37°C with gentle agitation. Between each round, the supernatant was filtered through 100μm then 70μm (Milteny, and recovered in cold blocking foetal calf serum (FCS; Invitrogen). Supernatants from each digestion were pooled and centrifuged a first time 10 min at 50g at 4°C to remove large debris. The supernatant was collected and span twice 15 min at 600g.

Before FACS, the pellet was resuspended in DMEM/1% PS supplemented with 2% FCS and filtered through 40μm. Cells were sorted using a FACS Aria III (BD Biosciences) and collected in DMEM/1% PS/2% FCS.

RNA extraction and quantitative PCR (RT-qPCR)

Micro-RNAs from cells or tissue were purified using (Qiagen miRNAeasy® Micro Kit) and reverse transcribed in cDNA using miRCURY LNA ® universal RT kit Expression of mature mRNAs was assessed with SYBR green master mix (Roche; 04913914001) and analysis were performed using the 2 -∆∆CT method (Livak and Schmittgen, 2001). Specific forward and reverse primers used for RT-qPCR are listed in Supplementary Table 1.

Satellite cell culture and transfection

Satellite cells isolated by FACS, and total muscle preparations were seeded at 3x10 for the indicated time. Half of the medium was changed every 3 days. To assess proliferation, cells were pulsed with the thymidin analogue 5-ethynyl-2′-deoxyuridine (EdU), 1x10 -6 M, 2h prior to fixation (ThermoFisher Click-iT Plus EdU kit, C10640).

Freshly isolated MuSCs from Tg:Pax7-nGFP were transfected in suspension immediately after FACS with miRIDIAN microRNA mmu-miR-708-5p mimic (Dharmacon, #C310987) and Control#1 (Dharmacon, #CN-001000) at 200nM final 14 concentration using Lipofectamine 2000 (ThermoFisher, #11668) in Opti-MEM (Gibco). Four hours after transfection, 3 volumes of fresh growth medium was added and cells were cultured for the indicated time. Cells were fixed with 4% paraformaldehyde (PFA) in PBS 10 min at room temperature.

Single Myofibre isolation and Antimir transfection

Single myofibres were isolated from EDL muscles following the previously described protocol (Shinin et al., 2006). Briefly, EDLs were dissected and incubated in 0.1% w/v collagenase (Sigma, #C0130)/DMEM for 1h in a 37°C shaking water bath at 40rpm. Following enzymatic digestion, mechanical dissociation was performed to release individual myofibres that were then transferred to serum-coated petri dishes.

Single myofibres were transfected with miRCURY LNA TM mmu-miR-708-5p inhibitor (Exiqon, #4101225) or Negative control A (Exiqon, #199096) at a final concentration of 250nM, using Lipofectamine 2000 (ThermoFisher, 11668) in Opti-MEM (Gibco). Four hours after transfection, 6 volumes of fresh MuSC growth medium was added and fibres were cultured for 72h at 37°C, 3%O 2 . Fibres were fixed with 4%PFA/PBS 15 min at room temperature.

Immunostaining on cells, myofibers and sections

Following fixation, cells and myofibers were washed three times with PBS, then permeabilised and blocked at the same time in buffer containing 0.25% Triton X-100 (Sigma), 10% goat serum (GS; Gibco) for 30min at RT. For BrdU immunostaining, cells were unmasked with DNaseI (1,000 U/ml, Roche, #04536282001) for 30 min at 37°C. Cells and fibres were then incubated with primary antibodies (Supplementary 

AntagomiR synthesis and administration

AntagomiR and Scramble were designed as described before (Krutzfeldt et al., 2005). 

PAGE-purified

Live Imaging

Cells were transfected and seeded as indicated above. The plate was then incubated at 37°C, 5% CO 2 , and 3% O 2 (Zeiss, Pecon). A Zeiss Observer.Z1 connected to an LCI PlnN 10×/0.8 W objective and Hamamatsu Orca Flash 4 camera piloted with Zen (Zeiss) was used. Cells were filmed and images were taken every 15 min for the time indicated. Distance and velocity were obtained with Manual tracking of Fiji software.

Transwell Assay

The bottom part of a transwell membrane with 8μm pores size (Corning, #3428) was coated with Matrigel 15min at 37°C. FACS isolated MuSCs from Tg:Pax7-nGFP mouse were culture as described before for 24h prior to Mimic-708 or Scramble transfection. Twenty-four hours post-transfection satellite cells where then trypsinized (Gibco, #25200) 10 min at 37°C. Trypsin was washed away by the addition of DMEM/10% FCS and cells were centrifuged 15min at 600g. Cell pellets were resuspended in a low serum medium DMEM/2% FCS and seeded on the upper part of the transwell. Cells were allowed to migrate in a vertical direction through the pores of the membrane into the lower compartment, in which higher serum content was present (GM). Six hours after seeding, the membrane was fixed 15min with Methanol and non-migrated cells remaining on the topside of the filter are removed with a cotton swab. The migrated cells are stained with Crystal Violet 0.5%/ 25% Methanol for 1 to 5min (Sigma, #C0775) and washed 5 times in PBS1X.

Transfection and luciferase assay

The full 3'UTR length of mouse Dkk3 and Sdc1 (http://genome.ucsc.edu) were amplified using PCR. Partial Tns3 3'UTR containing miR-708 potential binding site of interest was obtained from SourceBioscience (EST clone: IMAGp998D088514Q) (Supplementary Table 3). 3'UTR were cloned in the pGL3-Control vector (Promega, #E1741) downstream of the luciferase gene and co-transfected with Mimic-708 or Scramble negative control in HEK293T like described above. A Renilla luciferase plasmid (pCMV-Renilla, 1/200 ratio to firefly) was also co-transfected as transfection control and empty pGL3 vector was use as a background negative control. The results are expressed as firefly luciferase activity relative to Renilla luciferase activity.

Transfected HEK293T were cultured in DMEM/10%FCS, at 37°C, 5% CO 2 , and 20%

O 2 for 48h and firefly and renilla luciferase activities were detected with Dual Glo ® luciferase assay system (Promega, #2920).

Statistical analysis

For comparison between two groups, two-tailed Student's t test was performed to (E) (F) miR-708 in vivo knock down induces a delay in muscle regeneration at 14 days (E) post injury, but this is no longer observed at 28 days post-injury (E).

Experimental scheme of miR-708 in vivo knock-down. Tg:Pax7-CT2; R26 mTmG mice were fed with tamoxifen for 2 weeks. Four days following Cardiotoxin injury (CTX), AntagomiR-708, or Scramble were injected every day for 4 days and injured muscles were collected 14 days (E) or 28 days (F) post-injury. Hematoxylin and eosin staining of transverse sections of regenerating TA muscles 14 days (D) or 28 days (E) postinjury. Scale bar 100μm, n=4 mice/genotype. 
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Context of this thesis project

We and others have reported that Notch signalling is critical for the maintenance of MuSCs, as ablation of Rbpj results in the spontaneous differentiation and eventual depletion of the stem cell pool (Bjornson et al., 2012;Mourikis et al., 2012b). Nuclear NICD has been shown to antagonize myogenesis by the induction of transcriptional repressors (Hes/Hey family members) and the sequestration of Mastermind-like 1 that acts as a co-activator of the muscle differentiation factor Mef2c (Buas et al.;[START_REF] Shen | The Notch coactivator, MAML1, functions as a novel coactivator for MEF2C-mediated transcription and is required for normal myogenesis[END_REF]. However, the function of Notch signalling in MuSCs appears to be broader and the role of Notch beyond the largely know targets Hes/Hey remains largely unknown. To uncover putative parallel pathways by which Notch signalling controls MuSCs, ChIP-seq screening was performed in myogenic cells for direct transcriptional targets of the major effector of all Notch receptors, RBPJ (Castel et al., 2013). Interestingly, an enrichment of RBPJ-bound enhancers was observed close to genes encoding ECM components and specifically different collagen types. In a first report, we describe a MuSC self-sustained signalling cascade, orchestrated by the Notch pathway and propagated by the ECM of the immediate stem cell niche.

In another study, the quiescent-specific micro-RNA, miR-708, was found to be a Notch pathway target gene, suggesting an additional role for Notch in the posttranscriptional regulation of quiescence.

Here, we unravelled two cell-autonomous mechanisms by which Notch can maintain quiescence: the regulation of specific ECM components and the inhibition of the migration via a specific micro-RNA. Both machineries converge to sustain adhesion and anchor MuSCs within their niche to sustain the stem cell pool.

However, the disruption of the downstream target of Notch signalling, Col5a1 or miR-708 could not recapitulate all aspects of the Rbpj null phenotype observed in satellite cells suggesting that the lack of a clear mechanistic model for the effect of Notch signalling on myogenesis is mediated by multiple, compensatory pathways.

Notch signalling regulates ECM niche components

Satellite cells are intimately linked to, and regulated by their surrounding microenvironment. Isolation from their niche invariably leads to cell cycle entry and/or differentiation, thereby compromising their regenerative capacity [START_REF] Montarras | Direct isolation of satellite cells for skeletal muscle regeneration[END_REF]. Understanding the genetic circuits and active molecules that assemble the stem cell niche is of wide biological interest, and also fundamental for medical applications in the context of cell-based therapies. Expression studies in diverse tissues showed that stem cells express high levels of ECM molecules, favouring the idea of a cell-autonomous contribution to their niche [START_REF] Ahmed | Extracellular Matrix Regulation of Stem Cell Behavior[END_REF][START_REF] Kazanis | Quiescence and activation of stem and precursor cell populations in the subependymal zone of the mammalian brain are associated with distinct cellular and extracellular matrix signals[END_REF][START_REF] Kokovay | VCAM1 is essential to maintain the structure of the SVZ niche and acts as an environmental sensor to regulate SVZ lineage progression[END_REF]. Indeed, quiescent cells tend to express higher levels of ECM-related molecules compared to their proliferating counterparts, suggesting that the ECM composition is a signature of quiescence and critical for niche stability. When cultured neural stem cells were forced to enter into quiescence, ECM proteins and receptors together with cell adhesion molecules were significantly upregulated [START_REF] Martynoga | Epigenomic enhancer annotation reveals a key role for NFIX in neural stem cell quiescence[END_REF]. Similarly, in the epidermis, several ECM genes were found to be upregulated in the hair follicle bulge stem cells relative to other basal keratinocytes. These included the integrin α8β1 ligand nephronectin that provides a niche for smooth muscle cells [START_REF] Fujiwara | The basement membrane of hair follicle stem cells is a muscle cell niche[END_REF].

Notably, amongst the 17 ECM upregulated genes described in that study, six were collagens (Col1a2,Col4a2,Col5a2,Col6a1,Col6a2,and Col18a1).

In skeletal muscle, Collagen VI has drawn much attention as mutations in the Col6a1, Col6a2 and Col6a3 genes cause a certain class of muscle disorders, from the mildest Bethlem myopathy to the most severe Ullrich congenital muscular dystrophy [START_REF] Allamand | ColVI myopathies: where do we stand, where do we go?[END_REF]. Non-fibrillar COLVI forms a network of microfilaments in the basement membrane of the connective tissue that ensheaths each individual muscle fibre [START_REF] Bonnemann | The collagen VI-related myopathies: muscle meets its matrix[END_REF] and it is important in maintaining muscle integrity.

Moreover, careful analysis of germline Col6a1 -/-mice demonstrated that collagen VI indirectly regulates satellite cell self-renewal during muscle regeneration by decreasing muscle stiffness from 18 to 12kPa in injured muscle (Urciuolo et al., 2013). Consistently, the decrease of stiffness in resting muscle Col6a1 -/-from 12 to 7 kPa resulted in a slight in the number of proliferating and apoptotic Pax7 + cells, as well as the number of centrally nucleated fibres (over 6-fold more in EDL muscle) (Urciuolo et al., 2013). These features are a signature of disturbed homeostasis of quiescent MuSCs and suggest that collagen VI could be participating in the quiescent niche.

The principal source of collagens in skeletal muscle is the interstitial fibroblasts [START_REF] Zou | Muscle interstitial fibroblasts are the main source of collagen VI synthesis in skeletal muscle: implications for congenital muscular dystrophy types Ullrich and Bethlem[END_REF], however, it is unclear what is the primary cellular source of collagen that acts on resting MuSCs, or proliferating myoblasts during regeneration.

Interestingly, only the transplantation of WT fibroblasts in Col6a1 -/-muscles could restore muscle stiffness and thus rescuing satellite cell self-renewal defect in absence of COLVI (Urciuolo et al., 2013). In the satellite cells specific Col5a1 mutant examined here (Pax7 CreERT2/+ ; Col5a1 flox/flox ), the premature exit from quiescence and differentiation observed could not be rescued by the COLV produced by the muscle resident fibroblasts. This observation suggests that the COLV synthetized by MuSCs seem to be necessary for their maintenance by triggering the downstream CALCR/cAMP pathway.

One possibility to explain this phenotype would be the accessibility to the fibroblastsproduced COLV to the MuSCs; as mentioned previously, MuSCs are isolated under the basal lamina and are physically separated from the reticular lamina where fibroblasts and collagens are usually located. Another possibility is that the isoform types produced by fibroblasts and MuSCs respectively might not compensate fully.

COLV is encountered in most tissues as an α1(V) 2 α2(V) isoform and the α3(V)containing isoform appears to have more specialized functions as its tissue distribution is more restricted [START_REF] Huang | alpha3(V) collagen is critical for glucose homeostasis in mice due to effects in pancreatic islets and peripheral tissues[END_REF]. Our siRNA experiments on single isolated muscle fibres showed that acute knock-down of either Col5a1 or Col5a3 had an effect of the same magnitude on MuSCs, suggesting that the effect resides in the a1(V)a2(V)a3(V), the only a3(V)-containing isoform. Moreover, in support of a putative involvement of this collagen isoform on cellular quiescence, the a1(V)a2(V)a3(V) heterotrimer can inhibit cell cycle progression of epithelial cells (mink lung Mv1Lu cells) and primary human keratinocytes [START_REF] Parekh | Type V collagen is an epithelial cell cycle inhibitor that is induced by and mimics the effects of transforming growth factor beta1. Cell growth & differentiation : the molecular biology[END_REF].

Germline Col5a3 knock-out mice are fertile and viable, but they have a decreased number of pancreatic islets and are glucose intolerant, insulin-resistant, and hyperglycemic [START_REF] Huang | alpha3(V) collagen is critical for glucose homeostasis in mice due to effects in pancreatic islets and peripheral tissues[END_REF]. Their skeletal muscle is defective in glucose uptake and mobilization of the glucose transporter GLUT4 to the plasma membrane in response to insulin, yet no MuSC phenotype has been reported [START_REF] Huang | alpha3(V) collagen is critical for glucose homeostasis in mice due to effects in pancreatic islets and peripheral tissues[END_REF]. We analysed muscles of conditional Col5a3 knockout mice at perinatal and adult stages, but could not detect an obvious phenotype in the establishment of satellite cells and behaviour during homeostasis and activation (muscle samples were kindly provided from the Greenspan lab). These results might reveal phenotypes that are compensatory during development in germline COL5A3 mutant mice. The analysis of Pax7 CreERT2/+ ; Col5a3 flox/flox mice would be an important in vivo experiment to assess whether Col5a3 is necessary for the function of COLV in MuSCs;

unfortunately the Col5a3 flox mouse model currently not available.

Here we identify Collagen V, as a major regulator of MuSC quiescence.

Heterozygous mutation of Col5a1 induces EDS, and although no information available on the status of MuSCs in EDS patients, our data in the mouse suggest that one copy of Col5a1 is sufficient to sustain MuSCs. In the Pax7 CreERT2/+ ; Col5a1 flox/flox mouse model described here, all three COLV isoforms are affected, hence, the loss of quiescent MuSCs could be a result of a combinatorial effect.

During development, Notch signalling controls the assembly of the basal lamina around emerging satellite cells, and promotes the sustained adhesion between satellite cells and myofibers (Brohl et al., 2012). Thus, it would be interesting to assess the role of COLV in the stabilization of future satellite cells in the developing muscles and to define of the Notch/COLV/ CALCR axis that we defined in the adult is conserved in embryos.

Therefore, to understand the contribution of stem cell to the niche, it is essential to reconsider the role of collagens as signalling molecules rather than exclusively as structural components, and to explore other types of collagen-binding receptors.

Notch signalling positions MuSCs in their niche

To assess the specific role of miRNAs in adult myogenesis, we performed a RNA deep sequencing in quiescent, activated and differentiated satellite cells (David Castel et al., manuscript in preparation). To date, only a few miRNAs have been proposed to regulate quiescence; among those, miR-489 expression was also found to be quiescent-specific in our RNA sequencing set of data. However, miR-31 expression could not be detected in quiescent cells but rather observed in activation and differentiation. miR-31 was proposed to sequester Myf5 mRNA in mRNP granules to ensure their silencing. Upon activation, mRNP granules dissociate, releasing Myf5 transcripts, followed by rapid translation to promote myogenesis (Crist et al., 2012). The discrepancies in results could be due to the cellular origin used in both studies: we used the Tg:Pax7-nGFP mouse to isolate all satellite cells and their progeny from all limb muscles. In contrast, Crist and collegues isolated cells from Pax3 GFP/+ ; a mouse model carrying one knock-out allele of Pax3 induced by the insertion of the GFP. In addition, Pax3 expression is restricted to a subset of trunk and forelimb muscles (Relaix et al., 2005).

Similarly, miR-195/497 is specifically expressed in quiescence according to our RNA-seq. A recent microarray-based study highlights the role of miR-195/497 in the juvenile to adult transition MuSCs by targeting cell-cycle progression genes (Sato et al., 2014). However, Sato and collegues isolated cells from the diaphragms of Pax3 GFP/+ ; Myod Cre ; R26 RFP/+ mice, where cells originate from the lateral lip of embryonic dermomyotome. Thus, the role of miR195/497 in regulating cell cycle arrest remains to be verified in other somites-derived quiescent satellite cells. Taken together, these studies showed that the role of miRNAs in quiescence regulation remain largely unknown.

We found identified miR-708, a mirtron in Odz4, to be induced by Notch signalling in quiescent MuSCs and absent from activated cells. miR-708 has been found to inhibit migration properties maintaining the stem cell in its quiescent niche. Upon inhibition of miR-708 in vivo, satellite cells spontaneously exit quiescence, proliferate and fuse with the pre-existing fibre in the absence of induced muscle injury.

However, about half of the satellite cells did not respond to miR-708 knock-down, and they remained properly located in their niche, expressing normal levels of quiescence and activation genes. Whether those cells were spared because of AntagomiR-708 accessibility issues, or because they are not under miR-708 regulation, is not clear. Single-cell analysis for miRNA expression, and miR-708 in particular, would be informative to address the questions.

The in silico analysis of potential miR-708 target genes identified 3 putative candidates: Dkk3, Sdc1 and Tns3. Although, we validated Dkk3 as a target gene, we cannot exclude the possibility that Tns3 is also regulated by miR-708. Interestingly, it is likely that the role of Dkk3 in regulating both TGFβ/Smad pathway and FGF-MAPK signalling (Lodygin et al., 2005;Pinho and Niehrs, 2007) could converge toward one single goal: inhibition of migration. Similarly, Tns3 is a member of focal adhesion (FA)-associated proteins that constitute important regulators of cell adhesion and migration by association with multiple types of adhesion structures such as FA or podosomes. Tensins have been shown to regulate actin dynamics by modulation of Rho GTPase signalling pathways (Blangy, 2017). As Tns3-3'UTR has not been tested yet, we cannot exclude the possibility of a combinatory inhibition of Tns3 in addition to Dkk3 by miR-708 to converge toward one common function: the global inhibition of cell migration.

Interestingly, miR-489 is also a mirtron located in the Calcr quiescence-specific gene. miR-489 has been shown to inhibit the oncogene Dek thereby regulating satellite cell activation (Cheung et al., 2012). In light of the role of these mirtrons in regulating quiescence, it would be of a interest to assess whether other miRNAs are "hidden" in additional quiescence specific genes, and if so, whether they potentially regulate quiescence as well.

Both COLV and miR-708 are Notch-induced genes and most likely act simultaneously to anchor the MuSC in its niche, protecting it from escaping quiescence. Such mechanisms show the requirement for active and cell-autonomous regulators for maintenance of stemness. It would be of a interest to assess how Notch signalling regulates the niche in stem cells in other tissues.

Potential regulation of Notch signalling by microRNAs

Notch signalling is downregulated within a few hours following activation ((Mourikis et al., 2012b), Mourikis P, personal communication), suggesting that Notch inhibition could potentially be triggered by miRNAs. To explore this hypothesis, we performed an in silico screen for all 3'UTRs of Notch pathway genes to assess potential regulation by miRNAs. Interestingly, we found that miR-17_92 family has highly conserved potential binding sites on several effectors of Notch signalling (Notch1, Adam, Rbpj and Maml1). The miR17_92 polycistronic cluster encodes for six individual miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1 and miR-92a) [START_REF] Concepcion | The microRNA-17-92 family of microRNA clusters in development and disease[END_REF]. The organization and sequences of the miR17_92 cluster is highly conserved among vertebrates and has two paralogues in mammals: the miR-160b_25 and the miR-106a_363 cluster [START_REF] Concepcion | The microRNA-17-92 family of microRNA clusters in development and disease[END_REF].

Interestingly, in the RNA-seq screen described before, we found that miR-17_92 and miR-160b_25 clusters are specifically expressed during satellite cells activation (Castel D, manuscript in preparation), while miR-106a_363 cluster is not expressed in satellite cells. In addition, similarly to the rapid downregulation of Notch, miR-17_92 cluster is highly upregulated a few hours upon satellite cells activation (Mourikis P, personal communication). This observation reinforces our hypothesis that this specific cluster of miRNAs might target Notch for inhibition inducing cell activation. To study the specific involvement of miR-17_92 cluster in satellite cell behaviour, we have crossed a miR-17_92 flox (referred to as Mirc1 flox [START_REF] Ventura | Targeted deletion reveals essential and overlapping functions of the miR-17 through 92 family of miRNA clusters[END_REF], stock #008459) with a specific Cre-driver expressed in satellite cells (Pax7 CreERT2 ; (Murphy et al., 2011)). So far, we validated the specific deletion in satellite cells upon tamoxifen treatment, and experiments to examine the resulting phenotypes are ongoing.

ANNEX 1: Review Regulation and phylogeny of muscle regeneration

Developmental Biology, in press

1. Introduction

The ability to regenerate tissues and structures is a prevalent feature of metazoans although there is significant variability among species ranging from limited regeneration of a tissue (birds and mammals) to regeneration involving the entire organism (cnidarians, planarians, hydra). The intriguing evolutionary loss of regenerative capacity in more complex organisms highlights the importance of identifying the underlying mechanisms responsible for these diverse regenerative strategies. One of the most studied tissues that contributes to new appendage formation is skeletal muscle, thereby making it a major focus of regeneration studies during evolution. The emergence of new lineage-tracing tools in different animal models has permitted the identification of specific progenitor cell populations and their contribution to tissue repair.

