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Muscle stem (satellite) cells acquire different cell states during muscle formation, homeostasis and regeneration, as they need to pass from quiescence to proliferation and differentiation to sustain their physiological role and support muscle homeostasis. Some of these changes are accompanied by changes in energy demands. However, it is currently unclear whether modulation in the energy metabolism pathways can in turn influence the commitment to a specific cell state. A central focus of my thesis project is to characterise the energy metabolism pathways that act in the different phases of lineage progression and how their modulation can influence the state of the cell. To assess the metabolic requirements of satellite cells in different physiological states we combined different approaches, which include transcriptome, proteome and bioenergetics analysis of isolated satellite cells. We show that quiescent cells have low energetic demands and oxidative phosphorylation is perturbed during aging, as well as in cells that survive after death. We also compared different proliferative states, both during muscle growth and regeneration, and our results indicate a surprising difference in their metabolic requirements. Gene expression profiling and bioenergetics analysis showed that foetal cells have a low respiration demand and rely mostly on glycolysis when compared to regenerating satellite cells. Furthermore, we show distinct requirements for peroxisomal and mitochondrial mediated fatty acid oxidation (FAO) in myogenic cells. Altering peroxisomal but not mitochondrial FAO promotes early differentiation of satellite cells, thereby altering the cell state of muscle stem cells.

Experiments using acute muscle injury and pharmacological block of peroxisomal and mitochondrial FAO show differential requirements for these organelles during regeneration. Taken together, these observations indicate that changes in the cell state of muscle stem cells lead to significant changes in metabolic requirements. In addition, altering specific metabolic pathways can have an impact on myogenic cell fate and the regeneration process.

Résumé

Les cellules souches musculaires, ou cellules satellites, adoptent différents états au cours de la formation du tissu musculaire, de son homéostasie ou de sa régénération, en transitant de quiescence à prolifération et différentiation. Certaines de ces transitions s'accompagnent de variations des demandes énergétiques. Il demeure cependant incertain comment la modulation du métabolisme énergétique peut dicter la spécification d'un état cellulaire donné. Mon projet de thèse a eu pour objectif principal la caractérisation des voies du métabolisme énergétique à l'oeuvre dans les différents états cellulaires de la différentiation myogénique, et comment leur modulation peut influencer ces états. Afin de mesurer les besoins énergétiques des différents états cellulaires, nous avons combiné des analyses de transciptome et de protéome à des mesures du métabolisme de cellules satellites isolées. Nous montrons ainsi que les cellules satellites quiescentes ont de faibles besoins énergétiques et que la phosphorylation oxydative est altérée au cours du vieillissement ainsi que que dans les cellules survivant après la mort de l'animal. Nous avons également comparé différents états prolifératifs, au cours de la formation du tissu en croissance ou en Skeletal muscle tissue is part of the musculoskeletal system that is responsible for voluntary movement. Each muscle bundle consists of skeletal myofibres, connective tissue, nerves, vascular and blood derived cells, and it is connected to bones through tendons. Myofibres are post-mitotic and can regenerate through the action of tissue-specific stem cells, the satellite cells (also called Muscle stem cells, MuSCs). This chapter will outline the principal characteristics of skeletal muscle and describe in detail the cellular and molecular features of satellite cells, focusing on their role in muscle physiology, regeneration and disease.

1.1.

Skeletal muscle and satellite cells 1.1.1. Skeletal muscle structure Skeletal muscles, unlike cardiac and smooth muscles, are voluntary muscles that are used to control skeletal movement effecting locomotion, maintenance of posture, and pressure regulation. Skeletal muscle cells are elongated or tubular and are called myofibres. They have multiple nuclei (syncytia) that are located on the periphery of the cell during homeostasis. The entire muscle mass is surrounded by a connective tissue layer called epimysium (Figure 1). Myofibres are organized in bundles called fascicles and these bundles are surrounded by a connective tissue sheath called the perimysium. Each myofibre is also separated by a connective tissue sheath, called the endomysium. At both ends of skeletal muscle mass, the connective tissue sheaths (epimysium, perimysium, endomysium) converge to form a tendon, which will connect the muscle to its attachment site on the bone. Myofibres contain cylindrical bundles of contractile proteins called myofibrils which are composed of sarcomeres, the functional force producing units of the muscle (Figure 1). Sarcomeres are composed principally of two protein filaments: actin (thin filaments) and myosin (thick filaments). The orchestrated interaction between these two proteins allows the muscle to contract.

termed satellite cells due to their position beneath the basal lamina of muscle fibres.

These cells were proposed to be muscle stem/progenitor cells. In healthy uninjured adult individuals, these cells have been characterised as being quiescent with high nucleus-to-cytoplasm ratio, low organelle content, and reduced transcriptional activity associated with enriched heterochromatin as compared to myofibre nuclei [START_REF] Ishikawa | Electron microscopic observations of satellite cells with special reference to the development of mammalian skeletal muscles[END_REF][START_REF] Scharner | The muscle satellite cell at 50: the formative years[END_REF][START_REF] Schultz | Satellite cells are mitotically quiescent in mature mouse muscle: an EM and radioautographic study[END_REF]. Despite the differences cited above and their localisation under the basement membrane, satellite cells are not readily distinguishable from myonuclei by light microscopy and thus some markers need to be used to detect them.

To date several markers have been described to label the satellite cell and characterise its cellular status. A pure population of MuSCs can be isolated thanks to the combination of negative and positive surface markers. While many laboratories agree on the choice of negative markers, several positive markers have been identified

by different groups (Gayraud-Morel et al., 2017). Satellite cells are negative for lineage markers like CD45 (hematopoietic marker), TER119 (erythrocyte marker), CD31

(endothelial marker) and Sca1 (mesenchymal marker). On top of the negative selection, single positive markers have been identified to enrich for the stem population like SM/C-2.6 (Fukada et al., 2004;Fukada et al., 2007), CD34 (Montarras et al., 2005), Syndecan3/4 (Tanaka et al., 2009), VCAM [START_REF] Chakkalakal | The aged niche disrupts muscle stem cell quiescence[END_REF]Cheung et al., 2012), or a combination of markers such as integrin a7 + integrin b1 + Cxcr4 + CD34 + (Sherwood et al., 2004). Identification of cell surface molecules, together with the creation of genetic reporter mouse lines, has allowed the isolation of living satellite cells to assess for their potential and molecular signatures.

Molecular characterisation and ontology of satellite cells

Pax7 as molecular marker of MuSCs

The transcription factors Myf5 [START_REF] Beauchamp | Expression of CD34 and Myf5 defines the majority of quiescent adult skeletal muscle satellite cells[END_REF], which is more specific to muscle stem cells, and Pax7 (Seale et al., 2000) have been used routinely to identify quiescent and activated satellite cells.

Pax7 was identified from a subtractive hybridization screen that comparing cDNA libraries of mouse embryonic fibroblasts and skeletal muscle against MuSC-derived myoblasts (Seale et al., 2000). It is highly expressed in adult quiescent satellite cells and during embryonic and foetal myogenesis, with its expression downregulated during differentiation [START_REF] Sambasivan | Skeletal muscle stem cell birth and properties[END_REF]. Pax7 belongs to the paired box (Pax) gene family, which encodes for transcription factors that act predominantly in the neural crest, the central nervous system and skeletal muscle during embryonic development and after birth [START_REF] Buckingham | The role of Pax genes in the development of tissues and organs: Pax3 and Pax7 regulate muscle progenitor cell functions[END_REF]. Pax7, together with Pax3,

Pax4 and Pax6 has a complete homeobox domain [START_REF] Chi | Getting your Pax straight: Pax proteins in development and disease[END_REF].

The identification of Pax7 as a reliable marker has allowed the development of specific genetic tools to study myogenesis. For instance, our laboratory developed a transgenic reporter mouse (Tg:Pax7nGFP), in which the expression of nuclear GFP is under the promoter of Pax7 (Sambasivan et al., 2009), and a model for the conditional depletion of satellite cells by expressing a human diphtheria toxin receptor under the control of the murine Pax7 locus (Pax7 DTR ) (Sambasivan et al., 2011). during perinatal growth, in the double mutant myogenesis in the body stops from midembryogenesis due to the loss of the founding stem/progenitor cell population (Relaix et al., 2005). Juvenile satellite cells were reported to be present at birth in Pax3 null embryos, indicating that this gene is not strictly required for the emergence of this population [START_REF] Kassar-Duchossoy | Pax3/Pax7 mark a novel population of primitive myogenic cells during development[END_REF]. As Pax3 has not been reported to be expressed in head muscle stem/progenitors at any developmental stage, here too this gene is not critical for the emergence of satellite cells. Similarly, in Pax7 mutant mice satellite cells are present at birth but their numbers decrease dramatically afterwards, affecting muscle growth, partially due to apoptosis [START_REF] Kuang | Distinct roles for Pax7 and Pax3 in adult regenerative myogenesis[END_REF][START_REF] Relaix | Pax3 and Pax7 have distinct and overlapping functions in adult muscle progenitor cells[END_REF]Seale et al., 2000).

Myogenic regulatory factors (MRFs)

The myogenic regulatory factors (MRFs) determine myogenic cell fate and act downstream of the Pax3/7 in the trunk, and Tbx1, Pitx2 transcription factors in the head. The MRFs include the myogenic factor 5 (Myf5), the myoblast determination protein (Myod), the muscle-specific regulatory factor 4 (Mrf4, or Myf6) and Myogenin (Myog) (Comai and Tajbakhsh, 2014;[START_REF] Tapscott | The circuitry of a master switch: Myod and the regulation of skeletal muscle gene transcription[END_REF]. This family of basic helix-loophelix transcription factors has been shown to be essential for myogenic determination, differentiation and maintenance during muscle development as well as muscle regeneration [START_REF] Gayraud-Morel | A role for the myogenic determination gene Myf5 in adult regenerative myogenesis[END_REF]Gayraud-Morel et al., 2012;[START_REF] Kablar | Myf5 and MyoD activation define independent myogenic compartments during embryonic development[END_REF][START_REF] Kassar-Duchossoy | Mrf4 determines skeletal muscle identity in Myf5:Myod double-mutant mice[END_REF][START_REF] Rudnicki | Inactivation of MyoD in mice leads to up-regulation of the myogenic HLH gene Myf-5 and results in apparently normal muscle development[END_REF][START_REF] Weintraub | Muscle-specific transcriptional activation by MyoD[END_REF].

Myod was the first MRF to be discovered in 1987 and its ectopic expression can convert many non-muscle cells to skeletal muscle [START_REF] Davis | Expression of a single transfected cDNA converts fibroblasts to myoblasts[END_REF][START_REF] Weintraub | Activation of muscle-specific genes in pigment, nerve, fat, liver, and fibroblast cell lines by forced expression of MyoD[END_REF]. Using a sequence homology approach for Myod and functional screen, Myf5, Myogenin and Mrf4 were identified [START_REF] Pownall | Myogenic regulatory factors and the specification of muscle progenitors in vertebrate embryos[END_REF][START_REF] Wright | Myogenin, a factor regulating myogenesis, has a domain homologous to MyoD[END_REF]. Myod protein is expressed in activated but not the majority of quiescent satellite cells. The loss of function of Myod results in lethality of some animals at birth, and those that survive appear smaller in size. Skeletal muscles are present due to functional compensation with Myf5 and Mrf4 [START_REF] Gu | Interaction of myogenic factors and the retinoblastoma protein mediates muscle cell commitment and differentiation[END_REF][START_REF] Rudnicki | Inactivation of MyoD in mice leads to up-regulation of the myogenic HLH gene Myf-5 and results in apparently normal muscle development[END_REF][START_REF] Weintraub | The MyoD family and myogenesis: redundancy, networks, and thresholds[END_REF]. Myod does not rescue early myogenesis in Myf5:Mrf4 double knockout mice and fails to do so in the body when combined with a Pax3 mutation [START_REF] Braun | Inactivation of Myf-6 and Myf-5 genes in mice leads to alterations in skeletal muscle development[END_REF][START_REF] Tajbakhsh | Redefining the genetic hierarchies controlling skeletal myogenesis: Pax-3 and Myf-5 act upstream of MyoD[END_REF].

Myf5 is upregulated at early stages of satellite cells activation. In Myf5 null animals, early regeneration is delayed and mutant satellite cells display a minor proliferation defect while differentiation is not altered (Gayraud- [START_REF] Gayraud-Morel | A role for the myogenic determination gene Myf5 in adult regenerative myogenesis[END_REF]. Mrf4

is not expressed in quiescent satellite cells, but it is expressed at very high levels in the nuclei of adult mature muscle [START_REF] Hinterberger | Expression of the muscle regulatory factor MRF4 during somite and skeletal myofiber development[END_REF].

Myogenin is expressed upon differentiation and it is required for embryonic muscle development [START_REF] Rawls | Myogenin's functions do not overlap with those of MyoD or Myf-5 during mouse embryogenesis[END_REF]. However, when ablated in adult mice, it did not affect the ability of muscle progenitor cells to differentiate, likely due to the rescue from Mrf4 expression [START_REF] Meadows | Myogenin regulates a distinct genetic program in adult muscle stem cells[END_REF]. Myogenin has different intrinsic functions from Myod and Myf5, as its insertion into the Myf5 locus in a Myod null background is not sufficient to establish the muscle lineage in embryos [START_REF] Wang | Myogenin can substitute for Myf5 in promoting myogenesis but less efficiently[END_REF], although those early knockouts also likely perturbed the Mrf4 gene that is linked with Myf5 (Kassar-Duchossoy et al., 2004).

Skeletal muscle development

Skeletal muscle development is a multistep process were founder stem cells are specified to the myogenic lineage. Specification is followed by proliferation of population (Pax7+) emerges (Figure 2). In the head, myogenic cells are specified by the upstream regulators Tbx1/Pitx2 before the activation of the MRFs Myf5/Mrf4/Myod [START_REF] Bothe | Dynamic control of head mesoderm patterning[END_REF][START_REF] Kelly | The del22q11.2 candidate gene Tbx1 regulates branchiomeric myogenesis[END_REF]Sambasivan et al., 2009). In the mouse limb, Pax3 acts as an upstream regulator [START_REF] Franz | The Splotch mutation interferes with muscle development in the limbs[END_REF][START_REF] Relaix | Divergent functions of murine Pax3 and Pax7 in limb muscle development[END_REF], while in the trunk it acts together with Myf5/Mrf4 [START_REF] Tajbakhsh | Redefining the genetic hierarchies controlling skeletal myogenesis: Pax-3 and Myf-5 act upstream of MyoD[END_REF].

Skeletal muscles form from the paraxial mesoderm early during vertebrate embryogenesis [START_REF] Tajbakhsh | Stem cells to tissue: molecular, cellular and anatomical heterogeneity in skeletal muscle[END_REF]. The paraxial mesoderm segments in its anterior portion to form epithelial spheres, referred to as somites, which appear as paired structures on either side of the neural tube (Figure 2). The dorsal portion of the somite is further specialised to produce the dermomyotome, a transient epithelial structure which harbours multiple cell types including dorsal dermis, endothelial cells, brown fat progenitors, as well as founder stem cells for skeletal muscles of the trunk, limbs and tongue. The ventral somite produces sclerotomal cells which contribute to the vertebral column and ribs [START_REF] Tajbakhsh | The birth of muscle progenitor cells in the mouse: spatiotemporal considerations[END_REF]. Virtually all satellite cells from the trunk and limbs derive from the central and lateral dermomyotome, respectively [START_REF] Gros | A common somitic origin for embryonic muscle progenitors and satellite cells[END_REF][START_REF] Hutcheson | Embryonic and fetal limb myogenic cells are derived from developmentally distinct progenitors and have different requirements for beta-catenin[END_REF][START_REF] Kassar-Duchossoy | Pax3/Pax7 mark a novel population of primitive myogenic cells during development[END_REF]Relaix et al., 2005). These studies indicate that satellite cells do not come from distant locations during embryogenesis, but derive from Pax7+ muscle progenitor cells present in the muscle masses during this early events [START_REF] Hutcheson | Embryonic and fetal limb myogenic cells are derived from developmentally distinct progenitors and have different requirements for beta-catenin[END_REF][START_REF] Kassar-Duchossoy | Pax3/Pax7 mark a novel population of primitive myogenic cells during development[END_REF]Relaix et al., 2005).

Between E16.5 and E18.5 the basal lamina, marked by laminin expression, forms around the muscle fibres, including the associated Pax3+Pax7+ cells [START_REF] Kassar-Duchossoy | Pax3/Pax7 mark a novel population of primitive myogenic cells during development[END_REF]Relaix et al., 2005). Proliferation of satellite cells has been reported to continue until post-natal day 21, when they entry quiescence [START_REF] Lepper | Adult satellite cells and embryonic muscle progenitors have distinct genetic requirements[END_REF].

Functional role of Pax7

As mentioned before, Pax7 null mice do not show overt muscle defects during embryonic development [START_REF] Mansouri | Dysgenesis of cephalic neural crest derivatives in Pax7-/-mutant mice[END_REF], and its absence has deleterious effects only at late foetal and post-natal stages [START_REF] Hutcheson | Embryonic and fetal limb myogenic cells are derived from developmentally distinct progenitors and have different requirements for beta-catenin[END_REF]Seale et al., 2000). Single myofibres and satellite cell cultures from Pax7 null mutants showed defective proliferation and differentiation as compared to heterozygous conditions [START_REF] Oustanina | Pax7 directs postnatal renewal and propagation of myogenic satellite cells but not their specification[END_REF][START_REF] Relaix | Pax3 and Pax7 have distinct and overlapping functions in adult muscle progenitor cells[END_REF]. Satellite cells are greatly reduced in numbers in perinatal Pax7 mutant and they were reported to be depleted by apoptosis [START_REF] Relaix | Pax3 and Pax7 have distinct and overlapping functions in adult muscle progenitor cells[END_REF]. Their regenerative capacity is limited both in mutated mice after injury and in transplantation assays [START_REF] Kuang | Distinct roles for Pax7 and Pax3 in adult regenerative myogenesis[END_REF][START_REF] Oustanina | Pax7 directs postnatal renewal and propagation of myogenic satellite cells but not their specification[END_REF].

To show the role of Pax7 postnatally and bypass the early defects, several strategies have been developed to conditionally inactivate the Pax7 gene. In one report, two alleles were combined: i) Pax7 CE , which expresses a tamoxifen-inducible Cre recombinase-Estrogen receptor fusion protein, Cre-ERT2, in the Pax7 locus, giving a Pax7 null allele; ii) Pax7 flox , a conditional allele that becomes null for Pax7 after Cre recombination [START_REF] Lepper | Adult satellite cells and embryonic muscle progenitors have distinct genetic requirements[END_REF]. Recombination was followed with a R26 LacZ reporter. When Pax7 was deleted before post-natal day 21 (P21), muscle regeneration in the adult failed, in line with the regeneration experiments performed on the complete knockout. Conversely, Pax7 deletion in adult resting muscle did not reduce satellite cell numbers, suggesting that Pax7 was dispensable for MuSC maintenance.

Moreover, regeneration appeared normal and Pax7 deleted cells were able to proliferate and reoccupy the sublaminal position in the niche [START_REF] Lepper | Adult satellite cells and embryonic muscle progenitors have distinct genetic requirements[END_REF].

These findings suggested that Pax7 is dispensable in adult satellite cells.

More recent studies, however, lead to different conclusions [START_REF] Günther | Myf5-Positive Satellite Cells Contribute to Pax7-Dependent Long-Term Maintenance of Adult Muscle Stem Cells[END_REF][START_REF] Von Maltzahn | Pax7 is critical for the normal function of satellite cells in adult skeletal muscle[END_REF]. Genetic ablation of Pax7 in satellite cells in vitro resulted in cell-cycle arrest and premature differentiation [START_REF] Von Maltzahn | Pax7 is critical for the normal function of satellite cells in adult skeletal muscle[END_REF]. Accordingly, sustained Pax7 deletion by continuous tamoxifen administration resulted in failed regeneration. A second study, performed with a different Pax7 loxP allele, showed even a progressive loss of satellite cells during homeostasis after a long chase period of tamoxifen [START_REF] Günther | Myf5-Positive Satellite Cells Contribute to Pax7-Dependent Long-Term Maintenance of Adult Muscle Stem Cells[END_REF]. In this case, muscle regeneration after injury was also defective. The inconsistence between the latter studies and the previous one might be due to MuSCs escaping the CreERT2-mediated recombination due to short Tamoxifen administration. In addition, the Lepper allele used in the initial study might not be a true null due to the presence of a truncated Pax7 mRNA, which could give rise to a shortened protein with a predicted functional domain.

A clearer dependence for muscle regeneration on Pax7 expressing cells came from ablation studies [START_REF] Lepper | An absolute requirement for Pax7-positive satellite cells in acute injury-induced skeletal muscle regeneration[END_REF]Murphy et al., 2011;Sambasivan et al., 2011). Here, two different approaches have been used. First, the diphtheria toxin fragment A (DTA) was inserted in Pax7 locus and expressed in a inducible manner [START_REF] Lepper | An absolute requirement for Pax7-positive satellite cells in acute injury-induced skeletal muscle regeneration[END_REF]Murphy et al., 2011). Second, the human diphtheria toxin receptor (DTR) was inserted in the Pax7 locus [START_REF] Lepper | An absolute requirement for Pax7-positive satellite cells in acute injury-induced skeletal muscle regeneration[END_REF]Sambasivan et al., 2011) and diphtheria toxin injected locally. Muscle regeneration completely failed with a al., 2016). Cardiotoxin (CTX, protein kinase C inhibitor) and notexin (NTX, phospholipase A2) are the most common myotoxins used and they are derived from snake venom. These toxins provoke acute injury due to the permeabilisation of the membranes leading to extracellular Ca 2+ influx. In turn, depolarisation of the membrane drives the fibres to hypercontraction and necrosis [START_REF] Gayraud-Morel | Skeletal muscle as a paradigm for regenerative biology and medicine[END_REF].