Skeletal muscles allow voluntary movement and they play a key role in regulating metabolism and homeostasis in the organism. In mice and humans this tissue represents about 30-40% of the total body mass. This tissue provides an excellent tractable model to study regenerative myogenesis and the relative roles of stem and stromal cells following a single, or repeated rounds of injury. Although muscle regeneration relies mainly on its resident muscle stem (satellite) cells (MuSCs) to effect muscle repair, interactions with neighbouring stromal cells, by direct contact or via the release of soluble factors, is essential to restore proper function. Each step of the myogenic process is regulated by specific regulatory factors including extrinsic cues, yet the nature and source of these signals remain unclear. This review will address these issues and discuss the different experimental models used to investigate the regenerative process.

Prenatal and postnatal skeletal muscle development

In amniotes, skeletal muscles in the limbs and trunk arise from somites through a series of successive waves that include embryonic and foetal phases of myoblast production [START_REF] Biressi | Cellular heterogeneity during vertebrate skeletal muscle development[END_REF]Comai and Tajbakhsh, 2014). In response to key transcription factors, committed embryonic and foetal myoblasts align and fuse to generate small multinucleated myofibres during primary myogenesis in the embryo (from E11-E14.5), then myofibres containing hundreds of myonuclei during secondary myogenesis (from E14.5-to birth). During the early and late perinatal period that lasts about 4 weeks, continued myoblast fusion, or hyperplasia, is followed by muscle hypertrophy (Sambasivan and Tajbakhsh, 2007;Tajbakhsh, 2009;White et al., 2010). During adulthood, skeletal muscle is associated with little proliferative activity and generally returns to homeostasis about 1 month following injury.

Emerging MuSCs are found underneath a basement membrane from about 2 days before birth in mice and they continue to proliferate until mid-perinatal stages. The majority of quiescent MuSCs are established from about 2-4 weeks after birth (Tajbakhsh, 2009;White et al., 2010). During prenatal and postnatal myogenesis, stem cell self-renewal and commitment are governed by a gene regulatory network that includes the paired/homeodomain transcription factors Pax3 and Pax7, and basic helix-loop-helix (bHLH) myogenic regulatory factors (MRFs), Myf5, Mrf4, Myod and Myogenin. Pax3 plays a critical role in establishing MuSCs during embryonic development (except in cranial-derived muscles) and Pax7 during late foetal and perinatal growth. Indeed, Pax3: Pax7 double mutant mice exhibit severe hypoplasia due to a loss of stem and progenitor cells from mid embryonic stages, and these Pax genes appear to regulate apoptosis (Relaix et al., 2006(Relaix et al., , 2005;;Sambasivan et al., 2009). During perinatal growth, Pax7 null mice are deficient in the number of MuSCs and fail to regenerate muscle after injury in adult mice (Lepper et al., 2009;Oustanina et al., 2004;Seale et al., 2000;von Maltzahn et al., 2013). The absolute requirement for MuSCs was shown by genetic elimination of satellite cells postnatally, which resulted in failed regeneration (Lepper et al., 2011;Murphy et al., 2011;Sambasivan et al., 2011).

The MRFs bind to consensus sites located in regulatory sequences of target genes to activate muscle-specific gene expression. Experiments using simple or double knockout mice have shown the temporal and functional roles of these different factors during myogenesis. Myf5, Mrf4 and Myod assign myogenic cell fate of muscle progenitor cells to give rise to myoblasts (Kassar-Duchossoy et al., 2004;Rudnicki et al., 1993;Tajbakhsh et al., 1996) whereas Myogenin plays a crucial role in myoblast differentiation prenatally (Hasty et al., 1993) but not postnataly as the conditional mutation of Myogenin in the adult has a relatively mild phenotype (Knapp et al., 2006;Meadows et al., 2008;Venuti et al., 1995). In the adult, Myod deficient mice that survive have increased precursor cell numbers accompanied by a delay in regeneration (Megeney et al., 1996;White et al., 2000); whereas Myf5 null mice showed a slight delay in repair (Gayraud-Morel et al., 2007). These studies suggested that Myf5, Mrf4 and Myod could in some cases have compensatory roles, but that robust regeneration requires all three MRFs. Interestingly, additional transcription factors have been shown to interact with MYOD to regulate myogenesis. For instance, ChiP-seq data demonstrated that KLF5 (Kruppel-like factor, member of a subfamily of zinc-finger transcription factors) (Hayashi et al., 2016) as well as RUNX1 (Umansky et al., 2015) binding to Myod-regulated enhancers is necessary to activate a set of myogenic differentiation genes. It is likely MRFs combined with other transcription factors fine-tune the myogenesis process and it would be important to explore further the set of co-activators/repressors required for each step of muscle repair.

Crucial regulators of muscle regeneration

Genetic compensatory mechanisms and MuSC heterogeneity highlight the complexity of the regulatory network governing each phase of prenatal and postnatal myogenesis. Notably, some regulators have been identified as essential for MuSCs behaviour and by consequence also for muscle regeneration. Pax7 is one critical postnatal regulator as its depletion (Pax7 -/-) results in a progressive loss of satellite cells during homeostasis and following injury [START_REF] Gunther | Myf5-positive satellite cells contribute to Pax7-dependent long-term maintenance of adult muscle stem cells[END_REF]Seale et al., 2000;von Maltzahn et al., 2013). This finding also typifies the relatively long lag in observed phenotypes during homeostasis following removal of a critical regulator, compared to proliferating myogenic cells.

The Notch signalling pathway is another crucial regulator of satellite cells as the specific depletion of RBPJ, the DNA binding factor essential for mediating canonical Notch signalling, induces a spontaneous differentiation and a loss of MuSCs during quiescence, and following injury (Bjornson et al., 2012;Mourikis et al., 2012). Notch receptors are expressed at the cell surface and its ligands, Delta-like ligand (Dll1, 4) and Jagged (JAG1, 2) are presumably provided by the myofibre. Binding of ligand to the receptor results in cleavage of Notch (ADAM and γ-Secretase proteases), and release of Notch IntraCellular Domain (NICD) to the nucleus where it binds RBPJ to activate immediate target genes, notably the transcription factors HeyL, Hes1 and Hesr1/3 (Castel et al., 2013;Jarriault et al., 1995;Kopan and Ilagan, 2009). Intriguingly, the double Hesr1 and Hesr3 knock-out triggers a progressive loss of MuSCs (< 20% in 20weeks) similar to RBPJ depletion (Fukada et al., 2011) whereas the absence of Notch3 receptor (Notch3 -/-) results in an increase in satellite cell number (+ 140% in 4months) (Kitamoto and Hanaoka, 2010). Surprisingly, overexpression of NICD in MuSCs induces a fate switch from myogenic to brown adipogenic lineage (Pax7 CT2/+ ;R26 stop-NICD ), while it rescues the loss of satellite cells in adult Pax7-deficient mice (Pax7 CT2/flox ; R26 stop- NICD ) (Pasut et al., 2016). In addition, aged (Tg: MCK-Cre; R26 stop- NICD ) and dystrophic mice (Tg: MCK-Cre; R26 stop-NICD ;mdx) that experienced NICD specifically in myofibres improve muscle function and repair (Bi et al., 2016).

Several studies have shown that activation of the expression of a set of evolutionary conserved microRNAs (miRNAs) that function as posttranscriptional regulators, results in precise cellular responses in developmental, physiological, and pathological conditions (Williams et al., 2009). miRNAs are a class of endogenous, single-stranded, noncoding RNAs of about 20-23 nucleotides in length that bind to the 3′ untranslated region (3′UTR) of their target mRNAs, resulting in either inhibition of protein translation or degradation of the targeted messenger RNA (mRNA) (Bartel, 2004). miRNAs are transcribed as double-stranded primary miRNA that is cleaved by Drosha (endonuclease) into a pre-miRNA. After nuclear export, Dicer (endonuclease) generates the mature miRNA that is incorporated into the RISC complex (Bartel, 2004;[START_REF] Finnegan | MicroRNA biogenesis: regulating the regulators[END_REF][START_REF] Pasquinelli | MicroRNAs and their targets: recognition, regulation and an emerging reciprocal relationship[END_REF]. Profiling of whole Tibialis anterior (TA) muscle and MuSCs by small RNA-seq identified dynamic expression of specific miRNAs characterizing muscle regeneration [START_REF] Aguilar | Transcriptional and chromatin dynamics of muscle regeneration after severe trauma[END_REF] (Castel et al. submitted). The essential role of miRNAs in skeletal muscle regeneration has been demonstrated by conditional deletion of Dicer in Pax7+ cells resulting in their depletion (< 20%) and a quasi-absence of repair following injury (Cheung et al., 2012). Although numerous miRNAs have been reported to regulate myoblast proliferation and differentiation [START_REF] Kirby | The role of microRNAs in skeletal muscle health and disease[END_REF], only one miRNA, miR-489 (Cheung et al., 2012)) has been reported to regulate MuSC quiescence and/or selfrenewal.

Long non-coding RNAs (lncRNAs) constitute a recently defined class of transcripts in several tissues with major roles in normal physiology as well as development, embryonic stem cell maintenance, and disease [START_REF] Fatica | Long non-coding RNAs: new players in cell differentiation and development[END_REF][START_REF] Neguembor | Long noncoding RNAs, emerging players in muscle differentiation and disease[END_REF]. LncRNAs are transcribed by RNA polymerase II and undergo splicing, capping and polyadenylation [START_REF] Derrien | The GENCODE v7 catalog of human long noncoding RNAs: analysis of their gene structure, evolution, and expression[END_REF]. Similarly to miRNAs, RNA-seq revealed specific lncRNA signatures that dynamically evolve with muscle repair [START_REF] Aguilar | Transcriptional and chromatin dynamics of muscle regeneration after severe trauma[END_REF] and disease [START_REF] Neguembor | Long noncoding RNAs, emerging players in muscle differentiation and disease[END_REF]. Moreover, lncRNAs have been shown to be critical for myogenic differentiation by regulating Myod transcriptional activity [START_REF] Yu | Long non-coding RNA Linc-RAM enhances myogenic differentiation by interacting with MyoD[END_REF], decay of specific differentiation miRNAs [START_REF] Cesana | A long noncoding RNA controls muscle differentiation by functioning as a competing endogenous RNA[END_REF] or by inhibition of translation [START_REF] Gong | A long non-coding RNA, LncMyoD, regulates skeletal muscle differentiation by blocking IMP2-mediated mRNA translation[END_REF]. However, only a few functionally conserved lncRNAs have been identified, and in vivo gain/loss of function studies are largely lacking for this important class of regulators. Interestingly, LINC00961 was recently reported to generate a small polypeptide called SPAR that acts via the lysosome following starvation and amino-acid-mediated stimulation to suppress mTORC1 activity [START_REF] Matsumoto | mTORC1 and muscle regeneration are regulated by the LINC00961-encoded SPAR polypeptide[END_REF][START_REF] Tajbakhsh | lncRNA-encoded polypeptide SPAR(s) with mTORC1 to regulate skeletal muscle regeneration[END_REF]. This novel pathway modulates skeletal muscle regeneration following injury thereby linking lncRNA encoded polypeptide function to stress response following tissue damage.

A variety of intrinsic signals has been proposed to modulate muscle repair, but more recently extrinsic and biomechanical cues have emerged as equally crucial for MuSC regulation and regeneration. Skeletal muscle stiffness, defined by the elastic modulus of ≈ 12 kPa, is altered during aging, disease or following injury [START_REF] Cosgrove | A home away from home: challenges and opportunities in engineering in vitro muscle satellite cell niches[END_REF]. Similarly, in Col6a1-/-mice that model Bethlem myopathy and Ullrich congenital muscular dystrophy, muscle regeneration is severely compromised after (triple) injury, and this is associated with decreased muscle stiffness to ≈ 7 kPa (Urciuolo et al., 2013). Interestingly, engraftment of wild-type fibroblasts partially restores COLVI, muscle stiffness, and by consequence muscle repair. These observations were consistent with a previous study showing the increase of regenerative potential of satellite cells following culture on a substrate that recapitulates the rigidity of muscle tissue compared to plastic (≈ 10 kPa) (Gilbert et al., 2010). In addition, extracellular matrix (ECM) proteins are critical components of the MuSC microenvironment and they undergo gradual remodelling from foetal to adult stages, and during ageing (Chakkalakal et al., 2012;Tierney et al., 2016). For example, fibronectin (Fn) is transiently expressed in activated satellite cells (5 dpi) (Bentzinger et al., 2013) and it decreases in aged mice (Lukjanenko et al., 2016). Interestingly, direct injection of Fn in injured aged mice showed improved muscle repair (Lukjanenko et al., 2016). Moreover, how MuSCs sense their microenvironment is also critical for effective function as shown by the restoration of β1integrin in old and mdx mice leading to satellite cell expansion and muscle repair by enhancing MuSCs connectivity to the ECM (Rozo et al., 2016). Notably, among the intrinsic/extrinsic factors investigated thus far, only a few were reported to dramatically diminish or deplete the satellite cell population thereby highlighting the robustness of muscle regeneration.

Choosing the appropriate regeneration model

The various phases of muscle repair have been well described [START_REF] Laumonier | Muscle injuries and strategies for improving their repair[END_REF]. However, a plethora of acute and chronic injury models are used to investigate the regenerative process without a concerted discrimination among these models. Notably, the regeneration phenotype of the Myf5 null mice varied in different injury models: both toxin (Cardiotoxin) and freeze injury induce a delay in regeneration, however, fibrosis and adipocyte infiltration was significantly increased only following the physical injury (Gayraud-Morel et al., 2007).

Furthermore, the sampling time after injury is also essential to fully score a regeneration phenotype: the extend of new muscle formation after different types of trauma (such as anaesthetic [START_REF] Sadeh | Effects of aging on skeletal muscle regeneration[END_REF], denervation [START_REF] Shavlakadze | Delayed but excellent myogenic stem cell response of regenerating geriatric skeletal muscles in mice[END_REF] or toxin injury [START_REF] Collins | A population of myogenic stem cells that survives skeletal muscle aging[END_REF]) is similar at 4 weeks in young (8 weeks) versus geriatric (30 months) individuals, whereas the delay in the onset of myogenesis observed at earlier time points (5-14 days post-injury) could be underestimated [START_REF] Conboy | Rejuvenation of aged progenitor cells by exposure to a young systemic environment[END_REF]. Furthermore, the endpoint of muscle regeneration, about 4 weeks after trauma, is generally based on histological criteria such as the presence of centrally nucleated fibres and self-renewed quiescent MuSCs. However, remodelling might continue to occur after this period; it is interesting to note that the number of satellite cells increases by 2-3 fold up to 3 months following a single round of injury (Hardy et al., 2016). Similarly, the injury induces an increase in the number of vessels/fibre that persists 6 months after trauma. Therefore quantifications of additional features are necessary to fully monitor the regeneration process. Here too it should be noted that the vast majority of studies on muscle regeneration are performed on the TA muscle. Given the genetic and phenotypic differences between muscles in different anatomical locations (Sambasivan et al., 2009), including the superior engraftment potential of extraocular derived satellite cells compared to those from the TA muscle (Stuelsatz et al., 2015), careful consideration needs to be given to other muscle groups.

The most commonly used acute injury models involve intramuscular injection of myotoxins (Cardiotoxin (CTX) and Notexin (NTX)), Barium chloride (BaCl 2 ), and mechanical injury (freeze, needle or crush injuries) (Gayraud-Morel et al., 2009;Hardy et al., 2016) (Fig. 1). Myotoxins diffuse readily within muscle and allow a homogenous myofibre regeneration throughout. However, the reproducibility of injury is limited by batch variability of toxin and satellite cell survival following their administration (Gayraud-Morel et al., 2007;Hardy et al., 2016). Of note, NTX also has a neurotoxic effect by blocking acetylcholine release thereby altering the neuromuscular junction (NMJ) thus full muscle repair requires NMJ restoration as well. In addition, NTX injury induces calcium deposits and persistent macrophage infiltration detectable up to three months post-injury.

BaCl 2 does not suffer from batch variations and it induces uniform neofibre formation. However, a single injection often leaves noninjured zones within the tissue; thus, several injections of small volumes need to be performed. These chemical methods can provoke satellite cell loss up to 80%, and this can vary according to severity of injury.

By contrast, freeze-injury by direct contact of a liquid nitrogen precooled metallic rod with the muscle is the most severe, provoking satellite cell loss of up to 90% depending on the number of freeze-thaw cycles administered. This cryolesion induces an acute necrosis giving rise to a "dead zone", devoid of viable cells, and a distal spared zone that constitutes the cellular source for regeneration. This directional recovery is convenient in some cases to study directional migration and infiltration of the different populations within the tissue. In contrast to toxins or BaCl 2 treatment, freeze-injury also destroys vasculature.

Transient or permanent denervation can be performed generally by sectioning the sciatic nerve of the mouse leg (Fig. 1, double dashed lines). Denervation results in progressive degeneration characterized by an atrophy of the muscle and significant fibrosis. This model is suitable to study muscle fibre type specificity (fast vs slow) and the role of electrical stimulation of the muscle fibres by the nerve.

Notably, in some cases, a single round of injury is not sufficient to reveal a significant phenotype, whereas multiple rounds of injury can provoke dramatic phenotypes for both wild type and mutant muscles (Kitamoto and Hanaoka, 2010;[START_REF] Martinet | H19 controls reactivation of the imprinted gene network during muscle regeneration[END_REF]Urciuolo et al., 2013).

Models of chronic degeneration/regeneration are also available to study muscle repair in a pathological context. The most broadly used model is Mdx, an X-linked muscular dystrophy with nonsense mutation in exon 23 of dystrophin, a critical membrane protein connecting the extracellular matrix with cytoskeleton [START_REF] Sicinski | The molecular basis of muscular dystrophy in the mdx mouse: a point mutation[END_REF]. Despite being deficient for dystrophin, Mdx mice do not suffer from the severe clinical symptoms found in human DMD patients [START_REF] Chamberlain | Dystrophin-deficient mdx mice display a reduced life span and are susceptible to spontaneous rhabdomyosarcoma[END_REF]. Nevertheless, skeletal muscles in Mdx mice undergo repeated bouts of degeneration and regeneration thereby providing an excellent model to investigate stem and stromal cell dynamics and inflammation without external intervention. Intriguingly, satellite cells deficient for syndecan-3 (Sdc3 -/-), a celladhesion regulator, fail to replenish the pool of quiescent MuSCs upon injury [START_REF] Pisconti | Syndecan-3 and notch cooperate in regulating adult myogenesis[END_REF]; however, in the Mdx mouse, the loss of Sdc3 increases the pool of proliferating myoblasts (Myf5 + /Pax7 -) resulting in enhanced muscle regeneration and function [START_REF] Pisconti | Loss of niche-satellite cell interactions in syndecan-3 null mice alters muscle progenitor cell homeostasis improving muscle regeneration[END_REF]. Mdx mice also provide an important model to study MuSC heterogeneity in different muscle groups, where inaccessible muscles such as the extraocular, which are spared in human [START_REF] Kaminski | Extraocular muscles are spared in advanced duchenne dystrophy[END_REF], can be investigated.

Skeletal muscle injuries resulting from direct trauma (contusions), partial tears, fatigue, following surgical procedures or myopathies are common and present a challenge in traumatology, as therapy and recuperation are not well supported. After trauma, the regeneration process involves the participation of diverse cell types that modulate their behaviours according to secreted and biomechanical cues. Although MuSC engraftment following transplantation has shown successful partial repair, their low survival and self-renewal capacities, and inability to diffuse in the tissue, remain a brake for cellular therapy. Interestingly, the combination of stem cells, growth factors and bioengineered scaffolds was shown to enhance the regenerative capacity of transplanted MuSCs, therefore opening new avenues of research [START_REF] Rossi | In vivo tissue engineering of functional skeletal muscle by freshly isolated satellite cells embedded in a photopolymerizable hydrogel[END_REF][START_REF] Sadtler | Developing a pro-regenerative biomaterial scaffold microenvironment requires T helper 2 cells[END_REF]) (Fig. 1). Skeletal muscle regeneration follows three distinguishable and overlapping phases. The first phase of degeneration following severe injury is characterized by necrosis and significant inflammation. After clearance of cellular debris, new fibres form and transiently express embryonic and neonatal Myosin Heavy Chain (MyHC) from 3 to 14 dpi. The remodelling phase is characterized by hyperplasia and hypertrophy regulated in part by the IGF-1/Akt and TGFβ /Smad pathways. IGF-1 affects the balance between protein synthesis and protein degradation thus inducing muscle hypertrophy, whereas TGFβ negatively controls muscle growth (Schiaffino et al., 2013). Interestingly, recent studies demonstrated a new role for the TGFβ/ Smad pathway in satellite cell expansion [START_REF] Paris | Smad4 restricts differentiation to promote expansion of satellite cell derived progenitors during skeletal muscle regeneration[END_REF] and differentiation [START_REF] Rossi | Nfix regulates temporal progression of muscle regeneration through modulation of myostatin expression[END_REF]. During the final steps of muscle remodelling the vasculature and innervation patterns are restored and new MuSCs are set aside.

MuSCs are located between the basement membrane containing a basal lamina, and the plasmalemma of the muscle fibre (Mauro, 1961). MuSCs are quiescent (G 0 phase) during homeostasis (Rumman et al., 2015;Schultz et al., 1978). Following injury, they re-enter the cell cycle, proliferate to give rise to myoblasts that differentiate and fuse to restore the damaged fibre or generate myofibres de novo (Moss and Leblond, 1970;Reznik, 1969;Snow, 1977). During this process, a subpopulation of myogenic cells is set aside for self-renewal (Collins et al., 2005;Motohashi and Asakura, 2014;[START_REF] Relaix | Satellite cells are essential for skeletal muscle regeneration: the cell on the edge returns centre stage[END_REF]. Once activated, MuSCs generate myoblast that differentiate, or selfrenewal (Fig. 2) while undergoing symmetric (SCD) or asymmetric (ACD) cell divisions (Kuang et al., 2007;Rocheteau et al., 2012). How and when these decisions are regulated on a population level remains obscure.

Although satellite cells play a crucial role in restoring myofibres following injury, it is clear that other cells types impact on the regeneration process (Fig. 2). For example, fibro-adipogenic progenitors (FAPs) reside in the muscle interstitium, express the surface markers PDGFRα (platelet-derived growth factor receptor), Sca1 (stem cell antigen 1) and CD34, and are able to differentiate into fibroblasts and/or adipocytes (Joe et al., 2010;Uezumi et al., 2010). Following acute injury, FAPs activate and amplify, some are eliminated by apoptosis induced by pro-inflammatory cytokines such as IL4 (Joe et al., 2010). Coculture experiments demonstrated that FAPs represent a transient source of pro-differentiation factors for driving proliferating myoblast differentiation and fusion; and it has been shown that pharmacological inhibition of FAP proliferation and differentiation, or diphtheria toxin ablation of these cells results in impaired muscle regeneration (Fiore et al., 2016;Murphy et al., 2011). On the other hand, during chronic degeneration/regeneration, FAPs are the main source of fibrosis, and in dystrophic mice, the combination of a proand anti-inflammatory secretome [START_REF] Villalta | Shifts in macrophage phenotypes and macrophage competition for arginine metabolism affect the severity of muscle pathology in muscular dystrophy[END_REF] maintains FAPs survival and differentiation into matrix-producing cells similar to fibroblasts (Lemos et al., 2015). Thus, FAPs play a significant myogenic and trophic role in muscle physiology during regeneration.