Following myotoxin injection, myofibres start to degenerate within a few hours (Figure 3). Satellite cell activation and proliferation is accompanied by other key cellular events such as inflammation, revascularisation and renervation. A week after injury the first newly-formed fibres can be identified due to the central position of the myonuclei (Figure 3). By 4-5 weeks the muscle tissue is largely reconstituted with the disappearance of inflammation and necrotic tissue, and the self-renewed satellite cells re-acquiring their stereotypical position under the basal lamina (Figure 3).

Satellite cell activation and differentiation

During the regeneration process MuSCs express a series of myogenic transcription factors necessary for proper muscle formation and stem cell self-renewal, similarly to the developmental process [START_REF] Tajbakhsh | Skeletal muscle stem cells in developmental versus regenerative myogenesis[END_REF]. As aforementioned, quiescent satellite cells are marked by the expression of Pax7 in adult muscle (Figure 4). Myf5 transcript and protein are also detected in the majority of quiescent satellite cells [START_REF] Cornelison | Single-cell analysis of regulatory gene expression in quiescent and activated mouse skeletal muscle satellite cells[END_REF]Gayraud-Morel et al., 2012;Kuang et al., 2007), whereas Myod protein is not detectable. Activated cells (myoblasts) rapidly upregulate Myod and Myf5 expression [START_REF] Cooper | In vivo satellite cell activation via Myf5 and MyoD in regenerating mouse skeletal muscle[END_REF][START_REF] Cornelison | Single-cell analysis of regulatory gene expression in quiescent and activated mouse skeletal muscle satellite cells[END_REF]. This upregulation anticipates the expression of cell cycle markers [START_REF] Cooper | In vivo satellite cell activation via Myf5 and MyoD in regenerating mouse skeletal muscle[END_REF][START_REF] Cornelison | MyoD(-/-) satellite cells in single-fiber culture are differentiation defective and MRF4 deficient[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], probably due to the fact that their mRNA is already available in the cells but retained in ribonucleoprotein particles that limit their translation [START_REF] Crist | Muscle Satellite Cells Are Primed for Myogenesis but Maintain Quiescence with Sequestration of Myf5 mRNA Targeted by microRNA-31 in mRNP Granules[END_REF][START_REF] Hausburg | Post-transcriptional regulation of satellite cell quiescence by TTP-mediated mRNA decay[END_REF]. In Myf5 null mice satellite cell numbers appear to be normal, but regeneration is perturbed [START_REF] Gayraud-Morel | A role for the myogenic determination gene Myf5 in adult regenerative myogenesis[END_REF][START_REF] Ustanina | The myogenic factor Myf5 supports efficient skeletal muscle regeneration by enabling transient myoblast amplification[END_REF]. Interestingly, heterozygous Myf5

MuSCs have greater self-renewal capacity and niche occupancy after transplantation (Gayraud-Morel et al., 2012), suggesting that Myf5 levels in satellite cells regulate the balance between self-renewal and differentiation (Kuang et al., 2007). On the other hand, Myod null mice have more satellite cells but show regeneration delay, due to a sustained myoblast replication and delayed differentiation [START_REF] Asakura | Increased survival of muscle stem cells lacking the MyoD gene after transplantation into regenerating skeletal muscle[END_REF][START_REF] Gayraud-Morel | A role for the myogenic determination gene Myf5 in adult regenerative myogenesis[END_REF][START_REF] Macharia | Neuromuscular junction morphology, fiber-type proportions, and satellite-cell proliferation rates are altered in MyoD(-/-) mice[END_REF][START_REF] Megeney | MyoD is required for myogenic stem cell function in adult skeletal muscle[END_REF][START_REF] Sabourin | Reduced differentiation potential of primary MyoD-/-myogenic cells derived from adult skeletal muscle[END_REF][START_REF] White | Myotube formation is delayed but not prevented in MyoD-deficient skeletal muscle: studies in regenerating whole muscle grafts of adult mice[END_REF][START_REF] Yablonka-Reuveni | The transition from proliferation to differentiation is delayed in satellite cells from mice lacking MyoD[END_REF].

The differentiation factors Myogenin and MRF4 are considered not to be involved in satellite cell generation or maintenance [START_REF] Gayraud-Morel | A role for the myogenic determination gene Myf5 in adult regenerative myogenesis[END_REF][START_REF] Meadows | Myogenin regulates a distinct genetic program in adult muscle stem cells[END_REF]. By conditionally knocking out Myogenin gene postnatally, Knapp et al. showed a reduced muscle mass, suggesting that the absence of Myogenin prevented skeletal myoblasts from contributing to postnatal muscle growth [START_REF] Knapp | Loss of myogenin in postnatal life leads to normal skeletal muscle but reduced body size[END_REF].

However, the requirement of Myogenin following an acute injury is yet to be assessed.

One report, using a dystrophic mouse model (Mdx) in which Myog was deleted in adult life, showed that Myogenin was dispensable for muscle regeneration and its absence improved exercise capacity in Mdx mice [START_REF] Meadows | Myogenin regulates exercise capacity but is dispensable for skeletal muscle regeneration in adult mdx mice[END_REF]. Although Pax7 is associated with myoblast proliferation and delays their differentiation, and it has been reported to regulate Myod levels [START_REF] Olguin | Reciprocal inhibition between Pax7 and muscle regulatory factors modulates myogenic cell fate determination[END_REF], it does not block the expression of Myogenin [START_REF] Zammit | Pax7 and myogenic progression in skeletal muscle satellite cells[END_REF]. Conversely, Myogenin was postulated to be a direct negative regulator of Pax7 expression during differentiation in an in vitro system [START_REF] Olguin | Reciprocal inhibition between Pax7 and muscle regulatory factors modulates myogenic cell fate determination[END_REF].

Regulation of quiescence

In the absence of injury or intense activity, satellite cells and myofibres are thought to have a very low turnover rate [START_REF] Keefe | Muscle stem cells contribute to myofibres in sedentary adult mice[END_REF][START_REF] Pawlikowski | Pervasive satellite cell contribution to uninjured adult muscle fibers[END_REF].

A multitude of regulatory networks involved in the maintenance of the quiescent state have been identified, ranging from transcription factors to extracellular matrix components to microRNAs, however we are still unable to fully grasp the complex regulation of this state and manipulate it.

Quiescent satellite cells have been extensively studied at the gene expression level and compared to activated MuSCs in order to identify core quiescence genes (Farina et al., 2012;Fukada et al., 2007;García-Prat et al., 2016;Liu et al., 2013;Lukjanenko et al., 2016;Pallafacchina et al., 2010). All these studies, although differ for the method and timing of satellite cell activation, have been compiled and compared in our group using a new bioinformatic approach (see Annex 2). Genes like Calcitonin receptor, BMP6, HeyL (Notch target) and IGF1, reported to be important for quiescence [START_REF] Fukada | Hesr1 and Hesr3 are essential to generate undifferentiated quiescent satellite cells and to maintain satellite cell numbers[END_REF][START_REF] Schiaffino | Regulation of skeletal muscle growth by the IGF1-Akt/PKB pathway: insights from genetic models[END_REF][START_REF] Stantzou | BMP signaling regulates satellite cell-dependent postnatal muscle growth[END_REF]Yamaguchi et al., 2015), were found to be upregulated in all datasets.

Satellite cells are equipped to respond to several signalling pathways from the environment which affect their state. For instance, satellite cells have tyrosine kinase receptors which allow them to respond to insulin-like growth factor (IGF), fibroblast growth factor (FGF), hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), and intracellular inhibitors that bind and inactivate specific growth factors, like Sprouty1 which is expressed in quiescent MuSCs (Fukada et al., 2007). Cells deficient for Sprouty fail to return to quiescence [START_REF] Shea | Sprouty1 regulates reversible quiescence of a self-renewing adult muscle stem cell pool during regeneration[END_REF]. Tyrosine kinase mediated signalling acts through mitogen-activated protein kinases (MAPKs), such as p38a/b which promotes activation and cell cycle entry in satellite cells [START_REF] Cosgrove | Rejuvenation of the muscle stem cell population restores strength to injured aged muscles[END_REF]Perdiguero et al., 2007a;[START_REF] Perdiguero | Genetic deficiency of p38alpha reveals its critical role in myoblast cell cycle exit: the p38alpha-JNK connection[END_REF][START_REF] Troy | Coordination of satellite cell activation and self-renewal by Par-complexdependent asymmetric activation of p38alpha/beta MAPK[END_REF].

Among the other pathways, Notch signalling is required for satellite cell quiescence. When Notch intracellular domain (NICD) is overexpressed in satellite cells, Myod expression and cell cycle entry are inhibited [START_REF] Wen | Constitutive Notch activation upregulates Pax7 and promotes the self-renewal of skeletal muscle satellite cells[END_REF].

Consistently, when Notch signalling is blocked, satellite cells exit quiescence and spontaneously fuse with the myofibre [START_REF] Bjornson | Notch signaling is necessary to maintain quiescence in adult muscle stem cells[END_REF]Mourikis et al., 2012).

Satellite cells activate as soon as they are isolated from the muscle fibres. Recent work showed that satellite cells can be kept in a quiescence-like state by constructing an artificial muscle fibre and in tightly regulated culture conditions [START_REF] Quarta | An artificial niche preserves the quiescence of muscle stem cells and enhances their therapeutic efficacy[END_REF],

showing that extrinsic factors modulate satellite cell behaviour. Hypoxia as well has been described as a potent cell fate modulator and will be described in more detail in Chapter 3.6.2.

Quiescence is defined as a reversible arrest in cell cycle. However, several studies showed that different levels of quiescence can be identified [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF]Rocheteau et al., 2012;Rodgers et al., 2014). A 'G Alert ' quiescent state has been described in satellite cells residing in the contralateral muscle to an injured one. These cells responded to that distant injury and had cycling properties that were different from those in a non-injured animal as well as from the injured tissue. They displayed accelerated cell cycle entry as measured by EdU incorporation and time required to complete the first cell division compared to quiescent cells (Rodgers et al., 2014).