Regeneration can also involve fusion of non-resident blood-derived cells to myofibres, however this occurs at too low a frequency to be considered as a viable therapeutic strategy [START_REF] Ferrari | Muscle regeneration by bone marrow-derived myogenic progenitors[END_REF]. Pericytes are located peripheral to the endothelium of microvessels and are involved in blood vessel growth, remodelling, homeostasis, and permeability (Armulik et al., 2011). Pericytes in skeletal muscles are constituents of the satellite cell niche where they secrete molecules such as IGF1 (insulin growth factor-1) or ANGPT1 (angiopoetin-1) to modulate their behaviour but also postnatal myofibres growth and satellite cell entry in quiescence (Kostallari et al., 2015). After muscle injury, pericytes activate and give rise to a subset of vessel-associated progenitors called mesoangioblasts when isolated from the tissue. Originally isolated from the embryonic dorsal aorta, pericytes and mesoangioblasts of skeletal muscle were found to express similar markers [START_REF] Dellavalle | Pericytes resident in postnatal skeletal muscle differentiate into muscle fibres and generate satellite cells[END_REF][START_REF] Dellavalle | Pericytes of human skeletal muscle are myogenic precursors distinct from satellite cells[END_REF]Kostallari et al., 2015).

Mesoangioblasts have a lower myogenic potential compared to MuSCs however, they expand, migrate and extravasate upon arterial delivery in dystrophic murine and canine models, resulting in increased engraftment efficiency and improved muscle function [START_REF] Berry | Multipotential mesoangioblast stem cell therapy in the mdx/utrn-/-mouse model for Duchenne muscular dystrophy[END_REF][START_REF] Diaz-Manera | Partial dysferlin reconstitution by adult murine mesoangioblasts is sufficient for full functional recovery in a murine model of dysferlinopathy[END_REF][START_REF] Sampaolesi | Mesoangioblast stem cells ameliorate muscle function in dystrophic dogs[END_REF].

In addition to these cell populations, mesenchymal cells that express the transcription factor Twist2 were recently reported to act as myogenic progenitors, however, with selective type IIb fibredifferentiation potential [START_REF] Liu | A Twist2-dependent progenitor cell contributes to adult skeletal muscle[END_REF]. PICs (Pw1+ Interstitial Cells) were also reported to engraft efficiently and contribute to myofibre regeneration following intramuscular injection [START_REF] Mitchell | Identification and characterization of a non-satellite cell muscle resident progenitor during postnatal development[END_REF]. The imprinted stem response gene Pw1 is expressed in satellite cells, as well as a subset of interstitial cells, however, the relationship between PICs, FAPs, mesoangioblasts and Twist2+ cells remains unclear (Fig. 2). Mesenchymal "stem" cells (MSCs) have been isolated from virtually all tissues and organs, however, the lack of specific markers has made their characterisation challenging, particularly in light of a recent report showing that mesenchymal stromal cells from different tissues have different transcriptome profiles and differentiation potentials (Sacchetti et al., 2016). Given the advanced state of analysis interstitial cells in muscle, it would be important to establish their lineage relationships and myogenic potential, and define more clearly general features of MSCs. Recent technological advancements in single cell mass cytometry now permit investigations of cellular heterogeneity within specific cell populations (Spitzer and Nolan, 2016). This technique based on a combination of markers conjugated to metal isotopes led to the identification and classification of subpopulations of myogenic cells following muscle injury (Porpiglia et al., [START_REF] Chang | Role of cardiotoxin and phospholipase A in the blockade of nerve conduction and depolarization of skeletal muscle induced by cobra venom[END_REF][START_REF] Gutierrez | Skeletal muscle degeneration induced by venom phospholipases A2: insights into the mechanisms of local and systemic myotoxicity[END_REF]. Cardiotoxin (CTX, protein kinase C inhibitor) and Notexin (NTX, phospholipaseA2) are isolated from snake venom, and they trigger an increase in Ca 2+ influx followed by fibre depolarization and consequently myofibre hypercontraction and necrosis. Chemical injury can be induced by using barium chloride (BaCl 2 ), a divalent alkaline earth metal that inhibits the Ca 2+ efflux in the mitochondria in addition to stimulation of exocytosis by its barium ions. Right: Transplantation is generally performed using isolated Muscle Stem Cells (MuSCs). However, other cells types such as Fibro-Adipogenic Precursors (FAPs), Pw1 Interstitial Cells (PICs) and mesoangioblasts have been transplanted in different contexts. 2017), and it can be used to assess the relative potential and role of myogenic as well as stromal cells at the single cell level. As indicated above, muscle homeostasis and regeneration involve the interplay of numerous cell types. Inflammatory resident and infiltrating cells also play important roles. Neutrophils/monocytes are the first cells to be recruited following tissue damage, as they appear within 3 h following injury and they are no longer detectable after 3 days (Chazaud et al., 2003;[START_REF] Tidball | Regulatory interactions between muscle and the immune system during muscle regeneration[END_REF]. Their action on the necrotic tissue relies on proteolysis, oxidation and phagocytosis. Muscle-specific inhibition of neutrophil/monocyte activation results in a delay in regeneration upon acute injury [START_REF] Nguyen | Null mutation of myeloperoxidase in mice prevents mechanical activation of neutrophil lysis of muscle cell membranes in vitro and in vivo[END_REF].

Macrophages play a critical role during the initial stages following tissue damage as they are required for phagocytosis and cytokine release. The first wave of macrophages (peak at 3 days) promotes myoblast proliferation via the secretion of pro-inflammatory molecules such as TNFα (Tumour Necrosis Factor α), INFα (Interferon α) or IL6 (Interleukin 6) (Lu et al., 2011). Subsequently, macrophages undergo a phenotypical and functional switch toward an anti-inflammatory fate characterized by the production of IL4 or IL10, for example (Arnold et al., 2007). As mentioned above, this anti-inflammatory response stimulates FAPs, mesoangioblasts, and also directly myoblasts to promote differentiation and fusion (Chazaud et al., 2003;Saclier et al., 2013). Importantly, muscle-resident macrophages are also involved in the immune response following injury [START_REF] Brigitte | Muscle resident macrophages control the immune cell reaction in a mouse model of notexin-induced myoinjury[END_REF][START_REF] Juban | Metabolic regulation of macrophages during tissue repair: insights from skeletal muscle regeneration[END_REF] yet the cellular source of the homeostatic recovery of the resident macrophage population upon damage in adult mice is still lacking. Notably, two distinct embryonic origins of macrophages have been reported: those arising from haematopoietic stem cells (HSCs), and resident macrophages that are found in all tissues and that are derived from the yolk sac [START_REF] Gomez Perdiguero | Tissueresident macrophages originate from yolk-sac-derived erythro-myeloid progenitors[END_REF]. Interestingly, upon acute lung injury, inflammatory macrophages undergo apoptosis while the resident cells persist [START_REF] Janssen | Fas determines differential fates of resident and recruited macrophages during resolution of acute lung injury[END_REF]. However, resident macrophages could also arise from bone marrow-derived macrophages undergoing phenotypic conversion to become tissue-resident macrophages [START_REF] Davies | Tissue-resident macrophages[END_REF][START_REF] Yona | Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis[END_REF]. It would be important to determine the relative roles and dynamics of yolk sac and HSC-derived macrophages in homeostasis and regeneration (Fig. 2).

Muscle vascularisation and angiogenesis provide structural, cellular and molecular support during homeostasis, regeneration and adaptation. The importance of microvessels in the composition of the stem cell niche is highlighted by the tight proximity (within 21 µm) of ≈ 90% of MuSCs with vessels (Christov et al., 2007). The number of MuSCs and capillaries, as well as the timing of angiogenesis and myogenesis, are orchestrated during regeneration suggesting a reciprocal interaction between these cell types [START_REF] Luque | Capillary supply during development of individual regenerating muscle fibers[END_REF]. Co-culture experiments revealed that endothelial cells stimulate growth of satellite cells through the secretion of variety of growth factors including IGF-1 (insulin growth factor 1), VEGF (vascular endothelial growth factor), HGF (hepatocyte growth factor), PDGF-BB (platelet-derived growth factor) and FGF (fibroblast growth factor) (Christov et al., 2007). Furthermore, adenoviral overexpression of VEGF in vivo, combined with IGF treatment, resulted in increased satellite cell proliferation [START_REF] Arsic | Vascular endothelial growth factor stimulates skeletal muscle regeneration in vivo[END_REF]. In a reciprocal manner, differentiating myoblasts, Fig. 2. Synoptic view of the different cell populations involved in muscle repair. Top: Following mild or severe injury, quiescent muscle stem cells (MuSCs) activate, differentiate and fuse to repair the damaged fibre. Mild injury induces fibre break and recruitment of surrounding satellite cells on the intact part of the fibre. In contrast, severe injury triggers complete myofibre destruction followed by satellite cell proliferation and differentiation on extracellular matrix remnants referred to as "ghost fibres" (Webster et al., 2016). Mild and severe injuries activate a tightly regulated myogenic process including interplay of key transcription factors. During homeostasis, satellite cells are quiescent and express Pax7 (and Pax3 in some muscles) and Myf5, and Notch signalling is highly active. Upon damage, they rapidly upregulate Myod and Myf5, and Pax7 protein remains detectable. Following the amplification phase, myoblasts express the terminal differentiation gene Myogenin and exit the cell cycle. Differentiated myoblasts fuse to the pre-existing fibre (mild) or together to form new fibres (severe). During this process, some satellite cells self-renew to replenish the stem cell pool. Bottom: Although the generation of new fibres is dependent on MuSCs, other cell types such as macrophages, monocytes, mesenchymal stromal cells (including FAPs, mesoangioblasts and PICs), pericytes and fibroblasts are also critical for the regeneration process. through VEGF, also stimulate angiogenesis (Chazaud et al., 2003;Christov et al., 2007;[START_REF] Rhoads | Satellite cell-mediated angiogenesis in vitro coincides with a functional hypoxia-inducible factor pathway[END_REF]. In addition, several other factors such as MCP-1 (monocyte chemotactic protein), ANGPT2, NGF (nerve growth factor) synthesized by endothelial cells at the early stages of regeneration can stimulate angiogenesis and thus muscle repair (see [START_REF] Wagatsuma | Endogenous expression of angiogenesis-related factors in response to muscle injury[END_REF]). Finally, periendothelial cells (fibroblasts from the endomysium and smooth muscle cells) stabilise regenerated vessels and are capable of stimulating the self-renewal and re-entry in quiescence of a subset of myoblasts through the action of ANGPT1 [START_REF] Abou-Khalil | Autocrine and paracrine angiopoietin 1/Tie-2 signaling promotes muscle satellite cell self-renewal[END_REF]Kostallari et al., 2015). Adult satellite cells reside in a hypoxic microenvironment [START_REF] Simon | The role of oxygen availability in embryonic development and stem cell function[END_REF] and it has been shown that the lack of oxygen (anoxia) in post-mortem muscles, triggers satellite cells to enter a more quiescent state called dormancy [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF]Rocheteau et al., 2012). Moreover, purified satellite cells cultured in hypoxia (3% O 2 ) showed higher engraftment and self-renewal capacities resulting in enhanced muscle repair [START_REF] Liu | Hypoxia promotes satellite cell self-renewal and enhances the efficiency of myoblast transplantation[END_REF]. Consistently, the in vivo depletion of HIF1α and HIF2α (Hypoxia Inducible Factor), important transcription factors mediating the cellular response to low O 2 level, specifically in satellite cells (Pax7 CreERT2 ; HIF flox ) induces a delay in repair due to a self-renewal impairment and inhibition of Notch signalling [START_REF] Yang | The hypoxia-inducible factors HIF1alpha and HIF2alpha are dispensable for embryonic muscle development but essential for postnatal muscle regeneration[END_REF].

It has been proposed that microvascular insufficiency could be responsible for the local inflammation and necrosis observed in both dystrophin-deficient mouse and human (Cazzato, 1968). Among the dystrophin-associated proteins is the nitric oxydase synthase (nNOS) that is associated with the sarcolemma, and produces diffusible NO to optimize blood flow by sympathetic vasoconstriction attenuation [START_REF] Anderson | A role for nitric oxide in muscle repair: nitric oxide-mediated activation of muscle satellite cells[END_REF][START_REF] Kobayashi | Sarcolemma-localized nNOS is required to maintain activity after mild exercise[END_REF]. In dystrophic animal models and human, the loss of NO abrogates this protective mechanism and the sustained vasoconstriction induces deleterious ischemia resulting in myofibre lysis [START_REF] Kobayashi | Sarcolemma-localized nNOS is required to maintain activity after mild exercise[END_REF][START_REF] Thomas | Impaired metabolic modulation of alpha-adrenergic vasoconstriction in dystrophindeficient skeletal muscle[END_REF]. Thus, pharmacological restoration of NO downstream signalling to increase blood flow had been proposed, for example, by the use of phosphodiesterase 5A (PDE5A) inhibitors to increase the cGMP downstream effector of NO [START_REF] Malik | Emerging drugs for Duchenne muscular dystrophy[END_REF][START_REF] Martin | Tadalafil alleviates muscle ischemia in patients with Becker muscular dystrophy[END_REF]. In Mdx mice, PDE5A inhibition was reported to improve muscle ischemia, reduce muscle injury and fatigue [START_REF] Kobayashi | Sarcolemma-localized nNOS is required to maintain activity after mild exercise[END_REF]. Clinical trials with encouraging alleviation of microvascular ischemia and restoration of blood flow were reported in the majority of patients tested [START_REF] Martin | Tadalafil alleviates muscle ischemia in patients with Becker muscular dystrophy[END_REF].

In summary, regenerative myogenesis involves the interplay of multiple cell types. The identification of subpopulations of mesenchymal stromal cells with different properties provides impetus to characterise in detail their respective roles in the regeneration process. It is not clear to what extent these stromal cell populations are present, and if they play similar roles in regeneration in other tissues, and in other organisms.

Strategies for muscle regeneration in different organisms

The process of regeneration is common in metazoans, from cnidarians such as Hydra to higher vertebrates, although their regenerative capacities vary widely. Some metazoans such as planarian or annelid worms can rebuild entire body parts when cut into segments, whereas vertebrates like salamanders can regenerate lens, retina, heart, CNS and can regrow fully functional appendages after amputation. In contrast, mammals fail to regenerate missing body portions, but they can repair injured skeletal muscles, peripheral nervous system or liver with reasonable efficiency [START_REF] Carlson | Some principles of regeneration in mammalian systems[END_REF][START_REF] Gurtner | Wound repair and regeneration[END_REF].

Interestingly, muscle regeneration constitutes a unique evolutionary conserved phenomenon among bilaterians, as it has been described in arthropods, planarian and annelid worms, ascidians, fish, amphibians (salamander, xenopus) and mammals (mouse, pig, bovine). However, the strategies and the cellular dynamics regulating muscle regeneration can be markedly distinct among species. To date, two main mechanisms have emerged for the origin of regenerated muscle: myofibre dedifferentiation, or the contribution of Satellite-Like Cells (SLCs), similar to satellite cells identified in other vertebrates (Fig. 3).

In Xenopus, the muscle repair process is studied by amputation of the tadpole tail which is composed mainly of striated muscle. Amputation induces the formation of a blastema, a mesenchymal structure composed of highly proliferative progenitors cells that will differentiate further and form a new functional limb [START_REF] Straube | Reversibility of the differentiated state: regeneration in amphibians[END_REF]. The regeneration of Xenopus muscle relies on the amplification of a Pax7+ myogenic cells in the blastema (Chen et al., 2006) rather than de-differentiation, as the fibres near the amputation site simply undergo cell death [START_REF] Gargioli | Cell lineage tracing during Xenopus tail regeneration[END_REF]. Following ablation of the Pax7+ SLC population, the tail can still regenerate, but it contains little or no muscle (Chen et al., 2006).

The salamander, a urodele amphibian, can regenerate the limbs multiple times, independently of its age [START_REF] Straube | Reversibility of the differentiated state: regeneration in amphibians[END_REF]. Using Cre-lox-based genetic fate mapping of muscle to compare limb repair in two salamander species, it was reported that in the newt (Notophtalmus virisecens), muscle regeneration relies mainly on fibres that de-differentiate into Pax7-negative proliferative mononucleated cells that further generate new myofibres [START_REF] Sandoval-Guzman | Fundamental differences in dedifferentiation and stem cell recruitment during skeletal muscle regeneration in two salamander species[END_REF] whereas the larvae uses SLCs [START_REF] Tanaka | A developmentally regulated switch from stem cells to dedifferentiation for limb muscle regeneration in newts[END_REF]. In contrast, in the neotenic axolotl (Ambystoma mexicanum), myofibres do not contribute to muscle regeneration while grafting experiments showed the recruitment of Pax7-positive SLCs that proliferate in the blastema and regenerate new fibres (Sandoval-Guzman et al., 2014). These unexpected findings reveal that distinct muscle regeneration strategies appear to have evolved among these salamanders that are 100 million years apart [START_REF] Steinfartz | Tracing the first step to speciation: ecological and genetic differentiation of a salamander population in a small forest[END_REF].

Similarly to mammals and amphibians, the presence of adult SLCs has been described in several fish species including salmon, carp, and electric fish [START_REF] Weber | Activation of Pax7positive cells in a non-contractile tissue contributes to regeneration of myogenic tissues in the electric fish S. macrurus[END_REF]. In zebrafish larvae, muscle injury by puncture wounds to the ventral myotome induces proliferation of SLCs, differentiation and fusion to repair damaged myofibres [START_REF] Knappe | A population of Pax7-expressing muscle progenitor cells show differential responses to muscle injury dependent on developmental stage and injury extent[END_REF]. Of note, the Pax7 gene is duplicated in zebrafish (Pax7a and Pax7b), and they differ in expression pattern and function: Pax7a-cells participate in repair of the first wave of nascent fibres whereas Pax7bcells generate larger fibres [START_REF] Pipalia | Cellular dynamics of regeneration reveals role of two distinct Pax7 stem cell populations in larval zebrafish muscle repair[END_REF]. The ablation of one population or the other results in deficits in repair suggesting lack of compensation [START_REF] Pipalia | Cellular dynamics of regeneration reveals role of two distinct Pax7 stem cell populations in larval zebrafish muscle repair[END_REF]. Similarly, it has been shown in the adult electric fish (S. macrurus) that muscle repair following tail amputation also involves Pax7-positive SLCs, but not myofibre dedifferentiation [START_REF] Weber | Activation of Pax7positive cells in a non-contractile tissue contributes to regeneration of myogenic tissues in the electric fish S. macrurus[END_REF]. Interestingly, according to the muscle type, the zebrafish is capable of exploiting both strategies: extraocular muscle injury using partial myectomy of the lateral rectus showed no SLC contribution to muscle regeneration, instead, residual myocytes undergo dedifferentiation [START_REF] Saera-Vila | Myocyte dedifferentiation drives extraocular muscle regeneration in adult zebrafish[END_REF].

Recently, other chordate models emerged to study the evolution of regenerative biology at the invertebrate-vertebrate transition. The basal chordate amphioxus shows a high regenerative potential and it is capable of regrowing both anterior and posterior structures during adult life, including neural tube, notochord, fin, and muscle after amputation [START_REF] Somorjai | Vertebrate-like regeneration in the invertebrate chordate amphioxus[END_REF]. Interestingly, amphioxus possesses peripheral Pax3/7+ cells present in the embryo and located under the basal lamina in adult resting muscle. These cells amplify upon amputation migrate toward the periphery of degrading myofibres and fuse. These and other studies suggest that amphioxus is a tractable model for regenerative myogenesis, and it has extensive regenerative capacities beyond those of more complex vertebrates [START_REF] Somorjai | Vertebrate-like regeneration in the invertebrate chordate amphioxus[END_REF].

As another example, the crustacean Parhyale hawaiensis develops a blastema structure after thoracic leg amputation followed by extensive growth of the limb and generation of a new musculature later after moulting [START_REF] Konstantinides | A common cellular basis for muscle regeneration in arthropods and vertebrates[END_REF]. Moreover, Pax3/7expressing cells of mesodermal origin are tightly associated with mature Parhyale muscles and transplantation experiments of labelled SLCs in wild-type individuals have shown that muscle regeneration is based on SLCs as observed in vertebrates [START_REF] Konstantinides | A common cellular basis for muscle regeneration in arthropods and vertebrates[END_REF].

In contrast, pre-bilaterian animals such as cnidarians possess muscles formed by epitheliomuscular cells that can be striated (Medusa) or not (Hydra) [START_REF] Leclere | Diversity of cnidarian muscles: function, anatomy, development and regeneration[END_REF]. Although regeneration in cnidarians has been reported [START_REF] Leclere | Diversity of cnidarian muscles: function, anatomy, development and regeneration[END_REF], limited data is available on the cellular origin of muscle repair. After wounding, the striated muscle in jellyfish dedifferentiates into non-proliferating mononucleated cells that migrate toward the site of injury before undergoing differentiation [START_REF] Lin | Wound healing in jellyfish striated muscle involves rapid switching between two modes of cell motility and a change in the source of regulatory calcium[END_REF].

The studies performed in diverse chordate species, arthropods and cnidarians suggest that the cellular basis of regeneration implicating Pax3/7-positive SLCs was present in the common ancestor of bilater-ians (Fig. 3). The different strategies employed for muscle repair, even in evolutionary related species, highlights the highly conserved regulation of the regeneration process, and it points to satellite cells as an ancient evolutionary stem cell type present throughout bilaterian phylogeny (Fig. 3). However, the relative role of interstitial cells in regenerative myogenesis is less well understood in non-murine models. Furthermore, understanding the loss of regenerative capacity in human has been the topic of intense debate for decades thereby prompting more detailed investigations of animal models with superior regenerative capacity. One hypothesis proposes that suppression of dedifferentiation and cell cycle reentry were lost in mammals in favour of a tumour suppression program to prevent carcinogenesis. For example, the in vitro inhibition of two tumour suppressor proteins (ARF and Rb) in mouse primary muscle cells induce myotubes to reenter the cell cycle [START_REF] Pajcini | Transient inactivation of Rb and ARF yields regenerative cells from postmitotic mammalian muscle[END_REF]. Similarly, inhibition of the p53 tumour suppressor in newt primary myotubes triggers their fragmentation into mononucleated cells that reenter cell cycle (Wang et al., 2015). In addition, the knock-down of p16 INK4 , another potent tumour suppressor that accumulates in aged individuals, leads to an extensive increase in regenerative potential of pancreatic islets [START_REF] Krishnamurthy | P16INK4a induces an age-dependent decline in islet regenerative potential[END_REF]. However, whether those tumour suppressors are inhibited in the fish and amniotes requires investigations to support the cancer hypothesis. It would be interesting to explore the status of tumour suppressors using two structures that differ by their repair mechanism: such as the zebrafish extraocular muscle (dedifferentiation, (Saera-Vila et al., 2015)) versus the tail (SLCs).