Moreover, mitochondrial activity and cell size were increased, suggesting a 'primed' state for activation. The opposite phenotype was described for a subpopulation of satellite cells expressing high levels of Pax7 (isolated with the Tg:Pax7-nGFP reporter mice) (Rocheteau et al., 2012). In this context, our group reported that the top 10%

GFP expressing cells have a deeper quiescence state, characterised by higher both stem and committed daughter cells. Satellite cells have been reported to perform asymmetric partition of transcription factors (Pax7, Myod, Myogenin), reporter gene expression, polarity complexes and non-random DNA segregation [START_REF] Dumont | Dystrophin expression in muscle stem cells regulates their polarity and asymmetric division[END_REF]Kuang et al., 2007;Rocheteau et al., 2012;Shinin et al., 2009;[START_REF] Yennek | Cell adhesion geometry regulates non-random DNA segregation and asymmetric cell fates in mouse skeletal muscle stem cells[END_REF], accompanied by asymmetric cell fate in daughter cells. In these and other studies, extrinsic and intrinsic factors impacting the mode of cell division have been identified, however its regulation during regeneration and growth remains largely unknown [START_REF] Tajbakhsh | Asymmetric cell divisions and asymmetric cell fates[END_REF].

One model for satellite cell self-renewal proposes that all satellite cells express Myod when activated, before returning to a MRF-negative, quiescent state when muscle are repaired (Figure 5b) [START_REF] Zammit | Muscle satellite cells adopt divergent fates: a mechanism for self-renewal?[END_REF]. Nonetheless, asymmetric division of satellite cells to generate a stem cell and a cell that undergoes myogenic differentiation is supported by the identification of label (i.e. BrdU) retaining cells (LRC)

within the satellite cell pool, both in vivo and in vitro [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;Shinin et al., 2009). Self-renewal and asymmetry have been extensively

characterised also on single myofibres. Using a Myf5 reporter mouse model (Myf5 CreSOR ::R26 stop-YFP ), Kuang and colleagues reported that Pax7+/Myf5(lineage)stem cells undergo symmetric or asymmetric cells division according to the mitotic spindle orientation (if perpendicular to the fibre axis divisions will be asymmetric) and this decision is regulated byt Wnt and Notch pathways (Figure 5a) (Kuang et al., 2007).

1.4.

Satellite cell niche

Although satellite cells are in indispensable to achieve full muscle regeneration, the environment surrounding MuSCs and other resident populations play a major role in the regeneration process (Figure 6).

One component of the niche is the muscle fibre itself upon which satellite cells reside. The integrity of the fibres has been shown to be important for MuSC homing and quiescence, as their selective killing with Marcaine resulted in satellite cell proliferation [START_REF] Bischoff | Interaction between satellite cells and skeletal muscle fibers[END_REF]. Myofibres are likely to induce the Notch pathway via the expression of its ligands, Delta-like1 and 4 (Figure 6), which is critical for satellite cell maintenance [START_REF] Bjornson | Notch signaling is necessary to maintain quiescence in adult muscle stem cells[END_REF]Mourikis et al., 2012). Moreover, they have been the deletion of integrin b1 drives MuSCs out of quiescence and into differentiation [START_REF] Rozo | Targeting beta1-integrin signaling enhances regeneration in aged and dystrophic muscle in mice[END_REF].

Numerous secreted soluble signalling molecules have been found to promote satellite cell activation, inhibition or differentiation. For example, competence factors like FGF promote the exit of quiescent cells from G0 and entry into G1 [START_REF] Allen | Regulation of skeletal muscle satellite cell proliferation and differentiation by transforming growth factor-beta, insulin-like growth factor I, and fibroblast growth factor[END_REF], and progression factors like IGF (IGF1, IGF2) mediate satellite cell proliferation and differentiation [START_REF] Barton | Muscle-specific expression of insulin-like growth factor I counters muscle decline in mdx mice[END_REF][START_REF] Musaro | Localized Igf-1 transgene expression sustains hypertrophy and regeneration in senescent skeletal muscle[END_REF].

During the first phases after tissue damage, macrophages are important to ensure tissue clearance through phagocytosis and cytokine release. Pro-inflammatory molecules like TNFa, IFNa and IL-6 promote satellite cell proliferation [START_REF] Lu | Macrophages recruited via CCR2 produce insulin-like growth factor-1 to repair acute skeletal muscle injury[END_REF].

During the repair phase, a switch in macrophage polarization from M1 to M2 is required to ensure the production of anti-inflammatory cytokines such as IL-4 and IL-10, which stimulate myoblasts differentiation and fusion [START_REF] Chazaud | Satellite cells attract monocytes and use macrophages as a support to escape apoptosis and enhance muscle growth[END_REF]. Another supportive population which plays a significant myogenic and trophic role in muscle physiology and regeneration is the fibro-adipogenic progenitors (FAPs) [START_REF] Fiore | Pharmacological blockage of fibro/adipogenic progenitor expansion and suppression of regenerative fibrogenesis is associated with impaired skeletal muscle regeneration[END_REF][START_REF] Joe | Muscle injury activates resident fibro/adipogenic progenitors that facilitate myogenesis[END_REF][START_REF] Lemos | Nilotinib reduces muscle fibrosis in chronic muscle injury by promoting TNF-mediated apoptosis of fibro/adipogenic progenitors[END_REF][START_REF] Tamaki | Identification of myogenic-endothelial progenitor cells in the interstitial spaces of skeletal muscle[END_REF][START_REF] Uezumi | Mesenchymal progenitors distinct from satellite cells contribute to ectopic fat cell formation in skeletal muscle[END_REF].

Other populations of cells have been shown to have myogenic potential, and they have been shown to contribute to regenerating myofibres. One example of a nonsatellite cell type with myogenic potential is the mesoangioblast, a cell population expressing markers of pericytes (proteoglycan NG2 and alkaline phosphatase ALP).

Mesoangioblasts can contribute to differentiated myotubes, but these cells do not express myogenic markers upon isolation [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]. They are associated with the microvascular walls in adult murine and human skeletal muscle. Some reports have demonstrated that vascular or bone marrow cells had myogenic potential, although is some cases this was due to passive fusion with skeletal muscle cells and an incomplete reprogramming of the non-myogenic cells [START_REF] Sampaolesi | Cell therapy of alpha-sarcoglycan null dystrophic mice through intra-arterial delivery of mesoangioblasts[END_REF][START_REF] Tedesco | Repairing skeletal muscle: regenerative potential of skeletal muscle stem cells[END_REF]. Interstitial Pw1+ cells (PICs) are also a muscle-resident stem cell population that has been shown to be myogenic in vitro and to participate in muscle regeneration in vivo (Mitchell et al., 2010). Finally, Twist2+ interstitial cells were identified recently to contribute specifically to type IIB/X fibres (Liu et al., 2017b).

Heterogeneity of satellite cells

Several studies have demonstrated that the satellite cell population is heterogeneous and that satellite cells differ in their gene expression signatures, myogenic differentiation propensity, stemness and lineage potential. A clear example comes from muscles of distinct embryonic origins. The expression of upstream regulators of head muscles such as Tbx1 and Pitx2, for example, is maintained throughout adulthood (Sambasivan et al., 2009). However, their molecular signature is lost upon transplantation in a different anatomical location (extraocular muscle, EOM to Tibialis anterior, TA), suggesting that the interaction with the niche is needed to generate the unique molecular signatures and phenotypes found in vivo (Sambasivan et al., 2009).

Other transplantation studies showed differences in the engraftment potential of satellite cells coming from muscles with the same developmental origin [START_REF] Collins | Stem cell function, self-renewal, and behavioral heterogeneity of cells from the adult muscle satellite cell niche[END_REF]. MuSCs isolated from Extensor digitorium longus (EDL) or soleus muscles had higher engraftment potential compared to TA-derived cells [START_REF] Collins | Stem cell function, self-renewal, and behavioral heterogeneity of cells from the adult muscle satellite cell niche[END_REF].

Surface markers such as CD34 and Syndecan 3/4 [START_REF] Beauchamp | Expression of CD34 and Myf5 defines the majority of quiescent adult skeletal muscle satellite cells[END_REF][START_REF] Cornelison | Single-cell analysis of regulatory gene expression in quiescent and activated mouse skeletal muscle satellite cells[END_REF], as well as genetic reporter murine lines [START_REF] Beauchamp | Expression of CD34 and Myf5 defines the majority of quiescent adult skeletal muscle satellite cells[END_REF]Kuang et al., 2007;Montarras et al., 2005;Rocheteau et al., 2012) highlight the heterogeneity of satellite cells, as their expression is not homogeneous in the population.

A compelling example comes from Myf5 reporters, such as the Myf5 nlacZ allele with the expression of b galactosidase under the promoter of Myf5. This study on freshly isolated myofibres showed that a subset of satellite cells do not express Myf5 nlacZ [START_REF] Beauchamp | Expression of CD34 and Myf5 defines the majority of quiescent adult skeletal muscle satellite cells[END_REF]. Kuang and colleagues also showed that satellite cells expressing Pax7 differentially express Myf5 (Kuang et al., 2007) and about 90% of satellite cells are both Pax7 and Myf5 nlacZ positive while the rest expressed only Pax7. By crossing Myf5 CreSOR line and a Cre-dependent yellow fluorescent protein (ROSA26 stop ROSA26 stop-YFP ) reporter mouse line in order to permanently mark satellite cells that express or have expressed Myf5 (during prenatal and postnatal development, regardless of possible down-regulation at later stages), these authors also reported that a subpopulation (10%) of perinatal and adult satellite cells express only Pax7 and not YFP, i.e., 10% of the satellite cells never expressed Myf5 (Kuang et al., 2007).

However, when a different Cre allele is used this heterogeneity is not evident (Sambasivan et al., 2013a). As mentioned before, by employing an ex vivo isolated plated on symmetric micropatterns, they tend to ignore these cues [START_REF] Yennek | Cell adhesion geometry regulates non-random DNA segregation and asymmetric cell fates in mouse skeletal muscle stem cells[END_REF].

Given this wide range of behaviours, single cell technologies and analysis become more important. The combination of multiple approaches such as RNAseq, epigenomic, and proteomic analysis will shed more light on the intrinsic regulation of satellite cells.

Satellite cells in ageing muscle

Muscle regenerative capacity declines with ageing. In aged muscle, satellite cells decline not only in number and can become limiting for regenerative capacity [START_REF] Chakkalakal | The aged niche disrupts muscle stem cell quiescence[END_REF], but also in functionality (García-Prat et al., 2016;[START_REF] Sousa-Victor | Geriatric muscle stem cells switch reversible quiescence into senescence[END_REF]. To what extent this is due to cell-intrinsic mechanisms or extrinsic changes in the environment has been the matter of intense investigation.

1.6.1. Cell-autonomous functionality of aged satellite cells Several reports showed that purified satellite cells or single myofibre transplantation from aged donors to young recipient mice have a 40-70% decline in engraftment potential, depending on the transplantation conditions [START_REF] Bernet | p38 MAPK signaling underlies a cell-autonomous loss of stem cell self-renewal in skeletal muscle of aged mice[END_REF][START_REF] Chakkalakal | The aged niche disrupts muscle stem cell quiescence[END_REF][START_REF] Cosgrove | Rejuvenation of the muscle stem cell population restores strength to injured aged muscles[END_REF][START_REF] Price | Inhibition of JAK-STAT signaling stimulates adult satellite cell function[END_REF][START_REF] Sousa-Victor | Geriatric muscle stem cells switch reversible quiescence into senescence[END_REF]. Increase in oxidative stress and decline in antioxidant capacity has been identified as one of the players in ageing dysfunction of satellite cells (discussed in Chapter 3.5.1). It was reported recently that aged MuSCs reprogram their rhythmic circadian functions [START_REF] Solanas | Aged Stem Cells Reprogram Their Daily Rhythmic Functions to Adapt to Stress[END_REF], and this was suggested to be related to the stress response.

Global epigenetic alterations (Liu et al., 2013) could be correlated with the transcriptomic changes described in aged mice, which show an increase in myogenic differentiation-specific genes and inflammatory response [START_REF] Baj | Culture of skeletal myoblasts from human donors aged over 40 years: dynamics of cell growth and expression of differentiation markers[END_REF][START_REF] Conboy | Notchmediated restoration of regenerative potential to aged muscle[END_REF]Liu et al., 2013;[START_REF] Pietrangelo | Molecular basis of the myogenic profile of aged human skeletal muscle satellite cells during differentiation[END_REF].

The loss of stem cells in aged muscle has been associated with a decrease in Sprouty1, an FGF inhibitor, which results in the loss of quiescence and reduction in the stem cell pool [START_REF] Bigot | Age-Associated Methylation Suppresses SPRY1, Leading to a Failure of Re-quiescence and Loss of the Reserve Stem Cell Pool in Elderly Muscle[END_REF][START_REF] Shea | Sprouty1 regulates reversible quiescence of a self-renewing adult muscle stem cell pool during regeneration[END_REF]. FGF signalling alteration in aged cells leads also to symmetric cell divisions that produce two committed daughters [START_REF] Bernet | p38 MAPK signaling underlies a cell-autonomous loss of stem cell self-renewal in skeletal muscle of aged mice[END_REF][START_REF] Cosgrove | Rejuvenation of the muscle stem cell population restores strength to injured aged muscles[END_REF]. In addition, aged satellite cells have a chronic elevation of p38ab MAPK signalling and desensitisation of FGFR1 activity.

This desensitisation might be a consequence of the high concentration of FGF2 in aged serum, which would drive receptor internalisation [START_REF] Bernet | p38 MAPK signaling underlies a cell-autonomous loss of stem cell self-renewal in skeletal muscle of aged mice[END_REF].

Detrimental effects on modes of cell divisions come also from the increase activation of the pro-inflammatory IL-6-JAK/STAT3 pathway [START_REF] Price | Inhibition of JAK-STAT signaling stimulates adult satellite cell function[END_REF][START_REF] Tierney | STAT3 signaling controls satellite cell expansion and skeletal muscle repair[END_REF]. As mentioned before, the niche plays a major role in dictating regeneration efficiency and satellite cell behaviour. This is also the case in the ageing paradigm.

Initial transplantation experiments of whole muscles of young and old mice showed that regeneration depends greatly on the environment, as young grafts failed to regenerate when inserted in an old host [START_REF] Carlson | Muscle transplantation between young and old rats: age of host determines recovery[END_REF]). However, more recent studies suggest a delay rather than a failure in regeneration at old age (Lee et al., 2013a;[START_REF] Shavlakadze | Delayed but excellent myogenic stem cell response of regenerating geriatric skeletal muscles in mice[END_REF][START_REF] Smythe | Age influences the early events of skeletal muscle regeneration: Studies of whole muscle grafts transplanted between young (8 weeks) and old (13-21 months) mice[END_REF].

Parabiosis has been used to study the effects of circulating factors of one animal over another. It is achieved through anastomosis of the circulatory system of a young animal with an old one [START_REF] Conboy | Rejuvenation of aged progenitor cells by exposure to a young systemic environment[END_REF]. This seminal work showed that youthful factors accelerate regeneration in aged mice and ageing factors delayed muscle repair in young mice. Numerous soluble factors were then identified as potential rejuvenating agents, including modulators of RTK/ERK, Notch, Wnt and TGFb pathways [START_REF] Carlson | Imbalance between pSmad3 and Notch induces CDK inhibitors in old muscle stem cells[END_REF][START_REF] Conboy | Notchmediated restoration of regenerative potential to aged muscle[END_REF][START_REF] Naito | Complement C1q activates canonical Wnt signaling and promotes aging-related phenotypes[END_REF][START_REF] Yousef | Systemic attenuation of the TGFbeta pathway by a single drug simultaneously rejuvenates hippocampal neurogenesis and myogenesis in the same old mammal[END_REF]. Growth differentiation factor 11 (GDF11) has been identified as a circulating rejuvenating factor [START_REF] Sinha | Restoring systemic GDF11 levels reverses age-related dysfunction in mouse skeletal muscle[END_REF]. However, a subsequent study showed that the administration of GDF11 protein does not ameliorate regeneration in aged mice after injury and it has opposite effects compared to the first report [START_REF] Egerman | GDF11 Increases with Age and Inhibits Skeletal Muscle Regeneration[END_REF]. These conflictual results might be due to the high homology between GDF11 and myostatin [START_REF] Brun | GDF11 and the Mythical Fountain of Youth[END_REF], which decreases with age [START_REF] Egerman | GDF11 Increases with Age and Inhibits Skeletal Muscle Regeneration[END_REF].

Caloric restriction and metabolic regulation have been shown to alter the ageing phenotype in muscle, and will be discussed in Chapter 3.5.

Stress response and survival of satellite cells post-mortem

After death in any organism, necrosis results in the gradual and permanent degradation of tissues accompanied by cell death. Some studies have reported that cells can survive shortly after death, yet the survival and regenerative capacity of stem cells has been shown only recently [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF]. This is of great importance at two different levels. Firstly, it provides an important source of cells for future stem cells therapies, which is nowadays one of the main obstacles in the development of these therapies. Secondly, due to the protective environment (niche) and to the energetic state of the stem cells, they are the cells that survive longer post mortem, thus adding another property to stem cells which could provide more information about the biology of these cells.

In the study of Latil and colleagues, they show that skeletal muscle stem cells can be isolated for extended periods after death from up to 14 days in mouse and up to 17 days in human cadavers. Functional characterization and transplantation assays demonstrated that these stem cells can contribute to the regeneration of the tissue.

They have also shown that a critical feature of their survival is their sensitivity to oxygen levels during isolation. Using the Tg:Pax7-nGFP mouse, they showed that the quiescence state of satellite cells appears to confer a survival advantage compared to proliferating cells [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF]. These results reveal a direct correlation between the energetic state of the cell, presumably to ensure essential basal cellular activity and maintain viability, and the capacity to resist to a hostile environment.

It was shown previously that neural stem cells from rat can be isolated from the brain of deceased adults or early postnatal rats up to 6 days after death when rats were stored at 4°C [START_REF] Xu | Isolation of neural stem cells from the forebrain of deceased early postnatal and adult rats with protracted postmortem intervals[END_REF]. Furthermore, these authors showed that the amount of stem cells obtained from rat cadavers depends on the age of the rats, since significantly more neural stem cells were obtained from perinatal rats compared to adults. In addition, Yi Xu et al. showed that from day 2 post mortem (PM) the number of neural stem cells sharply declined and that only few neural stem cells survive 4 days after death. In other studies, it was shown that neural stem cell viability declines sharply after death, and that neural stem cells can be successfully isolated within less than two days post mortem [START_REF] Palmer | Cell culture. Progenitor cells from human brain after death[END_REF]. Factors such as vascularisation of the stem cell niche and oxidative status of the neural stem cells maintained in vitro might be critical for maintaining stem cell viability [START_REF] Burgers | Acute anoxia stimulates proliferation in adult neural stem cells from the rat brain[END_REF][START_REF] Xu | Isolation of neural stem cells from the forebrain of deceased early postnatal and adult rats with protracted postmortem intervals[END_REF]. In skeletal muscle however, viable cells generated myoblasts in culture from all individuals directly, or after storage at 4°C up to 30 days, and they differentiated into contractile myotubes. Up to 65% of mouse muscle stem cells were viable at 4 days post mortem, and stem cells were isolated successfully up to 14 days post mortem.

Muscle stem cells from post mortem mice contained reduced levels of mitochondria and ATP. An enrichment for stem cells compared to other cell types was observed in post mortem skeletal muscle suggesting that muscle stem cells exhibit a survival advantage compared to other cell types. Significantly, post mortem muscle stem cells contributed robustly to regenerating muscle after transplantation. Finally, survival of muscle stem cells in post mortem tissue was linked to the oxidative status of the cell, where higher survival was observed in anoxia conditions [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF]. However, a gene expression and metabolic profile of these cells is currently lacking. In addition, survivor satellite cells show characteristics similar to Pax7-nGFP Hi cells (Rocheteau et al., 2012), but whether the dormancy state is a selection or an adaptive response remains unclear.

The increased ability of satellite cells to respond to stress conditions has been shown also in other contexts. For instance, satellite cells repair DNA double strand breaks (DSB) more efficiently than their committed progeny [START_REF] Vahidi Ferdousi | More efficient repair of DNA double-strand breaks in skeletal muscle stem cells compared to their committed progeny[END_REF], although high-doses of irradiation (18)(19)(20)(21)(22)(23)(24)(25) compromise satellite cell function and muscle regeneration (Gross et al., 1999;Gross and Morgan, 1999;[START_REF] Heslop | Evidence for a myogenic stem cell that is exhausted in dystrophic muscle[END_REF][START_REF] Pagel | Covert persistence of mdx mouse myopathy is revealed by acute and chronic effects of irradiation[END_REF]. A variety of factors affect muscle regeneration in response to genotoxic stress. Niche preservation plays a key role in muscle regeneration during engraftment [START_REF] Boldrin | Donor satellite cell engraftment is significantly augmented when the host niche is preserved and endogenous satellite cells are incapacitated[END_REF], and it is significantly affected by non-myogenic cells like macrophages [START_REF] Saclier | Differentially activated macrophages orchestrate myogenic precursor cell fate during human skeletal muscle regeneration[END_REF]. Notably, MuSCs exhibit a robust DNA repair machinery and they perform IR-induced DSB repair significantly better than their committed progeny, and with a higher accuracy [START_REF] Vahidi Ferdousi | More efficient repair of DNA double-strand breaks in skeletal muscle stem cells compared to their committed progeny[END_REF]. Moreover, the proliferation status of cells appears to affect the repair efficiency to a lesser extent than differentiation. Finally, Vahidi-Ferdousi and colleagues showed that the niche does not significantly affect the repair efficiency of satellite cells pointing to a cell autonomous role for DNA repair.