Conclusion

Skeletal muscle has been used for decades to study regenerative medicine and stem cell biology, however, the field still lacks a standard injury and repair protocol allowing comparisons between laboratories. Although by 28 days post-injury the muscle is considered to be largely regenerated, the timing of regeneration can be different from one injury model to another: eg, new vessels are formed 2 dpi after chemicals injuries while this event takes up to 12 days following freeze-injury (Hardy et al., 2016). Another area that requires detailed investigation is the study and characterisation of interstitial stromal cells. The identification of "mesenchymal stem cells" in tissues has generated some confusion as this population exhibits considerable heterogeneity. The identification of several stromal populations in skeletal muscle can be used as a starting point to isolate cells with potentially similar properties in other tissues with the aim to define stem-stromal interactions in niches of different tissues and organs. Finally, the inability to regenerate a whole appendage in mammals remains puzzling, although intriguingly, heart and digit tip regeneration have been reported to occur during early perinatal growth under certain conditions, but these capabilities are lost within days [START_REF] Seifert | The influence of fundamental traits on mechanisms controlling appendage regeneration[END_REF]. Detailed investigations on comparative evolutionary biology of organisms that have retained and lost regenerative capacity will allow us to identify the underlying mechanisms responsible for this fascinating phenomenon. and proliferation, and it has been used to identify and isolate myogenic populations from skeletal muscle [2,3]. Myogenic cells have also been isolated by FACS using a variety of surface markers, including a7-integrin, VCAM and CD34 [4] Although these cells have been extensively studied by transcriptome, and to a more limited extend by proteome profiling, different methods have been used

to isolate and profile myogenic cells thereby making comparisons between laboratories laborious and challenging. To address this issue, it is necessary to generate comprehensive catalogs of gene expression data of myogenic cells across distinct states and in different conditions.

Soon after their introduction two decades ago, high-throughput microarray studies started to be compiled into common repositories that provide to the community access to the data. Several gene expression repositories for specific diseases, such as the Cancer Genome Atlas (TCGA) [5], the Parkinson's disease expression database ParkDB [6], or for specific tissues, such the Allen Human and Mouse Brain Atlases [7][8] among many, have been crucial in allowing scientists the comparison of datasets, the application of novel methods to existing datasets, and thus a more global view of these biological systems.

In this work, we generated transcriptome data sets of MuSCs in different conditions and aimed to perform comparisons with published data sets. Due to the diversity of platforms and formats of published datasets, this was not readily achievable. For this reason, we developed an interactive tool called Sherpa (SHiny ExploRation tool for transcriPtomic Analysis) to provide comprehensive access to the individual datasets analysed in a homogeneous manner. This webserver allows users to: i) identify differentially expressed genes of the individual datasets, ii) identify the enriched gene sets of the individual datasets, and iii) effectively compare the chosen datasets. Sherpa is adaptable and serves as a repository for the integration and analysis of future transcriptomic data. It has a generic design that makes it adaptable to the analysis of other transcriptome data sets generated in a variety of conditions and tissues.

Using Sherpa, we analyse gene expression profiles (GEPs) of activated and quiescent states of mouse MuSCs derived from three high-throughput experimental setups and six publicly available microarray datasets to define a consensus molecular signature of the quiescent state. This large compendium of expression data offers the first comparison and integration of nine independent studies of the quiescent state of mouse satellite cells. In addition, we have adapted a protocol for the fixation and capture of mRNA directly from the tissue without the alteration in gene expression that could arise during the isolation procedure, which typically takes several hours with solid tissues.
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Strikingly, several genes, including members of the Jun and Fos family were found to be present in isolated MuSCs using conventional isolation procedures, but they were absent in vivo. These findings, and the unique atlas that we report, will undoubtedly improve our current understanding of the molecular mechanisms governing the quiescent state and contribute to the identification of critical regulatory genes involved in different cell states.

Methods

Individual dataset transcriptomic analysis

The analysis comprised a total of nine datasets, three novel microarray datasets and six publicly available datasets [9][10][11][12][13][14], choosing only samples with overall similar conditions. All datasets were analysed independently following the same generalized pipeline based on ad-hoc R implemented scripts (Fig. 2).

Gene expression profiles

The microarray data compared activated satellite cells (ASCs) and quiescent satellite cells (QSCs)

from different experiments. 

Animals, injuries and cell sorting

Animals were handled according to national and European Community guidelines, and an ethics committee of the Institut Pasteur (CTEA) in France. For isolation of quiescent MuSCs, Tg: Pax7-nGFP mice (6-12 weeks) [2] were anesthetized prior to injury. Tibialis antorior (TA) muscles were injured with notexin (10µl -10µM; Latoxan). Cells were then isolated by Fluorescence Activated Cell Sorting (FACS) using BD FACS ARIA III, MoFlo Astrios and Legacy sorters. Pax7 Hi and Pax7 Lo cells correspond to the 10% of cells with the highest and the lowest expression of nGFP, respectively, as defined previously [3].

For isolation of activated MuSCs, TA muscles (day 3 post-injury (D3) and non-injured) were collected and subjected to 4-5 rounds of digestion in a solution of 0.08% Collagenase D (Roche) and 0.1% Trypsin (Invitrogen) diluted in DMEM-1% P/S (Invitrogen) supplemented with DNAse I at 10μg/ml (Roche) [2][3]. Cells were then isolated by FACS based on Pax7-nGFP intensity, using BD FACS ARIA III (BD Biosciences) and MoFlo Astrios (Beckman Coulter) sorters. Pax7

Hi and Pax7 Lo cells correspond to the 10% of cells with the highest and the lowest expression of nGFP, respectively, as defined previously [3].

Skeletal muscle progenitors were obtained also from the forelimbs of E14.5 and E17.5 foetuses of

Myf5

CreCAP/+ :R26R stop-NICD-nGFP [15] compound mice. Tissues were dissociated in DMEM (GIBCO, 31966), 0.1% Collagenase D (Roche, 1088866), 0.25% trypsin (GIBCO, 15090-046), DNase 10 µg/ml (Roche, 11284932001) for three consecutive cycles of 15 min at 37°C in a water bath under gentle agitation. For each round, supernatant containing dissociated cells was filtered through 70µm cell strainer and trypsin was inhibited with calf serum. Pooled supernatants from each round of digestion were centrifuged at 1600rpm for 15 min at 4°C and pellet was re-suspended in cold DMEM/1% PS/2%FBS and filtered through 40µm cell strainer. Cells were then isolated by FACS using BD FACS ARIA III. Total mRNAs were isolated using (Qiagen RNAeasy® Micro Kit) according to the manufacturer's recommendations.

In other experiments, skeletal muscles from the limbs, body wall and diaphragm were collected from pups at postnatal day 8 (P8, mitotically active satellite cells) and 4-5 weeks old mice (quiescent satellite cells) of Pax7 nGFP/+ knock-in line [16]. GFP positive cells were then isolated from these muscles by FACS.

Microarray sample preparation

Total RNA isolation of Pax7 Hi and Pax7

Lo cells was performed using RNeasy Micro Plus Kits (Qiagen).

5 ng of total RNA was reverse transcribed and amplified following the manufacturer's protocols (Ovation Pico WTA System v2 (Nugen Technologies,; Applause WTA Amp-Plus System (Nugen Technologies, Inc. #5510-24)), fragmented and biotin labeled using the Encore Biotin Module (Nugen Technologies,. Gene expression was determined by hybridization of the labeled template to Genechip microarrays Mouse Gene 1.0 ST (Affymetrix). Hybridization cocktail and post-hybridization processing was performed according to the "Target Preparation for Affymetrix 6

GeneChip Eukaryotic Array Analysis" protocol found in the appendix of the Nugen protocol of the fragmentation kit. Arrays were hybridized for 18 hours and washed using fluidics protocol FS450 0007 on a GeneChip Fluidic Station 450 (Affymetrix) and scanned with an Affymetrix Genechip Scanner 3000, generating CEL les for each array. Three biological replicates were run for each condition.

Western blot analysis

Total protein extracts from satellite cells isolated by FACS were run on a 4-12% Bis-Tris Gel NuPAGE (Invitrogen) and transferred on Amersham Hybond-P transfer membrane (Ge Healthcare). The membrane was then blocked with 5% nonfat dry milk in TBS, probed with anti-JunD (329) (1:1000, sc-74 Santa Cruz Biotechnology Inc.), anti-JunB (N-17) (1:1000, sc-46 Santa Cruz Biotechnology Inc.) or anti-c-Jun (H-79) (1:1000, sc-1694 Santa Cruz Biotechnology Inc.) overnight, washed and incubated with HRP-conjugated donkey anti-rabbit IgG secondary antibody (1:3000), and detected by chemiluminescence (Pierce ECL2 western blotting substrate, Thermo Scientific) using the Typhoon imaging system. After extensive washing, the membrane was incubated with anti-Histone H3 antibody (ab1691, 1:10000; abcam) as loading control. All Western blots were run in triplicate and bands were quantitated in 1 representative gel. Quantification was done using ImageJ software.

Isolation of fixed mouse muscle stem cells and real-time PCR

For empirical analysis of genes by RT-qPCR (e.g. Jun and Fos), skeletal muscles were fixed immediately in 0.5% for 1 h in paraformaldehyde (PFA) using a protocol based on the notion that transcripts are stabilized by PFA fixation [17](P. Mourikis and F. Relaix, personal communication).

Briefly, PFA fixed and unfixed skeletal muscles were minced as described [4], fixed samples were incubated with collagenase at double the normal concentration and mRNA was isolated following FACS based on size, granulosity and GFP levels using a FACS Aria II (BD Bioscience). Total RNA was extracted from fixed cells with RecoverAll™ Total Nucleic Acid Isolation Kit Ambion, ThermoFisher), according to manufacturer instructions. cDNA was prepared by random-primed reverse transcription (Super-Script II, Invitrogen, 18064-014), and real-time PCR was done using SYBR Green Universal Mix (Roche, 13608700) StepOne-Plus, Perkin-Elmer (Applied Biosystems).

Specific primers for each gene were designed, using the Primer3Plus online software, to work under the same cycling conditions. For each reaction, standard curves for reference genes were constructed are not shown but they show similar trends, which can be explored through the interactive webserver

Sherpa.

Differential gene level analysis

Statistically differentially expressed genes (DEGs) were identified between the ASC and the QSC groups using the linear model method implemented in the Limma R package [23]. The basic statistic was the moderated t-statistic with a Benjamini and Hochberg's multiple testing correction to control the false discovery rate (FDR) [24].

Individual and multiple gene-set analyses

Each dataset was tested for gene set enrichment independently. The gene set analysis was based on three gene set collections from the mouse version of the Molecular Signatures Database MSigDB v6.0 [25][26]: 1) Hallmark gene sets (H), which summarize and represent specific well-defined biological states or processes displaying a coordinate gene expression, 2) KEGG canonical pathways (C2 CP:KEGG), derived from the Kyoto Encyclopedia of Genes and Genomes [27] and 3) Reactome canonical pathways (C2 CP:Reactome) from the curated and peer reviewed pathway database [28].

To test for the enrichment of these gene sets, we used the competitive gene set test CAMERA from the Limma R package [23], which takes into account the inter-gene correlation [29]. For multi-set analysis, the ensemble of the gene level and gene-set level results from the individual datasets was examined to produce a consensus gene signature and a consensus list of gene sets that describe the quiescent state of MuSCs.

Gene level analysis

The combinatorial landscape of datasets was explored using the SuperExactTest [30] and the UpSetR [31] R packages to visualize and test the intersection of the datasets. Additionally, the Jaccard index [32] of similarity was calculated to assess the extent of similarity between DEGs of each pair of datasets. A significance ranking was calculated for each individual dataset to determine its presence or absence in the final dataset ensemble, which was used for determining the gene signature. Once the dataset ensemble was defined, the overlapping differentially up and down-regulated genes (DEGs, as defined by the adjusted p-value 0.05) were used to build the quiescent signature.

Gene set level analysis

Two approaches were used to assess the agreement of enriched gene sets across the ensemble of datasets. First, an over representation analysis (ORA) [33] by a one-sided Fisher's exact test implemented in R script with a Benjamini and Hochberg's multiple testing correction of the p-value.

This ORA was performed using the DEGs from the quiescent signature was performed using the Hallmark, Kegg and Reactome gene sets. Then, the individual results from the functional scoring method (FSC) [33] CAMERA [29] were compared to identify gene sets common to all the datasets in the ensemble and the directionality of the enrichment (of over or under expressed genes).

Web application: Sherpa

We developed an interactive web application for the exploration, analysis and visualization of the individual datasets and their combination (http://sherpa.pasteur.fr). This application allows the user to effectively and efficiently analyse the individual datasets one by one (individual dataset analysis) or as an ensemble of datasets (multi-set analysis) and was developed with the Shiny R package [34].

Results

This study consists of an individual dataset analysis followed by a multi-set analysis (Fig. 1). First, each raw dataset was normalised, filtered and subjected to the same quality controls and checks.

Gene level differential analysis and gene set analysis were then performed (Fig. 2). Finally, a multi-set analysis assembled a platform-independent list of genes specific to the quiescence state. When analysing multiple microarray GEPs, however, several issues needed to be addressed regarding the experimental set-up, the microarray platforms and the laboratory conditions [35]. First, the individual studies, even if related, had different aims, experimental designs and cell populations of interests (e.g.

developmental stage, and gender of mice). Second, the different microarray platforms contained different probes and probesets with specific locations and alternative splicing that might produce different expression results [START_REF] Ramasamy | Key Issues in Conducting a Meta-Analysis of Gene Expression Microarray Datasets[END_REF]. Finally, sample preparation, protocols and dates of extractions might have influenced array hybridization and introduced bias [START_REF] Irizarry | Multiple-laboratory comparison of microarray platforms[END_REF]. This experimental heterogeneity required critical data processing to ensure statistically meaningful assumptions to drive biological interpretation and compile gene signatures. Table 1 summarizes the main biological and experimental variations in 12 UV_RESPONSE_DN, IL6_JAK_STAT3_SIGNALING) and under-represented gene sets (MYC_TARGETS_V1, E2F_TARGETS, G2M_CHECKPOINT), together with those gene sets which share common genes with them. The size of each node is proportional to the number of genes in the gene set, and the thickness of the edges is proportional to the number of genes shared among the connected gene sets. Gene sets having less than 10% of their genes in common are not shown. Two subnetworks corresponding to 8 under and 15 over-represented gene sets can be clearly distinguished. In Fig. 3B, we see that different gene sets have a varying number of genes in common, if the gene overlap is large, those gene sets (and their corresponding biological functions) will likely be also affected (i.e. activated or repressed). For the 3 most common under represented gene sets, for example, we see that gene set MYC_TARGETS_V1 shares most of its genes with gene sets E2F_TARGETS and G2M_CHECKPOINT, thus, this suggests that three functions represented by these gene sets have an interplay of genes that displays them as all under represented. The size of the gene sets will also affect this interplay, e.g. over-represented gene set UV_RESPONSE_DN is a relatively small gene set, hence its sharing of genes with other gene sets, especially larger ones such as KRAS_SIGNALING_DN and BILE_ACID_METABOLISM, is less functionally relevant.

Determining a quiescent transcriptional signature among all datasets

Our strategy to determine a consensus quiescent signature from the datasets was to compare the genes found to be differentially expressed within each dataset, in order to identify genes commonly up or down regulated in the quiescent state. Although the aforementioned technical and experimental heterogeneity could introduce noise in this analysis, such variation was distinguishable from the more stable, underlying common quiescent signature. Given that the distribution and ranges of the logFCs varied so drastically between datasets (Fig. S2), a single FC threshold could not be chosen to be used for all datasets. Thus, for the combinatorial analysis approach, having the goal of maximizing the number of differentially expressed genes common to all the datasets considered, only the adjusted pvalue was used as threshold to define DEGs. Even in this low constrained set-up, combining all the datasets together resulted in very few overlapping genes found : 12 up (Arntl,Atf3,Atp1a2,Cdh13,Dnajb1,Enpp2,Ier2,Jun,Nfkbiz,Rgs4,Usp2,Zfp36) and 1 down (Igfbp2). Alternatively, if certain datasets were excluded from the analysis, the number of DEGs increased (Fig. 4a).

Combinatorial assessment of datasets according to significance and similarity criteria

To find the best combination of datasets defining a consistent and sufficiently large quiescent signature, we ranked them according to their significance. First, the dataset should have a minimum number of DEGs. Our Foetal_NICD[E17.5/E14.5] dataset, for instance, had only 250 DEGs (Table S1), and using it in the analysis resulted in a dramatically low number of overlapping DEGs. Indeed, Fig. 4a shows that when this dataset was included, regardless of the number of combined datasets, the extent of the overlap was always very low. A second criterion was the presence of genes known to be differentially expressed between quiescent and activated states from previous studies. In this case, datasets GSE38870 and GSE81096 had to be excluded, since they lacked CalcR Bmp6, notch1 and Chrdl2, Klf9, Lama3, Pax7, Bmp6 genes, respectively. Besides these two criteria, others can be used to assess the significance of the datasets. Choosing the datasets according to the activation or extraction method of the cells, for example, would result in a more stringent ensemble of datasets.

Dataset similarity was assessed using the Jaccard Index (JI) and a matrix of the JIs for the up and down regulated genes was generated (Figs. 4b,c,respectively). In both matrices, the closest pairs of datasets were GSE47177 at 60 hours and GSE47177 at 84 hours (JI = 0.46 and 0.44 for the up and down regulated genes, respectively), followed by the second pair of closest sets Quiescent Taking into account the dataset significance (based on number of DEGs and presence of some reported quiescent markers) and the low extent of overlap between Foetal_NICD[E17.5/E14.5],

GSE38870 and GSE81096 datasets with respect to the remaining datasets, these three datasets were excluded from the multi-dataset analyses. The final ensemble comprised the eight remaining datasets which had 207 and 542 genes commonly up and down regulated, respectively. To further characterise these commonly regulated genes, we performed an over-representation analysis (ORA) of the gene 14

sets. An enrichment was detected for the 207 commonly up-regulated genes in seven different

Hallmark gene-sets (Fig. 5a). Some genes were shared among different pathways (e.g. Atf3 and IL6

were found in six different gene-sets), while others were found in one gene-set only (e.g. Tgfbr3, Spsb1). These results are consistent with the individual gene set enrichment analysis (see Fig. 3)

emphasizing that these genes reflect the global traits associated with the quiescent state. Notice that only a fraction of these 207 genes is found in known existing gene sets (57/207), leaving about three quarters of the commonly up regulated genes not associated with any existing gene set. This is not unexpected given that a quiescent signature is still to be determined and thus current gene-sets lack such annotations. To facilitate the analysis of transcriptomes as described here, we have developed an online interactive tool called Sherpa (Fig. 6). Sherpa allows users to perform analyses on individual and on multiple datasets. Each individual dataset analysis involves the identification of differentially expressed genes, comparison of the expression of selected genes in the quiescent and activated states using heatmaps, exploration of the distribution of the samples according to their variability through Principal Component Analysis, and cluster analysis. The multiple dataset analysis allows the comparison of selected datasets according to the commonly differentially expressed genes. All these analyses are interactive, as they allow the user to select the thresholds of fold change (logFC) and false discovery rate (adj. P-value).

To assign a global function to the commonly regulated genes, we annotated them using GOSlim terms, which summarize broad terms based on Gene Ontology terms [START_REF] Ashburner | Gene Ontology: tool for the unification of biology[END_REF]. To identify categories of genes, heatmaps of the logFC in the different datasets for a subset of the 207 UP genes belonging to extracellular matrix, nucleic acid binding activity (+/-cell cycle proliferation) and signal transduction activity were generated (Fig. 5b). Unexpectedly, genes associated with cell cycle proliferation were upregulated in the quiescent cell analyses, such as c-Fos, c-Jun. To verify the expression level of these genes in quiescent cells, we used a protocol to isolate MuSCs in which a short fixation (PFA) treatment was performed prior to harvesting the cells to arrest de novo transcription during the isolation protocol (see Methods). Then, expression level quantification for certain genes both at the mRNA (RT-qPCR) and the protein (western blot) levels was conducted at different time points after isolation. Notably, quantification of c-Jun, Jun B and Jun D show clearly that at time 0 (+PFA), these genes are not detected in quiescent cells, neither at the mRNA level (right panel), nor at the protein level (left panel) (Fig 7a). As expected, these genes were upregulated using conventional protocols that take several hours to isolated MuSCs by FACS, followed by a rapid downregulation (Fig. 7a,b), before being upregulated again as MuSCs engage in the cell cycle (data not shown).

Discussion

The last decades have witnessed many efforts to analyse microarray data to provide relevant gene signatures. In cancer biology, for example, gene markers were sought either for prognosis, i.e. lists of genes able to predict clinical outcome [START_REF] Paquet | A 12-gene signature to distinguish colon cancer patients with better clinical outcome following treatment with 5-fluorouracil or FOLFIRI[END_REF] or for molecular subtyping, i.e. list of genes able to classify different subtypes of a disease [41][42]. However, even if markers performed well, gene signatures derived from studies on the same treatments and diseases often resulted in gene lists with little overlap [START_REF] Fan | Concordance among gene-expression-based predictors for breast cancer[END_REF]. In other cases, the signatures proved to be unstable, having other gene lists on the same dataset with the same predictive power [START_REF] Michiels | Prediction of cancer outcome with microarrays: a multiple random validation strategy[END_REF]. These observations suggest that such signatures may include causally related genes, i.e. downstream of the phenotype causing genes and that these gene lists may share the same biological pathways [START_REF] Abraham | Prediction of breast cancer prognosis using gene set statistics provides signature stability and biological context[END_REF].

Gene Set Enrichment Analysis (GSEA) has become an efficient complementary approach for analysing omic data in general and GEPs in particular [46][45][47]. It shifts the expression analysis from a gene space to a gene-set space, where genes are organized into gene sets according to a common feature, such as a functional annotation (e.g. a Gene Ontology term) or a specific metabolic pathway (e.g. a KEGG pathway). In this way, it incorporates previously existent biological knowledge to drive and increase interpretation, while offering greater robustness and sensitivity than gene level strategies [45][48][49].

The transcriptome analysis and pipeline, as well as the Sherpa interface that we describe here, allow multiscale comparisons across divergent datasets that are heterogeneous in platform and biological condition. Notably, examination of 11 datasets, including 3 novel transcriptomes from our work point to a variety of gene sets that appear in different GO categories. Some markers such as CalcR, Teneurin4 (Tenm4), and stress pathways were identified previously [50][51][11]. However, we also report that virtually all datasets contained genes that would be expected to be present during activation or cell cycle entry, such as members of the Fos and Jun family [START_REF] Lamph | Induction of proto-oncogene JUN/AP-1 by serum and TPA[END_REF]. Using a novel isolation protocol (P. Mourikis, F. Rélaix, personal communication) based on the notion that tissues that are fixed prior to processing result in stabilized mRNA [17], we validated the expression of CalcrR and Bmp6 as true quiescent markers. In contrast, we show that Fos and Jun transcripts, and Jun family proteins are not present at significant levels in vivo, but are robustly induced within 5 hours, the average processing time taken for isolation by FACS of MuSCs. We propose that these and other stress response genes mitigate the quiescent to activation transition that accompany the initial steps of exit from G0.