Taken together, these findings point to stress resistance as a defining characteristic of all stem cells, and satellite cells in particular, and this property is likely related to their well protected niche.

Chapter II: Metabolism in skeletal muscle

Skeletal muscles need continuous energy provision to sustain the activity of the contracting fibres. Given its high metabolic activity and adaptability, it has been one of the tissues of choice for metabolic studies. Moreover, because of its high oxidative capacity and large contribution to total body mass, it is an important tissue in maintaining normal whole-body metabolism and energy homeostasis. This chapter will outline the main energy metabolism pathways in skeletal muscle, the metabolic differences between the different muscle fibre types and the ability to adapt to altered energy demands.

Energy sources in skeletal muscle

The molecular motors (myosin heads and cross-bridges) and the ion pumps (sarcoplasmic reticulum Ca 2+ pumps) which drive muscle contraction are the main sources of energy consumption in skeletal muscle. Energy is required in the form of adenosine triphosphate (ATP). Since the amount of ATP stored inside the cells is limited (5-6 mM) [START_REF] Karatzaferi | Phosphocreatine and ATP content in human single muscle fibres before and after maximum dynamic exercise[END_REF], metabolic pathways have to be activated during muscle activity to avoid ATP depletion. ATP resynthesis is achieved through the breakdown of creatine phosphate (PCr) and intramuscular glycogen to lactate in anaerobic conditions, while oxidation of carbohydrates and lipids are the dominating ATP-producing systems under aerobic conditions (Figure 8).

corresponding increase in mitochondrial biogenesis [START_REF] Kraft | Control of mitochondrial biogenesis during myogenesis[END_REF]. This shift has been recently shown to be controlled directly by myogenic factors like Myod. In fact, Myod binds to numerous metabolic genes involved in mitochondrial respiration, including PGC1 beta, through a non-canonical NF-kB pathway and when MyoD is knocked out in myotubes, both TCA cycle activity and FAO are reduced [START_REF] Shintaku | MyoD Regulates Skeletal Muscle Oxidative Metabolism Cooperatively with Alternative NF-&kappa[END_REF]. 

Different metabolism in different fibre types

Skeletal muscle consists mainly of slow twitch (Type I) and fast twitch (Type IIa and IIb) fibres. Type I and IIa fibres, also called red fibres, are rich in mitochondria and rely on OxPhos, while Type IIb (white fibres) are mitochondria-poor and use glycolysis for ATP production (see Table I) [START_REF] Kunz | Control of oxidative phosphorylation in skeletal muscle[END_REF]. Fast-acting muscle are manly composed of white fibres which generate ATP by short reaction pathways, whereas slow-acting muscles are generally red and oxidative [START_REF] Lexell | Distribution of different fibre types in human skeletal muscles. A statistical and computational study of the fibre type arrangement in m. vastus lateralis of young, healthy males[END_REF]. [START_REF] Schiaffino | Mechanisms regulating skeletal muscle growth and atrophy[END_REF][START_REF] Schiaffino | Regulation of skeletal muscle growth by the IGF1-Akt/PKB pathway: insights from genetic models[END_REF]. The IGF-Akt pathway has been identified as relevant for the ageing process, as downregulation of Akt and activation of FoxO extends life-span in several models [START_REF] Henis-Korenblit | Insulin/IGF-1 signaling mutants reprogram ER stress response regulators to promote longevity[END_REF][START_REF] Paik | FoxOs are lineage-restricted redundant tumor suppressors and regulate endothelial cell homeostasis[END_REF][START_REF] Renault | FoxO3 regulates neural stem cell homeostasis[END_REF][START_REF] Tothova | FoxO transcription factors and stem cell homeostasis: insights from the hematopoietic system[END_REF]Tothova et al., 2007). However, sarcopenia during ageing is not due to upregulation of the FoxO-dependent proteolytic pathway, but increased activation of mTOR complex 1 (mTORC1), in line with findings that rapamycin treatment improves the ageing phenotype and longevity (Chen et al., 2009b;[START_REF] Harrison | Rapamycin fed late in life extends lifespan in genetically heterogeneous mice[END_REF][START_REF] Sandri | Signalling pathways regulating muscle mass in ageing skeletal muscle. The role of the IGF1-Akt-mTOR-FoxO pathway[END_REF][START_REF] Tremblay | Amino acid and insulin signaling via the mTOR/p70 S6 kinase pathway. A negative feedback mechanism leading to insulin resistance in skeletal muscle cells[END_REF]. Maintaining proteostasis prevents muscle atrophy during ageing [START_REF] Sandri | FOXOphagy path to inducing stress resistance and cell survival[END_REF].

In addition to changes in protein homeostasis, ageing-related defects in mitochondrial functionality have been shown to be involved in sarcopenia (Gouspillou et al., 2014a;Gouspillou et al., 2014b). Alterations in both mitochondrial synthesis and degradation cause structural changes in the muscle fibres as well as in the enzymatic machinery involved in glucose and lipid metabolism [START_REF] Carter | Mitochondria, muscle health, and exercise with advancing age[END_REF]. Increased susceptibility to permeability transition is likely the cause of increased mitochondrialmediated apoptosis (Gouspillou et al., 2014b;[START_REF] Hepple | Impact of aging on mitochondrial function in cardiac and skeletal muscle[END_REF].

Pathological conditions

In disease conditions, different mechanisms have been associated with metabolic alterations in skeletal muscle.

Obesity and type II diabetes are common pathologies associated with ageing.

Insulin signalling regulates glucose uptake and it has been reported to decrease with ageing in some studies [START_REF] Gaster | Direct evidence of fiber type-dependent GLUT-4 expression in human skeletal muscle[END_REF][START_REF] Hortobagyi | The influence of aging on muscle strength and muscle fiber characteristics with special reference to eccentric strength[END_REF][START_REF] Houmard | Skeletal muscle GLUT4 protein concentration and aging in humans[END_REF]. Insulin resistance has been reported to be muscle-type and/or fibre-type selective. While fast-twitch quadriceps showed no age-related insulin resistance, insulin-stimulated glucose uptake was reported to be impaired in slow-twitch soleus, accompanied by a decrease in Akt2 phosphorylation [START_REF] Escriva | Effect of age and moderate food restriction on insulin sensitivity in Wistar rats: role of adiposity[END_REF][START_REF] Sharma | Insulin resistance for glucose uptake and Akt2 phosphorylation in the soleus, but not epitrochlearis, muscles of old vs. adult rats[END_REF].

Protein metabolism is also altered in skeletal muscle of cancer patients (Luo et al., 2014). Patients with cachexia show an increase in protein degradation and a decrease in protein synthesis [START_REF] Tisdale | Loss of skeletal muscle in cancer: biochemical mechanisms[END_REF][START_REF] Whitehouse | Mechanism of attenuation of skeletal muscle protein catabolism in cancer cachexia by eicosapentaenoic acid[END_REF]. The proteolytic pathways responsible for protein degradation, the lysosomal degradative system and the ubiquitin-proteasome system, are all increased in cancer bearing models [START_REF] Bossola | Increased muscle ubiquitin mRNA levels in gastric cancer patients[END_REF][START_REF] Costelli | Tumor necrosis factor-alpha mediates changes in tissue protein turnover in a rat cancer cachexia model[END_REF][START_REF] Tessitore | Cancer cachexia, malnutrition, and tissue protein turnover in experimental animals[END_REF]. Muscle protein catabolism might have in turn a positive effect on tumour growth by providing glutamine not only as an energy source but also as nitrogen source for the biosynthesis of purines and pyrimidines.

Dystrophies are degenerative disorders of the muscular tissue, with the Duchenne muscular dystrophy (DMD) being the most severe affecting the majority of muscle groups at early age. Metabolite analysis in DMD patients show a decrease in the level of glucose, which may be attributed to the reduction in the concentrations of gluconeogenic substrates or membrane abnormalities in degenerated muscle of DMD patients. Moreover, the decreased lactate concentration reported might be due to the reduction in anaerobic glycolytic activity or lower substrate concentration of the Kreb's cycle intermediate alpha-ketoglutarate. This is suggestive of a predominant oxidative metabolism for energy generation [START_REF] Sharma | Skeletal muscle metabolism in Duchenne muscular dystrophy (DMD): an in-vitro proton NMR spectroscopy study[END_REF]. In addition, these metabolic alterations in DMD might account for the differential sensitivity of the different fibres, with fast fibres (especially IIa) being preferentially affected [START_REF] Webster | Fast muscle fibers are preferentially affected in Duchenne muscular dystrophy[END_REF].

Chapter III: Metabolism of stem cells

Recently, interest in metabolism has been boosted by technological improvements coming from the cancer field. Stem cell research has now found a new appealing ground for the understanding of cell regulation of pluripotency, self-renewal and differentiation. In the past it was well accepted that changes in the cell state would lead to changes in metabolic requirements. Currently however, emerging studies have indicated that this relationship between cell state and metabolism is not unidirectional, and that controlling the latter would have an impact on the former. In this chapter, I will explore the different metabolic requirements and molecular regulators of stem cells, from a developing embryo to the adult and ageing organism, and the role of oxidative stress and hypoxia in the regulation of cell fate. Preimplantation embryo metabolism is characterised by a dependency on pyruvate. In vitro studies showed that between the one-cell stage and the two\four-cell stage the embryos could survive in a medium with pyruvate as sole substrate and develop until the blastocyst stage, and did not use glucose to compensate for the lack of pyruvate in the medium [START_REF] Conaghan | Effects of pyruvate and glucose on the development of human preimplantation embryos in vitro[END_REF]. The oxidation of pyruvate in mitochondria fuels the tricarboxylic acid (TCA) cycle, which in turn feeds the oxidative phosphorylation (OxPhos) pathway (Figure 11). This initial oxidative metabolism happens in the abundant mitochondria inherited from the oocyte. During the consequent cell divisions mitochondria are segregated among daughter cells, leading to reduced mitochondrial number and density [START_REF] Van Blerkom | Mitochondria in early mammalian development[END_REF]. At this stage, mitochondria are immature, mostly spherical with few cristae and electron-dense matrix, residing in the perinuclear area (Figure 12).

Pluripotent stem cells and the blastocyst

By the time the morula has compacted to form the blastocyst, and the blastomeres are starting to differentiate into the inner cell mass (ICM) and the trophectoderm, glucose becomes the primary nutrient [START_REF] Gardner | Noninvasive assessment of human embryo nutrient consumption as a measure of developmental potential[END_REF] for the rapidly dividing cells (Figure 12). The early embryo upregulates the expression of glucose transporters GLUT1 and GLUT3 [START_REF] Pantaleon | Glucose transporters in preimplantation development[END_REF], concomitantly with lactate dehydrogenase A (LDHA), which allows the blastocyst to convert approximately half of the glucose consumed to lactate, while the other half is oxidised as shown by the increase in oxygen utilisation (Figure 12) [START_REF] Moore | Activity of mitochondrial enzymes in mouse embryos[END_REF].

Lactate production from pyruvate is necessary for continuous metabolism of glucose in pyruvate, as a mean to regenerate NAD + . In fact, during the conversion of glyceraldehyde 3-phosphate to 1,3-biphosphoglycerate by GAPDH, cytosolic NAD + is reduced in NADPH, which is then used by LDHA to form lactate from pyruvate and release NAD + . The production of lactate has also as a result the acidification of the microenvironment around the blastocyst. This has been suggested to facilitate the implantation process [START_REF] Gardner | Lactate production by the mammalian blastocyst: manipulating the microenvironment for uterine implantation and invasion?[END_REF] by helping degrade the extracellular matrix and inducing angiogenesis and immune-modulation in the mother at the implantation site.

The glucose that is not converted in lactate is oxidised in the mitochondria, which are starting to elongate and have transverse cristae, and the matrix becomes clear, while the perinuclear phenotype persists (Figure 12). Both the ICM and the trophectoderm retain this mixed morphology of mitochondria, with an increased ratio of elongated to spherical mitochondria [START_REF] Sathananthan | Mitochondrial morphology during preimplantational human embryogenesis[END_REF], even if trophectoderm mitochondria show higher membrane potential compared to the ICM [START_REF] Van Blerkom | Mitochondria in early mammalian development[END_REF].

Similar to the ICM from which they derive, mouse and human embryonic stem cells (ESCs) are dependent on glycolysis [START_REF] Gu | Glycolytic Metabolism Plays a Functional Role in Regulating Human Pluripotent Stem Cell State[END_REF], converting approximately 70-80% of the uptaken glucose into lactate. Proliferating ESCs undergo aerobic glycolysis, which allows to shunt glycolytic intermediates into amino acid, lipid and nucleotide synthesis while maintaining a relatively high production of ATP (Kondoh et al., 2007b). In fact, even if glycolysis is less efficient in transforming glucose in ATP (4 molecules of ATP with glycolysis compared to 36 molecules from OxPhos per molecule of glucose), it requires less and faster enzymatic steps than OxPhos, making it equally productive when a sufficient flux of glucose is provided. Another advantage of glycolysis over OxPhos in highly proliferative cells is the reduced production of reactive enzymes seems critical for differentiation of ESCs. Disrupting respiratory chain function prevents mitochondrial organization and compromises their infrastructure, which has been shown to be indispensable to induce ES cell differentiation into cardiomyocytes, for instance [START_REF] Chung | Mitochondrial oxidative metabolism is required for the cardiac differentiation of stem cells[END_REF][START_REF] Hom | The permeability transition pore controls cardiac mitochondrial maturation and myocyte differentiation[END_REF]. In parallel, disrupting glycolysis and PPP enzymes, pushing the cells to a more oxidative metabolism, will promote differentiation [START_REF] Bracha | Carbon metabolism-mediated myogenic differentiation[END_REF]. For instance, Zhang et al. showed that ectopic expression of uncoupling protein 2 (UCP2) in hPSCs, which decreases glucose-derived pyruvate oxidation in mitochondria and increases glycolytic flux, during early differentiation impairs this metabolic transition, retards ROS accumulation, and inhibits embryoid body formation and differentiated gene induction [START_REF] Zhang | UCP2 regulates energy metabolism and differentiation potential of human pluripotent stem cells[END_REF]. Interfering with glycolysis can drive PSCs to differentiate not only through the upregulation of oxidative respiration, but also by altering the production of acetyl-CoA [START_REF] Moussaieff | Glycolysis-mediated changes in acetyl-CoA and histone acetylation control the early differentiation of embryonic stem cells[END_REF]. Acetyl-CoA is a product of both carbohydrate and lipid metabolism and once it enters the mitochondria, is further metabolised through the TCA cycle. The cytosolic pool of acetyl-CoA is required for protein acetylation, in particular histone acetylation, indicating again how metabolism can influence the epigenetic state of cells. A recent study suggests that this glycolytic switch controlling histone acetylation can release stem cells from pluripotency [START_REF] Moussaieff | Glycolysis-mediated changes in acetyl-CoA and histone acetylation control the early differentiation of embryonic stem cells[END_REF] by shunting pyruvate via citrate synthase and cytosolic ATP citrate lyase (ACLY) to produce cytosolic acetyl-CoA, which in turn allows H3K9/K27 acetylation in pluripotent stem cells. When glycolysis is pharmacologically blocked, H3K9/K27 acetylation decreases and PSCs differentiate (Shyh- [START_REF] Shyh-Chang | Metabolic switches linked to pluripotency and embryonic stem cell differentiation[END_REF].

The increase in oxidative metabolism has as a consequence also to increase ROS production. ROS have been shown to induce differentiation of stem cells and anti-oxidant treatments can impair the ability of stem cells to differentiate [START_REF] Hom | The permeability transition pore controls cardiac mitochondrial maturation and myocyte differentiation[END_REF][START_REF] Zhang | UCP2 regulates energy metabolism and differentiation potential of human pluripotent stem cells[END_REF]. [START_REF] Takahashi | Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors[END_REF], called induced pluripotent stem cells (iPSCs). Since then, many laboratories have worked on improving the original protocol, which required the introduction of four factors, Oct3/4, Sox2, c-Myc, and Klf4, under ES cell culture conditions. Manipulation of cell metabolism has been shown to be important to achieve efficient reprogramming (Folmes et al., 2011a;Folmes et al., 2011b;[START_REF] Prigione | Modulation of mitochondrial biogenesis and bioenergetic metabolism upon in vitro and in vivo differentiation of human ES and iPS cells[END_REF]. iPSCs recapitulate quite closely the metabolic status of ESCs, with downregulation of respiratory chain activity and increased glycolysis (Folmes et al., 2011a;[START_REF] Varum | Energy metabolism in human pluripotent stem cells and their differentiated counterparts[END_REF][START_REF] Zhu | Reprogramming of human primary somatic cells by OCT4 and chemical compounds[END_REF]. Mitochondrial morphology also regresses from the elongated and structured mitochondrial networks of differentiated fibroblasts to sparse, rounded mitochondria with few arched cristae [START_REF] Prigione | Modulation of mitochondrial biogenesis and bioenergetic metabolism upon in vitro and in vivo differentiation of human ES and iPS cells[END_REF][START_REF] Zhu | Reprogramming of human primary somatic cells by OCT4 and chemical compounds[END_REF]. This correlates with the finding that promoting glycolysis enhances reprogramming, while inhibiting it or increasing OxPhos impairs reprogramming (Folmes et al., 2011a;[START_REF] Prigione | Modulation of mitochondrial biogenesis and bioenergetic metabolism upon in vitro and in vivo differentiation of human ES and iPS cells[END_REF][START_REF] Zhu | Reprogramming of human primary somatic cells by OCT4 and chemical compounds[END_REF]. Moreover, this metabolic switch from OxPhos to glycolysis during reprogramming has been shown to anticipate the expression of pluripotency markers [START_REF] Hansson | Highly coordinated proteome dynamics during reprogramming of somatic cells to pluripotency[END_REF].

Cell type Active metabolic pathways

Totipotent stem cells

Pyruvate oxidation

Pluripotent/embryonic stem cells Anabolic glycolysis, PPP, Thr-Gly

Differentiating ESCs

OxPhos, ROS iPSCs Glycolysis, PPP 3.1.5. Metabolism in the embryo: presomitic mesoderm Somites contain precursors of the adult muscle in the trunk and limbs, and the skeletal system, and are formed by the differentiation of the anterior part of the presomitic mesoderm (PSM). During embryogenesis, the PSM elongates through the continuous posterior addition of precursor cells from the tail bud. This process is regulated by two opposing morphogen gradients that span the PSM, FGF/Wnt and retinoic acid [START_REF] Benazeraf | Formation and segmentation of the vertebrate body axis[END_REF]. Two recent studies showed spatiotemporal metabolic patterns during organogenesis and suggested that they could actively participate in embryo patterning and differentiation [START_REF] Bulusu | Spatiotemporal Analysis of a Glycolytic Activity Gradient Linked to Mouse Embryo Mesoderm Development[END_REF][START_REF] Oginuma | A Gradient of Glycolytic Activity Coordinates FGF and Wnt Signaling during Elongation of the Body Axis in Amniote Embryos[END_REF]. Both groups identified a glycolysis gradient along the presomitic mesoderm of mouse and chick embryos. The expression of glycolytic enzymes is controlled by FGF signalling and when glycolysis is blocked, either by drug inhibition or by culturing the explants in glucose-free medium, cell motility is reduced and axis elongation is slowed down. Elongation can be affected in two different ways: by interfering with the pH gradient created by the lactate produced through glycolysis and by blocking the production of new paraxial mesoderm cells through Wnt pathway [START_REF] Oginuma | A Gradient of Glycolytic Activity Coordinates FGF and Wnt Signaling during Elongation of the Body Axis in Amniote Embryos[END_REF]. Thus, these studies point towards a correlation between metabolism, morphology and embryo patterning and suggest that developmental and metabolic pathways work together to ensure correct embryo growth only in proper energetic conditions.

Metabolic requirements of adult stem cells

Hematopoietic stem cells (HSCs)

Adult tissues maintain a pool of lineage-specific stem cells able to self-renew, proliferate and differentiate to regenerate the tissue upon injury or to sustain continuous production of differentiated progeny. Haematopoietic stem cells (HSCs) are among the most well characterised somatic stem cells, often serving as a paradigm for other stem cell systems. Haematopoietic stem cells are responsible for the generation of all blood cells, both myeloid and lymphoid compartments, erythrocytes and platelets [START_REF] Seita | Hematopoietic stem cell: self-renewal versus differentiation[END_REF]. Most adult stem cells are quiescent and that is the case also for long-term haematopoietic stem cells (LT-HSCs). LT-HSCs reside in a hypoxic niche [START_REF] Parmar | Distribution of hematopoietic stem cells in the bone marrow according to regional hypoxia[END_REF][START_REF] Simsek | The distinct metabolic profile of hematopoietic stem cells reflects their location in a hypoxic niche[END_REF][START_REF] Takubo | Regulation of the HIF-1alpha level is essential for hematopoietic stem cells[END_REF], which has been proposed to regulate the metabolic state of HSCs [START_REF] Takubo | Regulation of the HIF-1alpha level is essential for hematopoietic stem cells[END_REF]. Although

HSCs have higher number of mitochondria compared to their differentiated progeny, they have lower mitochondrial membrane potential and ATP production, and thus rely mainly on aerobic glycolysis [START_REF] Simsek | The distinct metabolic profile of hematopoietic stem cells reflects their location in a hypoxic niche[END_REF].