Given these unexpected findings, it would be important to compare transcriptomes of MuSCs from a fixed/in vivo state with those that were described here to delineate homeostatic vs. immediate early response genes. Beyond the present findings, we propose that all transcriptome data obtained from cells isolated from solid tissues, which require extensive enzymatic digestion and processing before isolation of RNA, need to be re-evaluated to distinguish those genes that are expressed during the isolation procedure.

In addition to making this compendium of GEPs available to the community, we provide a standardized pipeline that sets the basis for a multi-set analysis for an effective and systematic comparison of individual datasets. Analysing multiple datasets provides generalized information across different studies [36][53]. The cancer field was a pioneer in combining several works [54] [55] and other fields, such as neurodegenerative diseases [56][57] and regulatory genomics have successfully adopted this strategy [START_REF] Consortium | An integrated encyclopedia of DNA elements in the human genome[END_REF]. The multidimensional approach presented here offers i) increased power, due to the higher sample size and ii) increased robustness, by highlighting variations in individual studies results [35][59]. Such variations are a consequence of the high level of noise and artefacts, and are typically associated with microarray data [START_REF] Kitchen | Relative impact of key sources of systematic noise in Affymetrix and Illumina gene-expression microarray experiments[END_REF]. was performed in a consistent manner for each dataset using ad-hoc R scripts. It included a first step of data preparation followed by a second step of data analysis. GEPs were processed using standard quality control tools to obtain normalised, probeset-level expression data. For raw datasets derived from affymetrix chips, Robust Multi-Array Average expression measure (rma) was used as normalization method. All analyses were conducted at probeset level. Probesets were annotated to gene symbol and gene ENTREZ using chip-specific annotations. Quality controls were performed on raw data using RLE and NUSE plots. The distribution of the QSC and ASC samples according to their GEPs was explored using hierarchical clustering of the Euclidean distance and Principal Component Analysis (Additional file 1: Figure S1). Statistically differentially expressed genes (DEGs) were identified between the ASC and the QSC groups using the linear model implemented by the Limma R package [10]. Gene set analysis was based on three gene set collections from the mouse version of the Molecular Signatures Database MSigDB v6.0 [12][13]: 1) Hallmark, which summarizes and represents specific well-defined biological states or processes displaying a coordinate gene expression, 2) KEGG canonical pathways, derived from the Kyoto Encyclopedia of Genes and 20
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Genomes [14] and 3) Reactome canonical pathways from the curated and peer reviewed pathway database [15]. To test for the enrichment of these gene sets, the competitive gene set test CAMERA [16] was used. Thickness of the edge is proportional to the number of shared genes. 3,4 . The miRNA pathway has been shown to play a major role in cell specification and differentiation in many organisms, and also more broadly in organism development, tissue homeostasis. Germ line loss of Dicer is lethal at gastrulation, demonstrating an absolute requirement of miRNAs for mouse development 5 . Other studies have demonstrated the specific requirement of miRNAs in ES cells and tissue specific stem cells 6,7 .
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Q / D 3 _ A c t [ h i g h ] Q / D 3 _ A c t [ l o w ] Q / A c
A set of miRNAs is associated with differentiation of skeletal muscle cell lines 8-10 MuSCs exiting from quiescence exhausted, thus resulting in failed regeneration after muscle injury 12 . The initial finding that some miRNAs were expressed in a tissuespecific fashion was confirmed in a study showing that miR-1, miR-122a and miR-124a expression is restricted to striated muscle, liver and brain, respectively 13 , whereas 30 miRNAs are enriched or specifically expressed in skeletal muscle 14 .

Interestingly, myomirs either appear to have uniform expression throughout the muscle (miR-1 and miR-133a) 15,16 , or are enriched in slow-twitch, type I muscles (miR-206, miR-208b and miR-499) 17,18 . In addition, several candidate miRNAs that regulate the quiescence-activation transition in MuSCs were identified, most notably miR-27b 19 , miR-489 12 , miR-31 20 and miR-195/497 21 .

As previous quantitative and differential data obtained using RT-qPCR or miRNAmicroarrays were limited to the quantification of known molecules, we performed an unbiased analysis of small-RNA profiles from stem to differentiated cells in adult myogenesis. Our data provide a key resource for functional studies of the involvement of small-RNAs -including miRNAs, in skeletal muscle, and more broadly in the regulation of stem cell self-renewal and tissue homeostasis.

Results

Small RNA profiling during lineage progression of muscle satellite cells

To identify small RNAs expressed during muscle lineage progression, we sequenced small-RNAs from total RNA of quiescent (freshly isolated), activated (60 h in culture)

and differentiated (7 days in culture) myogenic cells. Quiescent satellite cells were isolated by fluorescence-activated cell sorting (FACS) from adult transgenic Tg:Pax7-nGFP mouse limb muscles and subsequently lysed for RNA extraction or in vitro culture (Figure 1A). Immunological staining confirmed that freshly isolated cells expressed Pax7 whereas Myod expression was undetectable (Figure 1B). Sixty hours after plating in proliferation medium, myoblasts expressed Myod and retained Pax7 expression, whereas Pax7 expression was largely lost after 7 days in culture when the majority of the cells were differentiated.

After RNA extraction, small RNAs were size selected on gel (15-35 nucleotides), cloned and sequenced on an Illumina GAIIx platform. For each time point, 2 to 3 biological replicates yielded on average 3.8 million reads [2.3-4.4] that were mapped to Mm9 genome (Figure 1C). Further alignment of reads to tRNA and mRNA sequences revealed a low level of contamination from degraded tRNA sequences (0.6 to 3%), whereas mRNA sequences were barely detectable, thereby confirming the quality of the samples. As expected, alignment against mature miRNA sequences (miRBase Release 19) highlighted the fact that the vast majority of sequences corresponded to miRNAs (93% [86-97%]) and marginally to intronic sequences (3% [0.6-6%]). Other classes of small RNAs and in particular piRNAs were not detected in our samples. We subsequently focused on the expression profiles of miRNAs.

miRNAs are widely expressed throughout the muscle lineage

By examining in more detail the miRNA expression data, we observed that out of the 1,281 miRNA sequences used as reference for alignment at the time of the analysis (miRbase r19), 412 (32%) mature miRNAs with an average of more than 10 reads were detected in one biological condition, demonstrating a wide miRNA repertoire expressed in the adult muscle lineage (Figure 1D). Furthermore, a very large expression range was observed among these miRNAs, with more than 100 miRNAs showing more than 1000 reads in one condition (Figure 1E). The distribution of the number of expressed miRNAs according to their expression level was closely comparable for each of the quiescent, activated and differentiated biological states, suggesting an overall similar miRNA abundance during myogenic commitment.

However, examination of the relative abundance of the few miRNAs highly expressed during quiescence in the other two conditions pointed to dramatic changes in expression of distinct miRNAs (Figure S1). This observation underscored the importance of robust normalization of the datasets to avoid skewing of the expression profiles as a result of the high expression of a limited number of miRNAs.

miRNAs expression profiles show dynamic regulation during lineage progression

Following normalization, hierarchical clustering regrouped the samples according to each biological condition (Pearson correlation coefficient R 2 >0.92 among replicates)

demonstrating the robustness of the datasets (Figure S2). We confirmed the increase in expression of myomirs (i.e. miR-1, miR-133, miR-206 and miR-378) during myogenic commitment (Figure S3A-E), as well as the expression of quiescence associated miR-195 and miR-489 previously reported (Figure S3F-G) 8,10,12,21 .

However, we did not recapitulate the expression profiles of miR-27b and miR-31 that were reported to be upregulated in Pax3-positive quiescent MuSCs isolated from abdominal and diaphragm muscles (Figure S3H-I) 19,20 . Our data are in agreement with expression profiles previously published for these miRNAs using RT-qPCR of quiescent and activated MuSCs from limb muscles 12 .

We then conducted a differential analysis between quiescent MuSCs, activated and differentiated myogenic cells. Out of the 412 miRNAs that were expressed, we identified 249 differentially expressed miRNAs in the 3-pairwise comparisons (corrected p-value<0.001): 209 between quiescent and activated, 126 between quiescent and differentiated, and 110 between activated and differentiated muscle cells (Figure 2A-C). Thus, micro-RNAs appear to be involved in the regulation of each of the tested cell states. Importantly, we observed that the majority of differential miRNA expression patterns were related to the transition from quiescence to activation (Figure S4).

We then regrouped the differentially expressed miRNAs according to their expression profiles using K-means clustering which reveals 4 classes (Figure 2D). The first consisted of 59 miRNAs whose expression was found to be associated with quiescence. The second and third clusters comprised miRNAs either expressed during activation, or conversely silenced in this cell state; they represented 70 and 64 miRNAs, respectively. Finally, the last cluster was composed of miRNAs showing an increase in expression during commitment and differentiation, among which were the myomir class. Overall, the most important transition was between quiescence and activation, where more than half of the differentially expressed miRNAs identified were specific to these states. This finding highlights the concerted role that miRNAs play during the regulation in this transition.

Dynamic regulation of miRNAs during regenerative myogenesis in vivo

To validate the expression of differentially regulated miRNAs during commitment in vitro, we isolated myogenic cells from (i) resting Tibialis anterior (TA) muscle, (ii) 3 days post-notexin injury of TA muscle, and (iii) dissociated Extensor Digitorium Longus (EDL) muscle fibres with stripped satellite cells. To compare the miRNA expression profiles by RT-qPCR across distinct cell states during myogenic commitment, we chose to normalize for the number of cells. Of 6 differentially expressed miRNAs identified by sequencing, 5 showed both the expected trend and magnitude of dynamic expression. For the remaining miRNA (miR-26b), the trend was similar but a less pronounced magnitude was observed. If considering that the behaviour of miRNAs that are co-clustered with several that we tested show similar trends, this provides validation of a larger set of miRNAs. Additionally, we compared our sequencing dataset to the published profiling of miRNA during in-vivo activation obtained by RT-qPCR 12 . When focusing on the 228 miRNAs that were detected by both methods, we observed an overall concordance of data (Figure S5A). A number of miRNAs absent from the RT-qPCR dataset were however detected, completing the miRNA profiling in the Quiescence/Activation transition. Also, several miRNAs amplified by PCR were unambiguously absent from the sequencing dataset. Taken together, these observations validated our in vitro model of MuSC lineage progression and the quiescence/activation transition.

A subset of miRNAs is disproportionally upregulated in quiescent MuSCs

Quiescent MuSCs have a reduced cytoplasmic to nuclear ratio, reduced metabolism, and lower levels of total mRNA and protein compared to activated and differentiated cells 22,23 . Previous reports stated that miRNAs were globally downregulated in human muscle stem cells 24 . We thus compared the miRNA and total RNA content in quiescent and activated MuSCs and found that the miRNA/total RNA ratio did not change significantly. Moreover, given the per-cell normalization we used in our RT-qPCR assay, our analysis leads us to propose that tens of miRNAs have higher levels of expression in quiescent MuSCs compared to activated and differentiating myoblasts. Taken together, these findings suggest that the miRNAs over-expressed during quiescence are potent regulators in exerting their effect in satellite cells.

Comparative analysis of expressed miRs and Quiescence vs. Activated transcriptomes

Having identified a set of miRNAs specifically expressed during quiescence, we set out to assess their influence globally on the transcriptome. To that end, we retrieved high-confidence miRNA targets from Targetscan 7 database (http://www.targetscan.org) with either more than 2 conserved or more than 3 nonconserved target sites, and a Cumulative weighted context++ score < -0.2 25 . First, we selected mRNA targeted by the 59 miRNAs expressed in quiescence and obtained a list of 8,013 transcripts. We compared their expression level to non-targeted mRNA in a published dataset of quiescent vs. activated MuSCs 26 , but did not find any difference with the non-targeted transcripts (Figure S6). We then decided to focus on mRNA transcripts that were targeted only by quiescent-specific miRNAs, thus excluding mRNAs also targeted by activation-and differentiation-miRNAs. We obtained a reduced list of 186 putative targets. Interestingly, these transcripts were upregulated during activation of muscle cells, concomitantly with downregulation of quiescent-specific miRNAs (Figure 4).

Discussion

In the framework of the present work, we provide the first open platform for analysis of small RNAs expressed during lineage progression of adult muscle stem cells. In this adult tissue stem cell paradigm, we did not observe the expression of piwi-RNAs that were reported to be expressed in germ cells 27 . However, some reads mapped to intronic regions that could constitute endo-siRNAs. Our data show that small RNAs expressed in the muscle lineage overwhelmingly correspond to microRNAs. Several reports have shed light on the regulation of miRNAs in muscle, but they detected only a limited number of small RNAs using RT-qPCR 12 or miRNA microarrays 21 . The only miR-seq dataset reported did not include an isolated quiescent MuSC sample, impeding the study of miRNA regulation in the transition states from quiescent to activated muscle stem cells 28 . Our comparisons with that report 28 pointed to some discrepancies (e.g. absence of increase in miR-206 level during MuSC activation, or absence of deregulation in miR-489 expression during early injury). However, our dataset was globally concordant with an RT-qPCR based analysis 12 .

We observed massive deregulation of miRNAs during the quiescence-activation transition in mouse MuSCs. This was unexpected given low level of regulatory activity and small cytoplasmic content of quiescent muscle stem cells. Instead, the relatively high number of miRNAs enriched during quiescence lead us to propose that the cellular quiescence represents a poised state that is actively repressed by class-specific miRNAs. We showed experimentally that many miRNAs have a higher expression in quiescent satellite cells compared to activated cells underscoring the notion that the regulation of the quiescent state is MuSCs is an actively maintained process involving in part a large repertoire of miRNAs. Accordingly, the identification of miR-195/497 and miR-489 as regulators of the quiescence/activation transitions, and Notch signaling as a key mediator of the retention of MuSCs in their niche reinforces this notion 12,21,29,30 .

Our observations in the mouse are in clear contradiction with a report stating that miRNAs were all downregulated in human quiescent MuSCs which lead to the proposal that quiescent cells represent minimal regulatory activity 24 . These discrepancies could be linked to a low number of miRNAs detected the human study, that impeded the normalization and robustness of the data, or they might be related to bona fide species differences. Interestingly, Pax7-positive quiescent cells showed miR-27b expression, but absence of miR-31 expression, thus pointing to potential differences in miRNA regulation between Pax3-and Pax7 expressing cells from trunk and limb, respectively 19,20 .

In this study, we identified novel miRNA candidates as potential regulators of cell state-specific transitions during myogenic lineage progression, and were interested to identify their influence on mRNA levels. We could not observe this repression on the In summary, our findings that a relatively significant variety of miRNAs are dedicated to negotiate the quiescence to activation states of muscle stem cells suggests that quiescence is actively repressed by this class of regulators, but in a poised state.

Invitrogen). Nuclei were counterstained using Hoechst, and after mounting cells were imaged using an upright fluorescent microscope (Zeiss).

Satellite Cell Culture and differentiation

Freshly isolated satellite cells were seeded at 3,000 cells/cm 2 in 1:1 DMEM:MCDB (Gibco and Sigma-Aldrich, respectively) containing 20% serum FBS (Gibco) and 1%

Ultroser G (Pall) on Matrigel coated flasks (BD Biosciences) and cultured in an incubator under physiological oxygen pressure (37°C, 6.5% CO 2 , 3% O 2 ). Sixty hours after plating, medium was replaced to remove Ultroser G, and cells were cultured for a total of 7 days to reach early differentiation.

Total RNA extraction and small RNAs deep sequencing

For RNA collection, quiescent cells were directly sorted into Trizol-LS reagent (Invitrogen), and in-vitro cultured cells (activated at 60 hours and differentiated at 7 days) collected in Qiazol reagent (QIagen). Total RNA was subsequently purified using the miRNeasy Mini Kit following the manufacturer instructions (Qiagen). Ten micrograms of total RNA obtained from several animals for the quiescent samples, were used for each biological replicate prepared for deep sequencing (i.e. 2 replicates for the quiescent and differentiated samples, and 3 replicates for the in vitro activated sample). For RT-qPCR validations all samples were extracted using the same methods (Trizol LS after FACS for quiescent and in-vivo activated MuSC;

Qiazol for isolated single fibres).

Quantitative RT-PCR

For validations, reverse transcription was performed on RNA amount corresponding to fixed absolute number of cells for quiescent and activated SC (i.e. 25,000 cells per RT) in order to be compared. For differentiated muscle fibres, the amount of RNA used in the reverse transcription and following PCR was comparable to the activated cells. Reverse transcription of miRNAs was performed on total RNA using the miRCURY LNA Universal RT-PCR system following the manufacturer's instructions (Exiqon). Quantitative PCR was performed using SYBR Green based mix (Exiqon) and LNA™ PCR primer set (Exiqon) targeting mmu-miR-127-3p (Ref.204048), mmu-miR-379 (Ref.204296), mmu-mir26a (Ref.204724), mmu-mir-195 (Ref.204186), mmu-miR-183 (Ref.204652), mmu-mir-17 (Ref.204108), U6 snRNA (Ref.203907) and RNU5G (Ref.203908). Analysis was performed using the 2 -∆CT method 34 .

Size fractionation of RNAs

For each biological replicate, 10 µg of total RNA (in 10 µl) were mixed with 10 µl of 2X TBE-Urea Sample Buffer (Invitrogen) and loaded in a well of a 15% polyacrylamide TBE-urea gel (Biorad). After migration, the gel was soaked in a SYBR gold (Invitrogen) solution, and imaged on a Dark Reader transilluminator. The 18-35 nucleotide region was cut using a scalpel for each sample, and the RNA eluted in 300 µl of 0.3 M NaCl solution under rotation for 4 hours at room temperature. The eluate was transferred together with gel debris onto a Spin X cellulose acetate filter (VWR) and centrifuged for 2 minutes at 12,000 xg. Small RNAs were finally precipitated by addition of 1 μl of glycogen (Invitrogen) and 750 μl of room temperature 100% ethanol followed by an incubation at -80°C for 30 min, and centrifugation for 25 minutes at 14,000 rpm and +4°C. The pellet was washed with 750 µl 75% Ethanol, dried and resuspended in 5 µl ultrapure water with 0.5 µl of RNAseOUT (Invitrogen).

Library preparation for small RNA-seq

Small RNAs purified on gel were mixed to 1 µl of 10 µM pre-adenylated 3' Illumina The gel was crushed by centrifugation and eluted in 1X Elution buffer (Illumina) by rotation for 2 hours at RT. The eluate was cleared using a Spin-X column and precipitated after addition of 1 µl of glycogen, 10 µl of 3M NaOAc and 325 µl of -20°C 100% ethanol, followed by centrifugation for 20 min at 14,000 rpm. After washing, the pellet was resuspended in 1ml dH 2 O. Finally, the sample was diluted to 10 nM and submitted to sequencing on a Solexa GA-IIX at the core sequencing facility.

Bioinformatic analysis and statistics

Analysis of the microRNAs expression was performed from fastq raw files using the Galaxy Mississipi tool suite (https://mississippi.snv.jussieu.fr) provided by ARTbio bioinformatics analysis facility (Sorbonne Universités, UPMC Univ. Paris 06, CNRS FR3631 Institut de Biologie Paris Seine, Paris, France). Briefly, after trimming of adapters, reads were mapped on Mus musculus mature miRNA sequences from miRbase 19 using sRbowtie. Normalization of miRNAs counts and differential analysis was further performed using DESeq2 using replicate samples. MicroRNAs with a corrected p-value<0.001 (Benjamini-Hochberg method) were considered as differentially expressed. Annotation of reads were performed by sequential alignment of reads on collections of annotated RNA sequences including ribosomal, mitochondrial RNA, exonic and intronic mRNA, piRNA and miRNAs as previously described 35 . For the mRNA/miRNA correlation analyses, data from Targetscan 7 database were filtered using in-house scripts using stringency in the number of sites and Total context++ score 25 . For correlation with mRNA expression level, the publicly available dataset GSE47177 was obtained the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo). Comparisons of expression level between the groups of transcripts at the different time post (quiescent, 60h and 84 hours post injury) were performed using a Kruskal-Wallis test. Then, post-hoc comparisons were performed to assess significativity in pairwise comparisons with a threshold of 0.05. All statistical tests were performed in R. (G-J) identical results were obtained for activation specific miRNAs, thus validating the miRNA-sequencing data using an in vitro activation paradigm. Normalization based on cell number allowed to confirmed the higher expression level of many miRNAs during quiescence. A) The log-transformed ratios of [Activated/Quiescent] expression level were plotted to examine the concordance of data between the present dataset and those reported previously 12 . Data were filtered for the 228 miRNAs detected by both methods, to highlight the identical trend in expression observed in the two datasets.

B) The same data as in panel A but unfiltered are presented. Circles were colored from white to black according to the average expression level in the miRseq dataset.

A subset of miRNAs distributing on the X-axis (white circles) were not detected in the sequencing dataset as opposed to the PCR experiment constituting potential falsepositive. Conversely, an important subset of miRNAs were not detected in the RT-qPCR experiment, were detected in the sequencing dataset and distribute on the Yaxis. Pie-charts display the percentage of reads of the mostly expressed miRNAs in differentiated cells in all 3 biological conditions. A wide variety of miRNAs are expressed in quiescent cells, whereas some miRNAs such as mir-21 (middle) or miR-1 and miR-206 account for increasing part of the detected miRNAs (around 60% of reads in differentiated samples). This points to wide modulation of miRNA expression in the muscle lineage and also raised the necessity of robust normalization of the data. An unsupervised hierarchical clustering of biological samples was performed using the euclidian distance metrics based on rlog-transformed miRNAs expression counts. The heatmap displays the similarities between samples with dark blue color, together with a dendrogram. All samples regrouped according to the 3 each biological condition (quiescent, activated or differentiated) confirming the similitude of biological replicates. The activated and differentiated samples also appeared more closely related than the quiescent cells. 

Abstract

Adult skeletal muscles can regenerate after repeated trauma, yet our understanding of how adult muscle satellite (stem) cells (MuSCs) restore muscle integrity and homeostasis after regeneration is limited. In the adult mouse, MuSCs are quiescent and located between the basal lamina and the myofibre. After injury, they re-enter the cell cycle, proliferate, differentiate and fuse to restore the damaged fibre. A subpopulation of myogenic cells then self-renews and replenishes the stem cell pool for future repair. The paired/homeodomain transcription factor Pax7 is expressed all skeletal muscle stem and progenitor cells and various genetically modified mice have exploited this locus for isolation and analysis of MuSCs. When MuSCs are removed from their niche, they rapidly express the commitment marker Myod and proliferate. The basal lamina that ensheaths MuSCs is rich in collagens, non-collagenous glycoproteins and proteoglycans. Whether these and other extracellular matrix (ECM) proteins constitute functional components of MuSCs niche remains unclear. Moreover, although signalling pathways that maintain MuSCs quiescence have been identified, how these regulate stem cell properties and niche composition remains largely unknown. Sustained, high activity of the Notch signalling pathway is critical for the maintenance of MuSCs in a quiescence state. Of interest, whole-genome ChIP for direct Notch/Rbpj transcriptional targets identified specific micro-RNAs and collagen genes in satellite cells. Using genetic tools to conditionally activate or abrogate Notch signalling, we demonstrate that the expression of these target genes is controlled by the Notch pathway in vitro and in vivo. Further, we propose that Collagen V and miR708 can contribute cellautonomously to the generation of the MuSC niche via a Notch signalling-regulated mechanism.

Key words: Muscle stem cells -Niche -Notch signaling -Quiescence -micro-RNA -Extracellular matrix

Résumé

Le muscle squelettique adulte est capable de se régénérer à plusieurs reprises après blessure grâce à sa population de cellules souches résidentes : les cellules satellites. Cependant, les mécanismes impliquant les cellules satellite dans la recouvrement de l'homéostasie et de l'intégrité musculaire ne sont toujours pas clairs. Chez l'adulte, les cellules satellites sont quiescentes et localisées dans une niche entre la lame basale et la fibre musculaire. Après blessure, elles entrent à nouveau dans le cycle cellulaire, prolifèrent, se différencient et fusent afin de restaurer les fibres endommagées. Le pair-homeo domaine facteur de transcription Pax7 marque les cellules souches périnatales et postnatales et permet l'isolation de ces cellules à l'état souche et activé. Lorsque la niche des cellules satellite est altérée elles expriment rapidement le marqueur d'activation Myod puis prolifèrent. La lame basale des cellules souches est riche en collagène, glycoprotéines qui ne font pas partie de la famille des collèges et de protéoglycan. Cependant, le mécanisme de fonction de ces protéines de la matrice extracellulaire (MEC) dans le maintien de la cellule satellite dans sa niche est toujours inconnu. De plus, l'interaction entre la MEC et des voies de signalisation cellulaire essentielles au maintien des cellules souches quiescentes sont toujours un mystère. Nous avons identifiés la voie Notch comme effecteur indispensable à la quiescence des cellules satellites. Un ChIP screening dans des cellules musculaires nous a permit d'identifier des micro-RNAs et collagènes spécifiques comme des gènes cibles de la voie Notch. L'utilisation d'outils génétiques permettant de moduler l'activité de la voie Notch démontrent que ces micro-RNAs et collagènes sont régulés transcriptionnellement par la voie Notch in vitro et in vivo. Nous proposons que le Collagène de type V et miR-708, induits par Notch, peuvent autoréguler la niche des cellules souches.

Mots clés : Cellules souches -Muscle -Niche -Voie Notch -Quiescence -micro-ARN -Matrice extracellulaire

  Chez l'adulte, les cellules satellites sont quiescentes et localisées dans une niche entre la lame basale et la fibre musculaire. Après blessure, elles entrent à nouveau dans le cycle cellulaire, prolifèrent, se différencient et fusent afin de restaurer les fibres endommagées. Le pair-homeo domaine facteur de transcription Pax7 marque les cellules souches périnatales et postnatales et permet l'isolation de ces cellules à l'état souche et activé. Lorsque la niche des cellules satellite est altérée elles expriment rapidement le marqueur d'activation Myod puis prolifèrent. La lame basale des cellules souches est riche en collagène, glycoprotéines qui ne font pas partie de la famille des collèges et de protéoglycan. Cependant, le mécanisme de fonction de ces protéines de la matrice extracellulaire (MEC) dans le maintien de la cellule satellite dans sa niche est toujours inconnu. De plus, l'interaction entre la MEC et des voies de signalisation cellulaire essentielles au maintien des cellules souches quiescentes sont toujours un mystère. Nous avons identifiés la voie Notch comme effecteur indispensable à la quiescence des cellules satellites. Un ChIP screening dans des cellules musculaires nous a permit d'identifier des micro-RNAs et collagènes spécifiques comme des gènes cibles de la voie Notch. L'utilisation d'outils génétiques permettant de moduler l'activité de la voie Notch démontrent que ces micro-RNAs et collagènes sont régulés transcriptionnellement par la voie Notch in vitro et in vivo. Nous proposons que le Collagène de type V et miR-708

Figure 1 .

 1 Figure 1. Scheme of skeletal muscle and associated structures. Skeletal muscles in general are attached at each end to the bone via tendons. Three connective tissue layers can be distinguished in skeletal muscle. The epimysium is the deep facia component that encloses the entire muscle and it is contiguous with the tendon and endosteum (facia surrounding bone). The perimysium encloses individual muscle fibers into fascicules (bundles).The endomysium is located between fibers and it encloses individual muscle fibers. Within the muscle cell (myofibre) the major intracellular source of calcium needed for muscle contraction is the sarcoplasmic reticulum, which connects to the transverse (T) tubules, and these surround the sarcomeres. Satellite cells are located between the basement membrane and the plasmalemma of the myofibre. Note the close proximity of the vessel, stained with India ink on the muscle section, and satellite cell from adult Myf5 nlacZ/+ mouse stained with X-gal (upper image), or immunostained with GFP from a Myf5 GPF-P/+ adult mouse.(Tajbakhsh, 2009) 

Figure 2 .

 2 Figure 2. Regeneration of Tibialis anterior (TA) muscle after myotoxin injury. Three hours after injury with the snake venom notexin, severe necrosis is apparent. After 3 days, most of the necrotic fibres are cleared by immune infiltrate and empty spaces are colonized by new myoblasts derived from satellite cells after activation and proliferation.Seven days post-injury, myoblasts continue to proliferate and fuse to restore fibre homeostasis (central nuclei). By 28 days, muscle regeneration appears to be complete histologically with the presence of centrally located myonuclei, a hallmark of regeneration.(Gayraud-Morel et al., 2009) 

Figure 3 .

 3 Figure 3. Synoptic view of the different cell populations involved in muscle repair. Although the generation of new fibres is dependent on MuSCs, other cell types such as macrophages, monocytes, mesenchymal stromal cells (including FAPs, mesoangioblasts and PICs), pericytes and fibroblasts are also critical for the regeneration process. (Baghdadi and Tajbakhsh, Annex 1).
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 4 Figure 4. Electron micrograph of a typical myonucleus (A) and satellite cells (B) in mouse. Muscle satellite cell (S) is inside the basal lamina (arrowheads) and outside the sarcolemma (arrows) with an independent cytoplasm.In contrast, a myonucleus (M) is located inside the sarcolemma of the muscle fibre.Bar: 1μm. (Sinha-Hikim et al., 2003) 
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 5 Figure 5. Expression of MRFs during lineage progression of myogenesis.Pax3 and Pax7 expressions decline in the foetus. Myf5, Myod and Mrf4 expressing instruct to the progenitors cell a myogenic program. Desmin is an intermediate filament protein express in the muscle and Myosin is a component of the contractile apparatus. Around E16.5 Pax7+ cells appear in satellite cell position (see also Fig.6).(Sambasivan and Tajbakhsh, 2007) 
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 6 Figure 6. Muscle regeneration following different forms of injury. Following mild or severe injury, quiescent muscle stem cells (MuSCs) activate, differentiate and fuse to repair the damaged fibre. The myogenic process is tightly regulated by the action of key transcription factors and regulators. (Baghdadi and Tajbakhsh, Annex 1)
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 7 Figure 7. Ex vivo study of satellite cell self-renewal. Left: Schematic representation of single myofibre satellite cell renewal model. Within 72h after isolation, a single MuSC will give rise to a cluster composed by self-renewed cells Pax7 + (green), differentiated cells Myod + /Pax7 -(red)[START_REF] Zammit | Pax7 and myogenic progression in skeletal muscle satellite cells[END_REF]. Right: Culture of murine cells showing differentiated MyHC + myotubes (red) and tightly associated Pax7 + satellite cells (green; arrows) that returned to quiescence: reserve cells (Abou-[START_REF] Abou-Khalil | Human and murine skeletal muscle reserve cells[END_REF].

Figure 8 .

 8 Figure 8. Proposed models for satellite cell self-renewal via asymmetric cell division. Left: Satellite cell self-renewal can be achieved by either symmetric or asymmetric cell division. Symmetric divisions can amplify the stem cell pool, or generate differentiated cells whereas asymmetric divisions result in maintenance of one stem cell and the generation of one differentiated daughter cell (Sambasivan and Tajbakhsh, 2007). Right: (A) Random DNA segregation where daughter cells inherit old and new DNA strands (1) or only one cell is labelled with BrdU indicating non-random DNA segregation (2). (B) Asymmetric division and cell fate: the division of one Pax7+ cell gives rise to one stem (red) and one committed (green) daughter cell.[START_REF] Yennek | DNA asymmetry and cell fate regulation in stem cells[END_REF] 
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 9 Figure 9. Intracellular mediated signalling of calcitonin receptor. Binding of CGRP ligand to the CALCR/RAMP receptor can activate multiple signalling pathways. (1) The activation of adenylate cyclase (AC) by G αs G-protein subunit, triggers the elevation of intracellular cAMP, thereby activating protein kinase A (PKA), resulting in the phosphorylation of multiple downstream targets. These targets may include potassiumsensitive ATP channels (K ATP channels), extracellular signal-related kinases (ERKs), or transcription factors, such as cAMP response element-binding protein (CREB). (3) Reports in osteoblasts have also shown evidence of G αq/11 -mediated signalling, involving activation of PLC-1, cleaving phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to form inositol trisphosphate

  Figure 10. Components and functions of stem cell niches. Scheme depicting a hypothetical niche composite that all together provide structure and trophic support, topographical information and physiological cues to instruct stem cell behaviour.[START_REF] Jones | No place like home: anatomy and function of the stem cell niche[END_REF] 

Figure 11 .

 11 Figure 11. Stem cell niches and their ECM. (A) the HSC niche is composed of distinct cellular entities including the endosteal niche populated by osteblasts, and the vascular niche. To date, no evidence for ECM regulation has been demonstrated. (B)HFSCs deposit nephronectin in the bulge that interact with α8β1 integrin promoting stem cell anchorage. Collagen XVII synthesized by HFSC is essential for their maintenance by providing an additional niche for melanocyte stem cells; thus maintaining self-renewal of both populations. (C) The subventricular zone (SVZ) of the lateral ventricle is composed of three cell populations that lie immediately beneath a monolayer of ependymal cells and corresponding to NSC, mitotically active transit amplifying cells and neuroblasts. NSCs in the niche are associated with heparan sulfate proteoglycan which regulates the proliferation and differentiation by presenting growth factors (EGF, FGF).[START_REF] Rezza | Adult stem cell niches: cellular and molecular components[END_REF] 
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 12 Figure 12. Satellite cell immediate niche.[START_REF] Thomas | Extracellular matrix regulation in the muscle satellite cell niche[END_REF] 

Figure 13 .

 13 Figure 13. microRNA biogenesis and function. Left: miRNA genes are transcribed by RNA polymerase II and processed in two steps. The first step involves either the microprocessor Drosha/DGCR8 (canonical pathway, Pasha in flies) or the splicing machinery (mirtron pathway). After transport to the nucleus, the pri-miRNA is cleaved a second time by Dicer together with its ds-RNA-binding partners TRBP (mammals; Loqs in flies). Mature miRNAs assemble with the RISC complex and regulate gene expression by inhibiting translation, inducing mRNA degradation, while the passenger strand miRNA* is degraded. See text for more details. Right: (a) Perfect pairing induces endonucleolytic cleavage of the target mRNA; the 5'-to-3' exoribonuclease XRN1 (XRN4 in plant) and the 3'-to-5' exonucleolytic complex, the exosome subsequently degrade the sliced mRNA. (b) Imperfect pairing induces translation inhibition by blocking its initiation, deadenylation or recruitment of translation blockers. Adapted from[START_REF] Ameres | Diversifying microRNA sequence and function[END_REF] 

Figure 15 .

 15 Figure 15. Target prediction tools.[START_REF] Bartel | MicroRNAs: target recognition and regulatory functions[END_REF] 

  Other strategies to selectively block miRNAs in vivo include employing various complementary oligonucleotides which bind miRNAs and render them nonfunctional, or destabilize them. The most commonly used are antagomirs: 20-25 nucleotide long, single stranded RNA molecules, with a sequence complementary to an entire mature miRNA. Their backbone consists of 2'-O-methyl (2'-O-Me) single stranded oligoribonucleotides and partially modified phosphorothioate (PS) linkers.

Figure 16 .

 16 Figure 16. Structural domains of canonical Notch receptors and ligands. (A) Notch receptors are all composed of an extracellular domain (NECD), a transmembrane domain (TMD) and an intracellular domain (NICD). The four mammalian Notch receptors (Notch1-4) differ in their NECD by the number of epidermal growth factor (EGF) repeats arranged in tandems (1-36), followed by the negative regulatory region (NRR), which is composed of three cysteine-rich Lin repeats (LNR) and a heterodimerization domain (HD). EGF repeats 11-12 (green) and 24-29 (blue) mediate ligand interactions. The TMD is targeted by ADAM and γ-secretase proteolytic cleavages at S2 and S3/S4 respectively. NICD contains a RAM (RBPjκ association module) domain, nuclear localization sequences (NLSs), a seven ankyrin repeats (ANK) domain, and a transactivation domain (TAD) that harbors conserved proline/glutamic acid/serine/threonine-rich motifs (PEST). (B) Mammalian canonical ligands, Delta (Dll1/2/3) and Jagged (JAG1/2), are characterized by the presence of a Delta/Serrate/LAG-2 (DSL) domain and multiple EGF repeats. The DSL domain together with the first two EGF repeats (blue) are required for canonical binding to receptors.[START_REF] Yavropoulou | The role of Notch signaling in bone development and disease[END_REF] 

Figure 17 .

 17 Figure17. Canonical Notch signalling. Notch signalling is involved in short-range communication between juxtaposed cells with the signal-sending cell expressing ligand (Dll, Jag) and the signal-receiving cell expressing Notch receptor. Activation of the receptor is mediated by proteolytic cleavage events, but optimal Notch signalling also depends on post-translational modifications and proper membrane trafficking of Notch receptors and ligands. In the receiving cell, newly synthesized receptor undergoes Ofucosylation and O-glycosylation within the endoplasmic reticulum (ER). Upon transit through the Golgi, fucose moieties are further modified through the addition of Nacetylglucosamine by Fringe O-glycosyltransferases, which can alter ligand-binding specificity. In addition, the Notch receptor is cleaved by furin-like protease (S1 cleavage) to generate heterodimers held together by non-covalent interaction. Mature receptor is then delivered to the plasma membrane. Upon ligand binding, the Notch receptor is cleaved by ADAM (S2 cleavage), which release Notch extracellular truncation fragment (NEXT) that will further be cleaved by γ-secretase (S3/S4 cleavage) and produce the Notch intracellular domain (NICD) and Nβ peptide. Studies have shown that this cleavage occurs in an endosome structure as well. In the absence of signalling, CSL interacts with co-repressors molecules (Co-R) to suppress transcription of specific genes. However, upon Notch activation, NICD is translocated to the nucleus where it binds to CSL, MAML and other co-activators (Co-A) to activate transcription. NICD signalling is terminated by rapid phosphorylation of its PEST domain and targeting for proteosomal degradation by E3 ubiquitin ligases.(Kopan and Ilagan, 2009) 

Figure 18 .

 18 Figure18. Inducible Rbpj-binding model in response to Notch activation. Upon Notch receptor activation and cleavage, NICD (green) is translocated to the nucleus, where it binds to RBPJ (red). This model proposes an absence of RBPJ occupancy on DNA in absence of NICD. Instead, NICD binds to RBPJ off the DNA and subsequently recruits the co-activators to induce gene transcription on the inducible sites. On the constant sites, RBPJ is present on DNA and inhibits transcription by binding to co-repressors.(Castel et al., 2013) 

  . Summary of Notch signalling in mammalian adult stem cells. ISC: Intestinal stem cell; SC: Stem cell; NPC: Neural progenitor cell; NSC: Neural stem cell; MaSC: Mammary stem cell; MSC: Mesenchymal "stem" cell; HSC: Hematopoietic stem cell.

Figure 19

 19 Figure 19. Notch regulation of muscle stem cells.Top: Quiescent, G 0 -arrested MuSCs express high level of Notch (Notch High ), which directly inhibits Myogenin (via Hey1) and indirectly Myod to maintain Pax7. Upon activation, Notch level rapidly decreases, Myod expression is released to promote expression of Cd6 and S-phase entry. During amplification, Notch is restricted to upstream Pax7 High population that will selfrenew. Bottom: The majority of Rbpj null MuSCs spontaneously differentiate without injury, bypass S-phase and fuse with the pre-existing fibre.[START_REF] Mourikis | Distinct contextual roles for Notch signalling in skeletal muscle stem cells[END_REF] 
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 12 Stem Cells and Development, Department of Developmental & Stem Cell Biology, Institut Pasteur, Paris 75015, France. 2 : CNRS UMR 3738, Institut Pasteur, Paris 75015, France. 3: Sorbonne Universités, UPMC, University of Paris 06, IFD-ED 515, 4 Place Jussieu, Paris 75252, France. 4: UMR8203 " Vectorologie et Thérapeutiques Anticancéreuses" , CNRS, Gustave Roussy, Univ. Paris-Sud, Université Paris-Saclay, 94805, Villejuif, France 5: Département de Cancérologie de l'Enfant et de l'Adolescent, Gustave Roussy, Univ. Paris-Sud, Université Paris-Saclay, 94805, Villejuif, France 6: Laboratory of Molecular and Cellular Physiology, Graduate School of Pharmaceutical Sciences, Osaka University, Osaka 565-0871, Japan. 7: Department of Molecular Pharmacology & Physiology, University of South Florida, Morsani College of Medicine, Tampa, Florida 33612. 8: INSERM IMRB U955-E10, UPEC, ENVA, EFS, Creteil 94000, France. * Correspondence: shahragim.tajbakhsh@pasteur.fr and philippos.mourikis@inserm.fr The stem cell microenvironment is critical for their maintenance and can be of cellular and non-cellular nature, including secreted growth factors and extracellular matrix (ECM) 1-3 . Although certain signalling pathways that regulate quiescence have been identified 4-7 , the composition and source of niche molecules remain largely unknown. By ChIP-sequencing we identified Notch/RBPJ-bound regulatory elements adjacent to specific collagen genes in adult muscle stem cells (MuSCs), whose products are linked to the ECM and constitute putative niche components. Using genetically modified mice, we show that the expression of these collagens is controlled by Notch activity in vivo. Notably, we find that MuSC-produced collagen V (COLV) is a critical component of the quiescent niche, as conditional deletion of Col5a1 leads to anomalous cell cycle entry and differentiation of MuSCs. The G-protein coupled Calcitonin receptor (CALCR) is critical for MuSC maintenance and its ligand is expressed systemically 8 . Strikingly, COLV, but not collagen I and VI, specifically interacts with and activates CALCR, thereby acting as a local surrogate ligand to retain MuSCs in their niche. Finally, functional studies on Rbpj null MuSCs demonstrate that COLV-CALCR activity is epistatic to Notch signalling. This study unveils a Notch/COLV/CALCR signalling cascade that cell-autonomously maintains the MuSC quiescent state, and raises the possibility of a similar reciprocal mechanism acting in diverse stem cell populations.
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 1234 Figure 1. Transcription regulation of Col5 and Col6 genes by Notch signalling via NICD/RBPJ-bound regulatory elements. (A) ChIP-seq tracks indicating NICD/RBPJ-occupied enhancers, associated to mouse

Figure S3 :Figure S4 :

 S3S4 Figure S1: Notch signalling regulates Col5 and Col6 expression.

  separated from interstitial cells by a basal lamina. They are responsible for tissue homeostasis and repair following trauma, and have the key property of entering a reversible quiescent state that allows them to maintain the stem cell pool over extended periods. Several studies indicate that maintenance of quiescence in an active process, yet the molecular mechanisms responsible for regulating this state remain largely unknown. Recently, Notch signalling was identified to be the first crucial regulator of MuSCs quiescence. Here we use ChIP sequencing for Notch signalling and RNA sequencing in MuSCs and identify a Notch-induced quiescence-specific microRNA, miR-708 to be involved in MuSC maintenance. Further ex vivo and in vivo functional studies show that miR-708 regulates quiescence and self-renewal by suppressing cell migration. We propose a two-step mechanism for niche residency where cell cycle exit is followed by arrested migration through miR-708. These findings provide a new axis for Notch signalling in regulating stem cell behaviour.

Odz4

  and miR-708 tightly follow Notch activity modulations in 8 days postnatal Tg:Pax7-nGFP pups in which endogenous Notch activity gradually declines as cells transit from an upstream Pax7 Hi to a committed Pax7 Lo state(Mourikis et al., 2012b; Rocheteau et al., 2012) (FigureS1B). Taken together, these data demonstrate that RBPJ/NICD signalling regulates the production of Odz4 and by consequence miR-708 in MuSCs in vivo by direct binding on distal transcriptional enhancers.miR-708 retains stemness and self-renewal capacities of MuSCs ex vivoTo assess whether the sustained expression of miR-708 could affect MuSC behaviour, we overexpressed miR-708 in freshly isolated satellite cells from Tg:Pax7-nGFP using transfection of Mimic-708 (FigureS2Afor RT-qPCR validation). Proliferation capacity based on the uptake of nucleotide analogue EdU (24h to 4days posttransfection) showed that miR-708 overexpressing-myogenic cells exhibited a decrease in proliferation at 24h and 48h compare to Scramble control (24h: 24% and 2% 48h: 69% and 61% for Scramble and Mimic-708, respectively; Figure2A, B).Primary myogenic cells in culture gradually stopped proliferating from 60-70h and started to progressively express the differentiation marker Myogenin. To investigate the role of miR-708 on MuSC differentiation, we scored for Myogenin (MyoG) at 72h and 4 days after transfection of the mimic. Gain-of-function of miR-708 decreased the number of MYOGENIN-expressing cells compared to control at both 72h and 4days

a

  Figure 4D). Taken together these results suggest that one of the functions of miR-708 is to inhibit migration and motility of satellite cells.

  miRNA acts as a downstream target of Notch signalling to maintain the quiescent state and MuSCs within their niche. Validation of the transcriptional relevance was done in genetically modified mice by in vivo gain and loss of function of Notch 10 activity. Direct validation of the two enhancers containing consensus RBPJ binding sequences upstream of Odz4 are currently ongoing and their functionality in a cellbased luciferase assay in myogenic C2C12 cells under Notch-ON et Notch-OFF conditions are being tested.

  *mU*mUmCmUmAmAmUmCmAmAmGmGmGmUmCmUmGmUmG*mG* mC*mU*3'-Chl. Where * represents phosphothiotate linkage at given position; m, 2'OMethyl-modified nucleotides; Chl, cholesterol linked through a hydroxyprolinol linkage. AntagomiR molecules were resuspended in saline and injected every day for 4 days into tail veins at a dose of 8ug/g of mouse.

  calculate p values and to determine statistically significant differences (* p<0.05, ** p<0.01, *** p<0.001). In specific conditions, Mann-Whitney test has been used and indicated in the figure legend. All statistical analyses were performed with Excel software or GraphPad Prism software. d'Avenir; ANR-10-LABX-73) and (ANR-06-BLAN-0039), the Association pour la Recherche sur le Cancer, and the European Research Council (Advanced Research Grant 332893). MBB was supported by a doctoral school fellowship and Fondation pour la Recherche Médicale. Authors contributions S.T. and M.B.B proposed the concept and designed the experiments. M.B.B. performed most of the experiments. D.C. performed the RNA-sequencing. M.B.B. and S.T. wrote the paper.
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  Figure Legends

  Figure 2. miR-708 retains MuSCs proliferation and differentiation while its inhibition impairs self-renewal capacity in vitro. (A) EdU and GFP staining on isolated MuSCs from Tg:Pax7-nGFP mouse 24h after Mimic-708 or Scramble control transfection. (B) Time course of proliferation by quantification of EdU 24h to 4days following miR-708 overexpression (Mimic-708) or Scramble control. (C) Myogenin and Hoechst staining on isolated MuSCs from Tg:Pax7-nGFP mouse 72h after Mimic-708 or control Scramble transfection. Quantification of Myogenin positive cells at 72h and 4 days following Mimic-708 or Scramble transfection. Error bars indicate SD; n=4 mice, ≥400 cells counted, 2 wells/ condition. *p<0.05, **p<0.01, ***p<0.001. Scale bar: 50μm. (D) miR-708 knock-down using AntimiR-708 transfection of Tg:Pax7-nGFP isolated single myofibers from EDL cultured for 72h and immunostained for GFP and Myogenin. Quantification of Pax7+/Myogenin-, Pax7+/Myogenin+ and Myogenin+/Pax7-populations 72h after transfection. Scramble was used as negative control (n=4 mice, ≥25 fibres counted). Error bars indicate SD; ***p<0.001 in all conditions. Scale bar: 50μm.

Figure S2 .

 S2 Figure 3. miR-708 maintains the quiescent state in MuSCs. (A) Experimental scheme of tamoxifen, AntagomiR and BrdU administration to Tg:Pax7-CT2; R26 mTmG mice. AntagomiR-708 and Scramble control were injected every day for 4 days after the end of tamoxifen treatment (D0) and mice were sacrificed 10 days post-AntagomiR treatment. (B) miRNA expression assessed by RT-qPCR in control (Scramble) and miR-708 knock-down (AntagomiR-708) cells isolated by FACS 10days post-AntagomiR treatment. (C) mRNA expression assessed by RT-qPCR in control (Scramble) and miR-708 knock-down (AntagomiR-708) cells isolated by FACS 10days post-AntagomiR treatment. (D) Representative images of membrane-GFP+ MuSCs from total muscle preparations from control (Scramble) and AntagomiR-708 treated mice plated for 12h and stained for Pax7. Quantification of GFP+/Pax7+ and GFP+/Pax7-cells (≥250 cells counted, 2wells/condition). Scale bar: 25μm (E) Myosin Heavy Chain (MyHC) staining on MuSCs from control (Scramble) and AntagomiR-708 treated mice isolated by FACS and cultured for 5 days. Fusion index of primary myoblasts after 5 days of culture (≥500 nuclei counted, 2wells/condition). Scale bar: 50μm (F) Immunostaining for Laminin and Pax7 on sections from non-injured TA muscles of mice 10 days post Scramble and AntagomiR-708 treatment. Quantification of Pax7+ cells under the basal lamina and in the interstitial space. Scale bar: 50μm and 10μm in inset. (G) membrane-GFP+ MuSCs from FACS isolated cells from control (Scramble) and AntagomiR-708 treated mice, plated for 12h and stained for BrdU. Quantification of mGFP+/BrdU+ cells (≥250 cells counted, 2wells/condition). Scale bar: 25μm (H) Experimental scheme of tamoxifen, AntagomiR and BrdU administration to Tg:Pax7-CT2; R26 mTmG . AntagomiR-708 and Scramble control were injected every day for 4 days after the end of tamoxifen treatment (D0) and mice were sacrificed 28 days later. (I) Quantification of Pax7+ cells/mm2 on TA sections from quiescent muscle of control (Scramble) and AntagomiR-708 treated mice.
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 35 M.B. Baghdadi, S. Tajbakhsh Developmental Biology xxx (xxxx) xxx-xxx Cellular regulators of muscle repair and their regenerative potential

Fig. 1 .

 1 Fig. 1. Schematic representation of endogenous and transplanted cells during muscle regeneration. Left: CTX and NTX permeabilise or hydrolyse lipids on the myofibre membrane, respectively, resulting in myofibre degradation[START_REF] Chang | Role of cardiotoxin and phospholipase A in the blockade of nerve conduction and depolarization of skeletal muscle induced by cobra venom[END_REF][START_REF] Gutierrez | Skeletal muscle degeneration induced by venom phospholipases A2: insights into the mechanisms of local and systemic myotoxicity[END_REF]. Cardiotoxin (CTX, protein kinase C inhibitor) and Notexin (NTX, phospholipaseA2) are isolated from snake venom, and they trigger an increase in Ca 2+ influx followed by fibre depolarization and consequently myofibre hypercontraction and necrosis. Chemical injury can be induced by using barium chloride (BaCl 2 ), a divalent alkaline earth metal that inhibits the Ca 2+ efflux in the mitochondria in addition to stimulation of exocytosis by its barium ions. Right: Transplantation is generally performed using isolated Muscle Stem Cells (MuSCs). However, other cells types such as Fibro-Adipogenic Precursors (FAPs), Pw1 Interstitial Cells (PICs) and mesoangioblasts have been transplanted in different contexts.
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Fig. 3 .

 3 Fig. 3. Muscle regenerative ability of pre-bilaterians and bilaterians. MDD: Myofibre dedifferentiation, SLCs: Satellite-Like Cells, MuSCs: Muscle Stem Cells. * MDD contributes to zebrafish adult extraocular muscle (EOM) regeneration. Note that the newt regenerates muscle using MDD in the adult and SLCs in the larvae.
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 124 Comparison of multiple transcriptomes using a new analytical pipelineSherpa exposes unified and divergent features of quiescent and activated skeletal muscle stem cells Bioinformatics and Biostatistics Hub, C3BI, USR 3756 IP CNRS, Institut Pasteur, Paris 75015, France. Stem Cells and Development, Department of Developmental & Stem Cell Biology, Institut Pasteur, Paris 75015, France. 3: CNRS UMR 3738, Institut Pasteur, Paris 75015, France. Institute for Stem Cell Biology and Regenerative Medicine, GKVK PO, Bellary Road, Bengaluru 560065, India 5: Dipartimento di Medicina Clinica e Chirurgia, Università degli Studi di Napoli "Federico II", Via S. Pansini 5, 80131, Napoli, Italy § Correspondence: shahragim.tajbakhsh@pasteur.fr * equal contribution Introduction Most adult stem cell populations identified to date are in a quiescent state [1]. Following tissue damage or disruption of the stem cell niche, skeletal muscle stem (satellite) cells (MuSCs) transit through different cell states from reversible cell cycle exit to a postmitotic multinucleate state in myofibres. In mouse skeletal muscle, the transcription factor Pax7 marks MuSCs during quiescence

  [high] / D3Activated[high] and Quiescent [low] / D3Activated [low] (JI = 0.39 and 0.33, for up and down regulated genes, respectively). The fact that the first two closest datasets belong to the same study highlights the effect of technical biases. The hierarchical clustering of the Euclidean distance of the Jaccard indexes shows that for up and down regulated genes, the datasets Foetal_NICD[E17.5/E14.5], GSE38870 and GSE81096 had a tendency to not group with the rest of the datasets.

Fig. 1 .

 1 Fig.1. General framework of the analysis: an individual dataset analysis followed by a multi-set analysis. The individual dataset analysis consisted of: i) the analysis of gene expression profiles (GEPs) of each dataset, including normalisation, filtering and quality control check of each raw dataset, and the differential analysis to identify dataset-specific differentially expressed genes (DEGs); ii) the Gene set analysis (GSA) performed in the gene-set space. The GSA consisted in identifying enriched pathways from three gene sets of the MSigDB collection[26] (Hallmark gene sets, CP:KEGG gene sets and CP: Reactome gene sets); iii) a multi-set analysis to assemble a study-independent gene signature, i.e. a list of genes specific to the quiescence state.

Fig. 2 .

 2 Fig. 2. Workflow of the standardized individual dataset analysis. The analysis of the nine datasets

Fig. 3

 3 Fig. 3 Enriched gene sets across individual datasets. Over-represented gene sets are shown in red; under-represented gene sets are shown in blue. a) Gene set enrichment profiles using the Hallmark gene set collection from MSigDB[25], each row corresponds to a gene-set, and each column corresponds to a dataset. b) Network representation of 3 most common over and under-represented gene-sets along with gene-sets sharing genes with them. Nodes represent gene-sets with a node size proportional to the gene-set size. Edges indicate that genes are shared among the gene-sets.

Fig. 4 .

 4 Fig. 4. Different combinatorial landscapes result in different degrees of stringency for the list of genes defining the quiescent state of MuSCs. a) Barplot indicating the number of overlapping differentially expressed genes (DEGs) for each best combination of intersections, from degree 2 to 11. The dots underneath the barplot indicate the datasets included in the intersections. The total number of up (UP) and down (DOWN) DEGs for each dataset are indicated in light grey and dark grey, respectively. b) and c) are colored matrices showing the Jaccard index between each pair of datasets, for UP DEGs and DOWN DEGs, respectively. Dendrograms show the hierarchical clustering using the Jaccard index as euclidean distance.

Fig. 5 .Fig. 6 .

 56 Fig. 5. Gene expression of differentially expressed genes (DEGs) in MuSCs. a) Binary heatmap of the over representation analysis. Each column represents one enriched (over-represented) geneset, and each row corresponds to a gene. Red cells indicate the presence of the corresponding gene in a given gene set. b) Network representation of 39 GOSlim terms used to characterize the commonly regulated genes in MuSCs. Nodes represent gene-sets with a node size proportional to the gene-set size. Edges indicate that genes are shared among the gene-sets. Thickness of the edge is proportional to the number of shared genes. Also shown are the heatmaps of logFC for genes belonging to extracellular matrix, nucleic acid binding and cell cycle and proliferation, nucleic acid binding and signal transduction activity, respectively. Each row corresponds to a gene and each

Fig. 7 .

 7 Fig. 7. Direct comparison of fixed and unfixed MuSCs identify Fos and Jun as immediate response genes not present the in vivo state. a) c-Jun, Jun B and Jun D protein levels from MuSCs at 0, 5, 10, 15h after isolation (with and without PFA treatment) were measured by Western blotting and band intensities were quantified by densitometric analysis with the ImageLab software (right). Basal levels of c-Jun, Jun B and Jun D mRNA from MuSCs at 0, 5, 10, 15h after isolation (with and without PFA treatment) were measured by real-time PCR (left). b) Fold change of mRNA (log10) between 0h+PFA and 5h (with and without PFA treatment).

Fold

  change between Time 0h+PFA and Time 5h +/-PFA (log10)

  several thousand mRNAs putatively targeted by quiescence miRNAs. But when focusing on mRNAs only targeted by these quiescent miRNA, we observed a clear trend towards a downregulation of these transcripts. These observations point to a collective control by miRNAs on the expression of specific mRNAs during these cell transitions. Nevertheless, future work will be required in gain or loss of function experiments to uncover the molecular function of these differentially expressed miRNAs, and to identify their relevant targets in the context of induction and maintenance of quiescence, beyond the pivotal role of miR-489 and miR-195/497 already noted in Pax7-positive cells. In addition, identifying the signaling pathways upstream of these miRNAs will allow us to shed light on this tightly regulated biological process.

  linker V1.5 (5'-rAppATCTCGTATGCCGTCTTCTGCTTG/3ddC/-3'), denatured for 2 min at 70°C, and further mixed with 1 µl of 10X T4 RNA-Ligase Truncated Reaction buffer, 0.8 µl 100 mM MgCl 2 , 0.5 µl RNaseOut and 1.5 µl of T4 RNA Ligase 2 truncated (New England Biolabs). Ligation was performed at 22°C for 1 h. Then, 0.5µl of 5'-RNA adapter (5'-r(GUU CAG AGU UCU ACA GUC CGA CGA UC) -3'), 1 µl of 10 mM ATP and 1µl T4 RNA ligase (Ambion) were added, and ligation was performed at 20°C for 6 h. Adaptor ligated RNA in a volume of 4µl were then mixed with 1 µl of 20µM Solexa RT primer (5'-CAA GCA GAA GAC GGC ATA CGA -3') and denatured at 70°C and cooled on ice. Reverse transcription was then performed after addition of 2µl 5X first strand buffer (Invitrogen), 0.5µl of 12.5 mM dNTP mix, 1µl of 100 mM DTT, 0.5µl_ RNase OUT and 1 µl SuperScript III Reverse Transcriptase (Invitrogen) at 50°C for 1 h, followed by 10 min at 70°C. The obtained cDNA was PCR amplified by addition of 27 µl Ultra-pure water, 10µl 5X Phusion-HF buffer, 1µl of 25µM Forward Primer (5'-AAT GAT ACG GCG ACC ACC GAC AGG TTC AGA GTT CTA CAG TCC GA -3'), 1µl of 25 µM revevrse Primer(5'-CAA GCA GAA GAC GGC ATA CGA -3'), 0.5µl of 25 mM dNTP mix, and 0.5µl Phusion DNA Polymerase (Finnzymes) using 12 cycles 98°c 10 sec / 60°C 30 sec / 72°C 15 sec. The library was finally purified on a 5% TBE PAGE gel, by cutting the region corresponding to the 92-106bp (the ligated linkers corresponding to a 73bp band visible on the gel).

Figure 1 .

 1 Figure 1. Unbiased identification of stage specific small RNAs during lineage progression from muscle stem cells. (A) Quiescent MuSCs were isolated after digestion of resting limb muscles and diaphragm from adult Tg:Pax7-nGFP mice by FACS using GFP fluorescence. An aliquot was cultured in vitro for 60 h or 7 days, and the remainder was lysed directly for RNA extraction. After size selecting 15-35 nucleotides small RNAs on a polyacrylamide gel, sequencing libraries were prepared and analysed. (B) Schematic representation of lineage progression in adult skeletal muscle. Quiescent, activated and differentiated samples are represented. Immunofluorescence images confirmed the cellular identity of the 3 populations (i) quiescent MuSC: Pax7(+), MyoD(-) ; Activated MuSC/myoblasts: Pax7(+), MyoD(+) ; Differentiated muscle cells: Pax7(-) Myog(+). Note the presence of rare self-renewing "reserve cells" expressing Pax7 in the differentiated sample.(C) Sequenced small RNA corresponded overwhelmingly to miRNAs in all 3 samples, and showed low contamination by degraded tRNA. Despite the inclusion of the 25-32 nt size range in the analysis, no piRNAs sequences were detected, whereas reads mapping to intronic regions were identified in particular in the quiescent samples (>5% reads).(D) 412 and 231 miRNAs were detected in at least one sample type more than 10 or 100 times, respectively.(E) Frequency histogram displaying the miRNAs distribution according to their expression levels in all 3 samples highlight their large dynamic range in expression.

Figure 2 .

 2 Figure 2. Identification of differentially expressed miRNAs during myogenic lineage progression. (A) Scatter plot of miRNA expression level in Quiescent vs. Activated, (B) Quiescent vs. Differentiated and (C) Activated vs. Differentiated myogenic cells. Results are presented as the median of log transformed normalized counts for each miRNA. Out of 412 miRNAs detected, 249 showed a modulation that reached statistical significance in the 3 pairwise comparisons. (corrected p-value ≤ 0.001). Statistically significant up-or downregulated miRNAs were colored in yellow and blue, respectively.

Figure 3 .

 3 Figure 3. Validation of miRNA regulation on in vivo activated MuSCs Histogram presenting parallel expression measured by small-RNAseq following in vitro culture, vs. in vivo activated MuSCs and isolated single muscle fibres.(A-F) The trend in expression was confirmed for 6 out 6 tested miRNAs, and only miR-26a did not show the same amplitude of deregulation on in vivo activated samples.

Figure 4 .

 4 Figure 4. Comparative analysis of differentially expressed miRNAs and Quiescent vs. Activated MuSCs transcriptomes A subset of 183 mRNAs predicted as specific targets of the 59 miRNAs expressed in quiescent MuSC was selected from Targetscan database (blue). Their expression was compared to all other mRNAs (red) during lineage progression from quiescence to activation at 60 and 84 hours post-injury. The mRNAs targeted by quiescent miRNAs display lower expression compared to other mRNAs in quiescent MuSCs, but not in activated MuSCs (at 60 and 84 hours post-injury). When focusing on the expression level of these 183 quiescent-miRNAs targets during lineage progression, we observed global upregulation, concomitantly with the loss of expression of quiescent miRNAs) that reached statistical significance at 84 hours post injury.Asterisk: comparison that reach statistical significance in a Kruskal-Wallis test followed by post-hoc comparisons with a 0.05 threshold.

Figure S4 .

 S4 Figure S4. Comparison of differentially expressed miRNAs between the different cellular states. Many miRNAs identified as regulated during lineage progression concern the comparisons with the quiescent condition. Conversely, most miRNAs that are deregulated between activated and differentiated myoblasts are also deregulated between quiescent & activated MuSCs or quiescent MuSCs & differentiated myoblasts.

Figure S5 .

 S5 Figure S5. Comparison of data from the miR-seq study and from RT-qPCR profiling previously published by Cheung and coll.12 

Figure S6 .

 S6 Figure S6. Comparative analysis of differentially expressed miRNAs and quiescence vs. activated transcriptomes High-confidence miRNA targets with either ≥ 2 conserved or ≥ 3 non-conserved target sites, and a Cumulative weighted context++ score <-0.2 were trimmed from Targetscan 7 database. All transcripts targeted by the 59 quiescence-specific miRNAs were selected (n= 8,013). Violin plots display the expression level of targeted mRNAs (blue) vs. non-targeted mRNAs (red) in quiescent or in vivo activated MuSCs at 60 and 84 hours post-injury. No difference in the expression levels was observed between the two groups.

Figure S1 .

 S1 Figure S1. Comparison of expression of the seven most abundant miRNAs in quiescence during lineage progression.Pie-charts display the percentage of reads of the mostly expressed miRNAs in differentiated cells in all 3 biological conditions. A wide variety of miRNAs are expressed in quiescent cells, whereas some miRNAs such as mir-21 (middle) or miR-1 and miR-206 account for increasing part of the detected miRNAs (around 60% of reads in differentiated samples). This points to wide modulation of miRNA expression in the muscle lineage and also raised the necessity of robust normalization of the data.

Figure S2 .

 S2 Figure S2. Assessment of overall similarities and dissimilarities between biological samples.An unsupervised hierarchical clustering of biological samples was performed using the euclidian distance metrics based on rlog-transformed miRNAs expression counts. The heatmap displays the similarities between samples with dark blue color, together with a dendrogram. All samples regrouped according to the 3 each biological condition (quiescent, activated or differentiated) confirming the similitude of biological replicates. The activated and differentiated samples also appeared more closely related than the quiescent cells.

Figure S3 .

 S3 Figure S3. Expression profile of miRNAs previously identified in the muscle lineage. Histogram of normalized miRNAs counts measured in quiescent, activated & differentiated MuSCs. (A-E) Canonical myomiRs, i.e. miR-206, miR-378, miR-1 and miR-133, previously identified as upregulated during activation and differentiation show a robust induction in the small RNA-seq dataset. (F,G) miR-489 and miR-195, previously associated with MuSCs quiescence are specifically expressed in quiescent samples. (H, I) miR-31 and miR-27b expression profiles were discordant with the Pax-3 expressing MuSCs showing a down-regulation, or a high expression in quiescent cells, respectively.

  

  

  

Table 1 : miRNAs controlling adult myogenesis

 1 

	miRNA	Target	Biological role	Reference
	miR-489	Dek	Regulation of proliferation of daughter cells	(Cheung et al., 2012)
			following asymmetrical division	
	miR-133a	Srf	Promotes differentiation	(Chen et al., 2006)
	miR-27a	Myostatin	Relieves the negative regulation of Myostatin	(Huang et al., 2012b)
		Pax3	Promotes migration of myogenic progenitors	(Crist et al., 2009)
	miR-27b	Mef2c	Promotes proliferation and differentiation by	(Chinchilla et al.,
			suppressing Mef2c which cannot associate	2011)
			with MRF	
	miR-1/206	Pax7	Induces differentiation	(Chen et al., 2010;
				Dey et al., 2011)
		Connexin43	Inhibits formation of gap junctions	(Anderson et al.,
				2006)
		CyclinD1	Promotes cell cycle arrest	(Zhang et al., 2012)
		Hdac4	Relieves HDAC repression on the chromatin	(Chen et al., 2006)
			associated with myogenic genes	
		Notch3	Promotes differentiation	(Gagan et al., 2012)
		DNA Polα	Cell cycle arrest	(Kim et al., 2006)
		Hmgb3	Relieves inhibitory effects of Hmgb3	(Maciotta et al.,
			chromatin binding protein, that inhibits	2012)
			expression of myogenic genes	
	miR-133	Sp1	Cell cycle arrest by relief of SP1 target,	(Zhang et al., 2012)
			CyclinD1	
		Fgfr1	Inhibition proliferation by suppression	(Feng et al., 2013)
			ERK1/2 signalling	
	miR-486	Pax7	Induces differentiation	(Dey et al., 2011)
		Pten	Relieves Pten inhibition of mTOR signalling	(Alexander et al.,
				2011)
	miR-26a	Ezh2	Relieves the repressive effects of Polycomb	(Wong and Tellam,
			complex on myogenic genes	2008)
		Smad1/4	Inhibits TGF-β signalling to promote	(Dey et al., 2012)
			myogenesis	
	miR-214	Ezh2	Relieves the repressive effects of Polycomb	(Juan et al., 2009)
			complex on myogenic genes	
		N-ras	Cell cycle arrest	(Liu et al., 2010)
	miR-503	Cdc25a	Cell cycle arrest	(Sarkar et al., 2010)
	miR-29	Yy1	Relieves inhibitory effect of NFκB on	(Wang et al., 2008)
			myogenesis	
		Hdac4	Relieves HDAC repression on the chromatin	(Winbanks et al.,
			associated with myogenic genes	2011)
		Akt3	Inhibits Akt/mTOR signalling	(Wei et al., 2013)
	miR-675	Smad1/5/6	Inhibits TGF-β signalling	(Dey et al., 2014)
		Cdc6	Cell cycle arrest	(Dey et al., 2014)
	miR-155	Mef2c	Suppresses Mef2c which cannot associate	(Seok et al., 2011)
			with MRF	
	miR-199a	Igf1		
		Pi3kr1	Inhibition of mTOR signalling	(Jia et al., 2013)
		mTOR		
	miR-181	Hox-A11	Promotes upregulation Myod that inhibits	(Naguibneva et al.,
			Hox-A11	2006)
	miR-23a	Myh 1,2,4	Suppresses expression of contractile proteins	(Wang et al., 2012)
			required for the terminally differentiation	
	miR-148a	Rock1	Cytoskeleton stability	(Zhang et al., 2012)

Table 1 . Recapitulation of miRNAs regulating quiescence (red), proliferation (blue) and differentiation (black). Abbreviations

 1 

	: Akt (RAC-alpha serine/threonine-protein
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Table 1 : Enhancer chromosomal location

 1 

	Associated gene	Chromosome	Start	End	Size (bp)
	Col5a1	Chr2	27717404	27718346 943
	Col5a3	Chr9	20616518	20617495 978
	Col6a1/2	Chr10	76111367	76112240 874
	Hey1	Chr3	8717311	8718243	933

Table 2 : RT-qPRC primers used in this study

 2 

	Mouse RT-PCR primer	Sequence (5' > 3')
	Col5a1_F	GCTACTCCTGTTCCTGCTGC
	Col5a1_R	TGAGGGCAAATTGTGAAAATC
	Col5a1 flox_F	GACACCAATGGGATTGTCATGT
	Col5a1 flox_R	GCTCGGTTGTCAGAGACGAA
	Col5a2_F	AGAAGGGAGATGCTGGGTCT
	Col5a2_R	GGGTTCCTCTACCGCCTTTC
	Col5a3_F	CCGGAGACTGGATCAGCTT
	Col5a3_R	GCTTCCAGTACGTCCACAGG
	Col6a1_F	TCGGTCACCACGATCAAGT
	Col6a1_R	TACTTCGGGAAAGGCACCTA
	Col6a2_F	TACCCAGGCATCTTCTCCAA
	Col6a_R	AAGAGTCCCCCAATCAGGAG
	Hey1_F	CACCTGAAAATGCTGCACAC
	Hey1_R	ATGCTCAGATAACGGGCAAC
	HeyL_F	GTCTTGCAGATGACCGTGGA
	HeyL_R	CTCGGGCATCAAAGAACCCT
	Calcr_F	TCATCATCCACCTGGTTGAG
	Calcr_R	GCTCGTCGGTAAACACAGC
	Myogenin_F	GTGAATGCAACTCCCACAGC
	Myogenin_R	CGCGAGCAAATGATCTCCTG
	Pax7_F	GACAAAGGGAACCGTCTGGAT
	Pax7_R	TGTGAACGTGGTCCGACTG
	Myod_F	CACTACAGTGGCGACTCAGATGCA
	Myod_R	CCTGGACTCGCGCGCCGCCTCACT
	Gapdh_F	GGCAAAGTGGAGATTGTTGC
	Gapdh_R	AATTTGCCGTGAGTGGAGTC
	Tbp_F	ATCCCAAGCGATTTGCTG
	Tbp_R	CCTGTGCACACCATTTTTCC

Table 3 : Antibodies used in this study

 3 ,100,000 76,110,000 76,120,000 76,130,000 76,140,000 76,150,000 76,160,000 76,170,000 76,180,000 76,190,000 

	Antibody	Reference	Dilution
	GFP chick polyclonal	Abcam, 13970	1/2000
	Myogenin mouse monoclonal	DHSB, F5D	1/40
	Myosin Heavy Chain mouse monoclonal	DHSB, MF20	1/40
	MyoD mouse monoclonal	Dako, M3512	1/200
	Calcitonin Receptor rabbit polyclonal	AbD Serotec, AHP635	1/100
	Pax7 monoclonal mouse	DHSB	1/40
	Mouse anti-BrdU	BD, 347580	1/100
	Laminin rabbit polyclonal	Sigma, L9393	1/500
	Laminin mouse monoclonal	Sigma, L8271	1/500
	Col5a3 rabbit polyclonal	Gift from D.Greenspan	1/200
	RBPJ rat polyclonal	Ascenion (1F1)	1/100

Table 2

 2 

	) overnight at 4°C. Samples were washed with 1X PBS three times and
	incubated with Alexa-conjugated secondary antibodies (Life Technologies, 1/1000)
	and Hoechst (Life Technologies; 1/10000) for 45 min at RT. EdU staining was
	chemically revealed using the Click-iT Plus kit according to manufacturer's
	recommendations (Life Technologies, #C10640).
	Isolated Tibialis anterior (TA) muscles were frozen in liquid-nitrogen cooled
	isopentane and sectioned transversely at 8µm. Sections were post-fixed with 4%PFA
	for 15min and washed 3times with PBS1X. For Pax7 staining, antigen retrieval was
	performed by incubating sections in boiling 10mM citrate buffer pH6 in the 2100

3 Dkk3 dickkopf homolog 3 (Xenopus laevis)

  

		Supplementary tables
	Nnat Foxj3	neuronatin forkhead box J3 Table 1
	Slc44a5		solute carrier family 44, member 5 Mouse RT-PCR primer	Sequence (5' > 3')
	Mat2a		methionine adenosyltransferase II, alpha Odz4_F	GTGGGATGGAGGTTAGCTCG
	Sp1		trans-acting transcription factor 1 Odz4_R	ATGGGTTCTACTGCCCAAGTG
	Gpm6a		glycoprotein m6a Hey1_F	CACCTGAAAATGCTGCACAC
	En2		engrailed 2 Hey1_R	ATGCTCAGATAACGGGCAAC
	Rpp14		ribonuclease P 14 subunit HeyL_F	GTCTTGCAGATGACCGTGGA
	Slco3a1		solute carrier organic anion transporter family, member 3a1 HeyL_R CTCGGGCATCAAAGAACCCT
	Kif3c		kinesin family member 3C Myod_F	CACTACAGTGGCGACTCAGATGCA
	Rap1b		RAS related protein 1b Myod_R	CCTGGACTCGCGCGCCGCCTCACT
	Amph		amphiphysin Myogenin_F	GTGAATGCAACTCCCACAGC
	Iqsec2		IQ motif and Sec7 domain 2 Myogenin_R	CGCGAGCAAATGATCTCCTG
	Shprh		SNF2 histone linker PHD RING helicase Pax7_F	GACAAAGGGAACCGTCTGGAT
	Amigo1		adhesion molecule with Ig like domain 1 Pax7_R	TATCTTGTGGCGGATGTGGTTA
	4931406P16Rik	RIKEN cDNA 4931406P16 gene Col4a2_F	GATACCCGGCGTAATCTCAA
	Ssrp1		structure specific recognition protein 1 Col4a2_R	ATGAGCACCTTGGAATCCTG
	Luzp1		leucine zipper protein 1 Rpl13_R	GTGGTCCCTGCTGCTCTCAAG
	Etf1		eukaryotic translation termination factor 1 Rpl13_F	CGATAGTGCATCTTGGCCTTTT
	Man2a1 Dcc		Tbp_F mannosidase 2, alpha 1 deleted in colorectal carcinoma Tbp_R	ATCCCAAGCGATTTGCTG CCTGTGCACACCATTTTTCC

Table 2

 2 

	Antibody	Reference	Dilution
	GFP chick polyclonal	Abcam, 13970	1/2000
	Myogenin mouse monoclonal	DHSB, F5D	1/40
	Myosin Heavy Chain mouse monoclonal	DHSB, MF20	1/40
	Pax7 monoclonal mouse	DHSB	1/40
	Mouse anti-BrdU	BD, 347580	1/100
	Laminin rabbit polyclonal	Sigma, L9393	1/500

Table 3 :

 3 3'-UTR of miR-708 predicted target genes. In bold and underlined: miR-708

	seed sequence	
	Gene	3'UTR sequence
	Dickkopf-3	GCCCAGACCCAGCTGAGTCACTGGTAGATGTGCAATAGAAATGGCTAATT
	(Dkk3)	TATTTTCCCAGGAGTGTCCCCAAGTGTGGAATGGCCGCAGCTCCTTCCCAG TAGCTTTTCCTCTGGCTTGACAAGGTACAGTGCAGTACATTTCTTCCAGCC
		GCCCTGCTTCTCTGACTTGGGAAAGACAGGCATGGCGGGTAAGGGCAGCG
		GTGAGTCGTCCCTCGCTGTTGCTAGAAACGCTGTCTTGTTCTTCATGGATG
		GAAGATTTGTTTGAAGGGAGAGGATGGGAAGGGGTGAAGTCTGCTCATG
		ATGGATTTGGGGGATACAGGGAGGAGGATGCCTGCCTTGCAGACGTGGAC
		TTGGCAAAATGTAACCTTTGCTTTTGTCTTGCGCCGCTCCCATGGGCTGAG
		GCAGTGGCTACACAAGAGCTATGCTGCTCTGTGGCCTCCCACATATTCATC
		CCTGTGTTTCAGCTCCTACCTCACTGTCAGCACAGCCCTTCATAGCCACGC
		CCCCTCTTGCTCACCACAGCCTAGGAGGGGACCAGAGGGGACTTCTCTCA
		GAGCCCCATGCTCTCTCTCTCAACCCCATACCAGCCTCTGTGCCAGCGACA
		GTCCTTCCAAATGGAGGGAGTGAAATCCTTTGGTTTTATTATTTTCTCCTTC
		AAGGCACGCCTGCCACTAAGGTCAGGCTGACTTGCATGTCCCTCTAACGT
		TCGTAGCAGTGTGGTGGACACTGTCTTCCACCGACTGCTTCAATACCTCTG

Table 1

 1 

	describes the public datasets that were taken into account for the
	analysis with the GEO data sources, references and sample distribution. The new mouse microarray
	datasets include the following comparisons: young adult Quiescent(adult) / Activated(postnatal day 8),
	and Quiescent [high/low] / D3Activated [high/low], and Foetal_NICD [E17.5/E14.5]. Table 1 details the
	sample distribution.

Table Legends 509

 Legends 

	Ref/Code	Quiescent [high/low] Activated 3D	Quiescent Activated	Foetal R26 NICD E14.5] [E17.5/	GSE47177 Liu et al [9]	GSE3483 Fukada et al [10]	GSE15155 Pallafacchina et al [11]	GSE38870 Farina et al. [12]	GSE70376 García-Prat et al. [13]	GSE81096 Lukjanenko et al. [14]
		[high/low]								
	Num. of samples	3 7 low, 3 ASC_Pax 7 low, 3 QSC_Pax 7 high, 3 ASC_Pax QSC_Pax	3 QSC, 3 P8_ASC	3 eq_QSC, 3 eq_ASC	3 QSC, 3 ASC 60h, 3 ASC 84h	3 QSC, 3 ASC	3 QSC, 3 ASC	3 QSC, 3 ASC	4 QSC, 4 ASC	6 QSC, 5 ASC
		7 high								
	Date	2013	2007		2015	2013	2007	2010		2012	2015	2016
	Anatomy	Tibialis anterior	Limb, bodywall, diaphragm	Hindlimb	Hindlimb	Hindlimb	Diaphragm, pectorales, abdominal muscles	Tibialis anterior	Tibialis anterior	Tibialis anterior, gastro-necmius,
											quadriceps
	Sex	M			M,F	M	F	M,F		F	M	M
	Age	6-8 w	P8, 4-5 w	E14.5, E17.5	8 w	8-12 w	6 w		3-6 m	Young: 3 m, old: 20-24	Young: 9-15 w, old: 20-
											m	24 m
		C57BL/6	B6.129		C57BL/6	C57BL/7			C57BL/6 x	C57BL/6	C57BL/6
	Strain					(Jackson)	(nihon clea)			DBA2 (??)	(Janvier)
	Reporter	Tg:Pax7-(10% high, 10% nGFP	Pax7	nGFP/+	Myf5 R26 stop-Cre+ : NICDgfp/+	Pax7 R26 eYFP/+ CreER/+		Pax3 (high GFP) GFP/+	
		low)								
		Notexin	P8 =		E14.5 =	BaCl2	QSCs in	Pax3	GFP/+ ,	Injury: BaCl2	Cardiotoxin	Cardiotoxin
	Activation		"Activated"	"Activated"		4 d culture for	:mdx Adult; Adult Pax3 GFP/+ :mdx	(50µL 1.2%)
								mdx; 1 w old;	
								3 d in culture	
	QSCs Purif.	Reporter	Reporter	Reporter	FACS: Pax7 CreER/+ ; R26 eYFP/+	FACS: CD45-/SM/C-2.6+	Reporter	FACS: Syndecan-3	FACS: integrin-alpha7+ /CD45-/CD11b-/Lin-/CD31-	CD34+/ integrin-alpha7+/Lin-
											/Sca1-
	Timing	& 3 d post-injury quiescent			See age	60h (2.5 d), 84h (3.5d) post-injury 36h (1.5d),	culture 4 d in	3 d in culture	post-injury 12h or 48h	72h (3d)	72h (3d)
		Affymetrix	Affymetrix	Affymetrix	Affymetrix	Affymetrix	Affymetrix	Affymetrix	Agilent	Illumina
	Platform	Mouse 1.0ST Gene	430_2.0	Mouse 1.0ST, Affymetrix Gene	Mouse Gene 1.0ST	430A	430_2.0	430_2.0	028005 G3Mouse 8x60k SurePrint	MouseRef-8 v2.0
					Mouse						Microarray
					Gene 2.0ST					

Table 1 . Summary of analysed transcriptomic datasets of activated and quiescent states of mouse muscle stem (satellite) cells.Three high

 1 -throughput experimental setups and six publically available microarray datasets comparing activated satellite cells (ASCs) and quiescent satellite cells (QSCs) are shown in the rows. The biological, experimental and technical details of each experiment are shown in the different columns of the Table.(h=hours, d=days, w=weeks, m=months).

  Adult skeletal muscles can regenerate robustly to confront mild and severe lesions induced by exercise or trauma. This extraordinary regenerative capacity occurs largely through the mobilization of resident muscle satellite (stem) cells (MuSCs).

	1,2,3 , Sébastien Mella 1,2 , Barbara Gayraud-Morel 1,2 , These cells are quiescent in resting muscle and can activate, proliferate and
	Christophe Antoniewski 4,5 & Shahragim Tajbakhsh 1,2* differentiate to form new muscle fibres 1 . During lineage progression, a subset of
	proliferating MuSCs self-renew in their niche by reversibly exiting the cell cycle.
	Therefore, skeletal myogenesis is a tractable model to study the regulation of 1 Stem Cells and Development, Department of Developmental & Stem Cell Biology, Institut Pasteur, Paris 75015, France quiescence, self-renewal and differentiation.
	2 CNRS UMR 3738, Institut Pasteur, Paris 75015, France. 3 Sorbonne Universités, UPMC, University of Paris 06, IFD-ED 515, 4 Place Jussieu, Micro-RNAs (miRNAs) are ~22-nucleotide long non-coding RNAs that participate in
	Paris 75252, France. post-transcriptional regulation of gene expression through mRNAs decay or
	translational repression

4 Sorbonne Universités, Université Pierre et Marie Curie (UPMC), CNRS, Institut de Biologie Paris Seine (IBPS), Developmental Biology Department, Paris, France. 5 Sorbonne Universités, Université Pierre et Marie Curie (UPMC), CNRS, Institut de Biologie Paris Seine (IBPS), ARTbio Bioinformatics Analysis Facility, Paris, France

# present address: Département de Cancérologie de l'Enfant et de l'Adolescent & UMR8203 "Vectorologie et Thérapeutiques Anticancéreuses", CNRS, Gustave Roussy, Univ. Paris-Sud, Université Paris-Saclay, 94805, Villejuif, France Introduction 2 . Stem-loop structured pre-miRNAs are excised from primary miRNAs and exported to the cytoplasm. Further excision of the loop of pre-miRNA by Dicer gives rise to miRNA/miRNA* duplexes. Single-strand miRNAs are then loaded within the RNA-Induced Silencing Complex and guide RISC to complementary sequences in 3'UTR of target mRNAs

.

  These so-called myomirs, are induced by Myod and Myog, and can promote muscle differentiation in vitro. Conditional deletion of Dicer in Myod-expressing cells from embryos (Myod Cre ; Dicer flox ) results in muscle hypoplasia and perinatal lethality11 

	supporting an essential role of miRNAs in muscle development. This role was further
	dissected during muscle formation and homeostasis in experiments using Dicer
	conditional KO alleles in conjunction with a Pax7-Cre ERT2 driver mouse, where
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Figure S4. Table listing the 24 putative target genes commonly predicted by

TargetScan, TargetRank and miRDB (See Figure 4E). Genes of interest are in bold; Tns3, Dkk3 and Sdc1 are strongly upregulated following satellite cell activation. 

CONCLUSIONS AND PERSPECTIVES

Normalisation, quality control and filtering

GEPs were processed using standard quality control tools to obtain normalised, probeset-level expression data. For all raw datasets derived from affymetrix chips, Robust Multi-Array Average expression measure (rma) was used as normalization method using the affy and the oligo R packages [18][19]. All analyses were preferentially conducted at the probeset level. Probesets were annotated to gene symbol and gene ENTREZ using chip-specific annotations. For gene level results, the probeset with the highest expression variability was selected to represent the corresponding gene. Quality controls were performed on raw data using Relative Log Expression (RLE) and Normalised Unscaled Standard Errors (NUSE) plots from the affyPLM R package [20]. Sample distribution was examined using hierarchical clustering of the Euclidean distance and Principal Component Analysis from the stats [21] and FactoMineR R packages [22] (See Additional file 1: Fig. S1 for the resulting plots for dataset Quiescent [high/low] / D3Activated [high/low]). The resulting plots of the remaining datasets 10

this study, as well as the technical differences present in the datasets.

Three new sets of microarrays of quiescent versus activated satellite cell are reported here (see Table 1). The first one is part of a developmental and postnatal series that was reported previously [15] (E12.5 vs. E17.5), and here P8 (postnatal day 8, in vivo proliferating) and 4-5 week old (quiescent) mice were compared. The second one is based on previously reported differences in quiescent and proliferating cell states in subpopulations of MuSCs (Quiescent: dormant, top 10% GFP+ cells vs.

primed, bottom 10% GFP+ cells isolated from Tg:Pax7-nGFP mice; Proliferating: 3 days post-injury [3]). The third dataset is based on previous observations that the Notch intracellular domain (NICD)

when expressed constitutively (Myf5 Cre : R26 stop-NICD ) in prenatal muscle progenitors leads to cellautonomous expansion of the myogenic progenitor population (Pax7+/Myod-) and the absence of differentiation, followed by premature quiescence at late foetal stages (E175) [15]. Here, E17.5

(quiescent) and E14.5 (proliferating) prenatal progenitors were compared. Except for our datasets Quiescent(adult)/Activated(P8) and Foetal_NICD[E17. 5/E14.5], all the studies were conducted on adult mice (male and female) with ages ranging from 8 weeks to 6 months.

While all datasets shared similar cell states (quiescent (QSC) and activated (ASC) satellite cells), the experimental procedures varied between studies. Activation of cells, for instance, was achieved in different ways: i) in vitro, by culturing freshly isolated MuSCs in culture for several days, ii) in vivo, by extracting ASCs from an injured muscle. Furthermore, for in vivo activation, several techniques were used to induce the injuries: BaCl 2 , or the snake venoms cardiotoxin or notexin. Cell extraction protocols also varied among the different studies: i) using transgenic mice expressing a reporter gene that marks satellite cells (several alleles) and ii) using a combination of antibodies targeting surface cell antigens specific to satellite cells (several combinations, see Table 1 11

The number of differentially expressed genes varies significantly among different datasets A total of 32 samples from ASCs and 34 samples from QSCs from the nine datasets were analysed.

After the quality control, one sample from the GSE38870 dataset was considered to be an outlier and was not included in the final analysis.

The number of significantly up and down regulated genes (DEGs) resulting from the differential expression analysis of the quiescent with respect to the activated states were noted (Additional file 2:Table S1). DEGs were identified as having |logFC| >= 1 and a false discovery rate FDR <= 0.05.

The statistical analysis was performed at the probeset level, and only those probesets matching to genes are reported. On average, the datasets exhibited 1548 up-regulated genes with a standard deviation of 1173 genes. The down-regulated genes were 2122, with a standard deviation of 1658 genes. The lowest number of DEGs was the reported in the Foetal_NICD[E17.5/E14.5] dataset (39 up, 136 down), while the highest number of DEGs belongs to the GSE70376 dataset (4367 up, 6346 down). Additionally, an analysis of the distribution of the logFC across the datasets revealed that there were significant differences among the ranges and shapes of such distributions for each dataset (Additional file 3: Fig. S2).

Gene-set level analysis reveals common underlying biological processes across the datasets

Despite the great difference among the number of DEGs for the different sets, clear trends among the significantly enriched pathways were found (Fig. 3A). The heatmap shows each dataset as a column and each gene set tested for enrichment as a row. The gene set collection shown corresponds to the Hallmark gene set collection from MSigDB [START_REF] Liberzon | The Molecular Signatures Database (MSigDB) hallmark gene set collection[END_REF]. Over-represented gene sets are shown in red, while under-represented gene sets are shown in blue. Out of the 11 datasets, GSE38870 stood as an outlier for both over and under-represented gene sets. For the rest of the 10 datasets, most of them showed an enrichment of the quiescent state for the TNFA_SIGNALING_VIA_NFKB pathway (9 datasets), while 8 datasets are enriched in UV_RESPONSE_DN, IL6_JAK_STAT3_SIGNALING, APICAL_SURFACE and KRAS-SIGNALING_DN pathways. Similarly, the 10 datasets share the same trends of under-represented pathways MYC_TARGETS_V1, E2F_TARGETS, G2M_CHECKPOINT, and OXYDATIVE_PHOSPORYLATION, which are expected to be absent in the quiescent state. Fig. 3B shows a network representation of the top 3 most common over (TNFA_SIGNALING_VIA_NFKB, between these distinct cell states, we report a massive and dynamic regulation of microRNAs, both in numbers and amplitude, that highlights their pivotal role in the regulation of quiescence, activation and differentiation. We also identify a number of microRNAs with reliable and specific expression in quiescence. Unexpectedly, the majority of class-switching miRNAs are associated with the quiescence/activation transition suggesting a poised program that is actively repressed. These data constitute a key resource for functional analyses of miRNAs in skeletal myogenesis, and more broadly, in the regulation of stem cell self-renewal and tissue homeostasis.

Supplementary Table and

Gene set analysis
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These results can impact on our views of genetic and epigenetic regulation of quiescence and how this critical cell state is regulated in homeostasis and trauma.

Methods

Mice and flow cytometry of MuSC

Quiescent muscle stem cells were collected from adult Tg:Pax7-nGFP mice as described previously 31 . Six-weeks old male mice were sacrificed by cervical dislocation, and their limb muscle were dissected, minced and digested in collagenase 0.1% and trypsin 0. 

Antibodies and immunostainings

Cells were fixed in 4% paraformaldehyde (EMS) for 5 minutes at room temperature, permeabilised for 5 min in 0.05% Triton-X100 (Sigma-Aldrich) and blocked in 10% Funding Acquisition, S.T.
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The author declare that they have no competing financial interests. An unsupervised hierarchical clustering of biological samples was performed using the euclidian distance metrics based on rlog-transformed miRNAs expression counts.

Supplemental

The heatmap displays the similarities between samples with dark blue color, together with a dendrogram. All samples regrouped according to the 3 each biological condition (quiescent, activated or differentiated) confirming the similitude of biological replicates. The activated and differentiated samples also appeared more closely related than the quiescent cells. Castel et al.
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Supplementary Figure S4 242 A) The log-transformed ratios of [Activated/Quiescent] expression level were plotted to examine the concordance of data between the present dataset and those reported previously. Data were filtered for the 228 miRNAs detected by both methods, to highlight the identical trend in expression observed in the two datasets.

B) The same data as in panel A but unfiltered are presented. Circles were colored from white to black according to the average expression level in the miRseq dataset. A subset of miRNAs distributing on the X-axis (white circles) were not detected in the sequencing dataset as opposed to the PCR experiment constituting potential false-positive. Conversely, an important subset of miRNAs were not detected in the RT-qPCR experiment, were detected in the sequencing dataset and distribute on the Y-axis. Castel et al.