Recent work has highlighted links between the hypoxic microenvironment and HSC quiescence. The hypoxia-inducible factor 1a (Hif-1a) is a master regulator of metabolism normally stabilized in hypoxic conditions and is highly expressed in HSCs [START_REF] Simsek | The distinct metabolic profile of hematopoietic stem cells reflects their location in a hypoxic niche[END_REF][START_REF] Takubo | Regulation of the HIF-1alpha level is essential for hematopoietic stem cells[END_REF], supporting the hypothesis that the hypoxic microenvironment might influence HSCs state. However, one study showed that the hypoxic profile of HSCs is not related to the localization in regions of minimal oxygen supply [START_REF] Nombela-Arrieta | Quantitative imaging of haematopoietic stem and progenitor cell localization and hypoxic status in the bone marrow microenvironment[END_REF], leading the authors to propose that HSCs stabilise Hif-1a intrinsically by other mechanisms. In support of this view, Simsek et al.

showed that the transcription factor MEIS1 regulates Hif-1a levels and that the deletion of either gene results in loss of quiescence [START_REF] Simsek | The distinct metabolic profile of hematopoietic stem cells reflects their location in a hypoxic niche[END_REF]. Dependency of HSCs enhance glycolysis and lower OxPhos, increase HSC numbers and inhibit hematopoietic differentiation [START_REF] Yu | Metabolic regulation by the mitochondrial phosphatase PTPMT1 is required for hematopoietic stem cell differentiation[END_REF] both in in vitro and in vivo settings.

PTPMT-1 gene ablation appears to mainly impact the differentiation-associated cycling while the cycling for stem cell self-renewal is less affected, causing an expansion of the stem cell pool and failing to establish haematopoiesis.

Mesenchymal stromal cells (MSCs)

Like HSCs, so-called mesenchymal stromal or "stem" cells (MSCs) that remain poorly defined as a population, reside in a hypoxic niche in vivo. Compared to differentiated osteoblasts, MSCs have higher glycolytic gene expression and lower level of OxPhos proteins, suggesting that MSCs rely more on glycolysis than their differentiated counterparts (Chen et al., 2008b). The mtDNA copy number, content of respiratory enzymes, intracellular ATP and oxygen consumption all increase, while intracellular ROS decreases in osteogenic MSCs. As for HSCs, several examples for the role of metabolism in cell fate decisions have been highlighted. First, treatment with mitochondrial inhibitors delays MSC differentiation into osteoblasts (Chen et al., 2008b). In addition, hypoxia-induced glycolysis and levels of ROS have been shown

to play an important role in controlling differentiation and self-renewal of MSCs. In fact, ROS production through OxPhos in able to enhance adipogenic differentiation [START_REF] Tormos | Mitochondrial complex III ROS regulate adipocyte differentiation[END_REF]. Finally, culturing MSCs in normoxia shows a three-to fourfold increase in oxidative stress-induced senescence [START_REF] Pattappa | Continuous and uninterrupted oxygen tension influences the colony formation and oxidative metabolism of human mesenchymal stem cells[END_REF], affecting the long term self-renewal capacity of MSCs. (Rocheteau et al., 2012). Satellite cells isolated from post-mortem mice where shown to adopt a dormant cell state [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF]. Also in this case, satellite cells have a lower mitochondrial and ATP content, decreased oxygen consumption and decreased mitochondrial gene expression, even if total mtDNA content was increased [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF].

Caloric restriction (CR) has been widely used in the context of skeletal muscle and other systems to study the role of metabolism in stem cell biology. Mice on caloric restriction diet showed an increased number of Pax7 expressing cells, which when transplanted were reported to achieve a better regeneration in normal diet recipients [START_REF] Cerletti | Short-Term Calorie Restriction Enhances Skeletal Muscle Stem Cell Function[END_REF]. CR recipients of normal diet derived cells also showed improved regeneration, suggesting that altering the metabolism of the surrounding cells in the niche also affects the repair process. Cells derived from CR mice, together with having greater colony formation and transplantation capacity, have higher oxygen consumption accompanied by an increase in mitochondrial content and mitochondrial proteins [START_REF] Cerletti | Short-Term Calorie Restriction Enhances Skeletal Muscle Stem Cell Function[END_REF]. This result appears to be in contrast with the aforementioned one, where less mitochondrial activity correlated with a more stem-like behaviour (Rocheteau et al., 2012). To better address this, it would be important to evaluate the activation state of CR cells and their ability to self-renew with serial transplantation assay and longer time-points after regeneration (only 7 days in the study), also to evaluate the contribution of these cells in replenishing the pool of quiescent MuSCs in the niche.

The switch from quiescence to activation appears to be accompanied by a switch from oxidative to glycolytic metabolism (Ryall et al., 2015b). Ryall et al. compared the gene expression profile of freshly isolated quiescent cells to the one of cells cultured for 48 hours and found an enrichment for fatty acid oxidation genes in quiescent cells, while cultured cells express glycolytic enzymes. In addition, the muscle pyruvate kinase 2 (Pkm2) isoform, known to promote aerobic glycolysis, predominated over its isoform Pkm1 in cultured MuSCs. Moreover, they showed an increase in the basal acidification rate after culture but not of oxygen consumption, further suggesting that MuSCs increase their glycolytic activity upon activation. This switch would lead to a decrease in Sirt1 deacetylase activity via NAD + availability, which deacetylates H4K16 and represses the expression of Myod and Myogenin. Upon activation, H4K16ac increases while Sirt1 and NAD + decrease, driving the cells to differentiate (Ryall et al., 2015b). A switch to glycolysis appears to be instrumental to decrease intracellular NAD + and in turn regulate Sirt1 deacetylation activity, epigenetic state and gene expression in satellite cells. These findings would suggest that satellite cells, unlike other quiescent somatic cells like HSCs and MSCs favour oxidative metabolism (Table III).

Cell type Active metabolic pathways References

Long term haematopoietic stem cells

Catabolic glycolysis, fatty acid oxidation [START_REF] Ito | A PML-PPAR-δ pathway for fatty acid oxidation regulates hematopoietic stem cell maintenance[END_REF][START_REF] Simsek | The distinct metabolic profile of hematopoietic stem cells reflects their location in a hypoxic niche[END_REF])

Haematopoietic progenitors

Anabolic glycolysis, OxPhos, ROS, Glutaminolysis [START_REF] Ito | Reactive oxygen species act through p38 MAPK to limit the lifespan of hematopoietic stem cells[END_REF][START_REF] Oburoglu | Glucose and glutamine metabolism regulate human hematopoietic stem cell lineage specification[END_REF][START_REF] Takubo | Regulation of Glycolysis by Pdk Functions as a Metabolic Checkpoint for Cell Cycle Quiescence in Hematopoietic Stem Cells[END_REF][START_REF] Zhang | PTEN maintains haematopoietic stem cells and acts in lineage choice and leukaemia prevention[END_REF] Mesenchymal stromal cells Low glycolysis (Chen et al., 2008b) Chondroblasts/Osteoblasts/ Adipocytes High glycolysis/OxPhos (Chen et al., 2008b;[START_REF] Pattappa | Continuous and uninterrupted oxygen tension influences the colony formation and oxidative metabolism of human mesenchymal stem cells[END_REF][START_REF] Tormos | Mitochondrial complex III ROS regulate adipocyte differentiation[END_REF] Neural stem cells Low glycolysis [START_REF] Renault | FoxO3 regulates neural stem cell homeostasis[END_REF])

Neural progenitors

High glycolysis, OxPhos, ROS, FA synthesis [START_REF] Gershon | Hexokinase-2-mediated aerobic glycolysis is integral to cerebellar neurogenesis and pathogenesis of medulloblastoma[END_REF][START_REF] Knobloch | Metabolic control of adult neural stem cell activity by Fasn-dependent lipogenesis[END_REF][START_REF] Renault | FoxO3 regulates neural stem cell homeostasis[END_REF] Table III. Preferred metabolic pathways in quiescent adult stem cells and their committed progeny.

In line with HSC and MSC behaviour, another report associates activation of MuSCs with increased mitochondrial quantity and mtDNA [START_REF] Tang | Induction of autophagy supports the bioenergetic demands of quiescent muscle stem cell activation[END_REF], suggesting that mitochondrial activity is a hallmark of active cells and even quiescent 'alert' cells (Rodgers et al., 2014). The alert state was reported to be regulated by mTORC1, one of the main nutrient-sensor pathways (see Section 3.3.1), but its role in the regulation of MuSC quiescence remains largely unexplored. The mTOR pathway is involved also in the regulation of autophagy, which has been shown to be induced upon satellite cell activation to support its increase in bioenergetic needs [START_REF] Tang | Induction of autophagy supports the bioenergetic demands of quiescent muscle stem cell activation[END_REF]. When autophagy is blocked in satellite cells, the increase in ATP necessary to sustain activation is abolished and leads to a delay in activation. This defect in ATP production can be partially rescued by providing exogenous pyruvate and it appears to be dependent once again on Sirt1. Knocking out Sirt1 in MuSCs results in a phenotype similar to that observed when autophagy is inhibited, suggesting that Sirt1 senses the metabolic demands of MuSC activation and activates autophagy in order to generate nutrients for the production of ATP and support the activation process [START_REF] Tang | Induction of autophagy supports the bioenergetic demands of quiescent muscle stem cell activation[END_REF]. However, these findings do not reconcile with other reports on the role of autophagy in satellite cells (García-Prat et al., 2016;Ryall et al., 2015b), in which it has been shown that basal autophagy is essential to maintain the stem cell quiescent state in mice and it is lost during aging, leading MuSCs to senescence. Moreover, the report of the Rando group that Sirt1 deficiency leads to a delay in MuSC activation [START_REF] Tang | Induction of autophagy supports the bioenergetic demands of quiescent muscle stem cell activation[END_REF] is in contrast with the work of Ryall and colleagues which shows that Sirt1 is highly expressed in quiescent satellite cells and its ablation leads to premature differentiation (Ryall et al., 2015b).

Supporting the hypothesis of high mitochondrial activity in activated cells there is also the evidence that mitochondrial dysfunction (abnormal mitochondrial activity along with loss of mitochondrial mass and degraded mtDNA) in activated cells after sepsis affects the ability of MuSCs to divide, differentiate and self-renew (Rocheteau et al., 2015). Moreover, self-renewal and return to quiescence seems to be dependent on the master metabolic regulator AMP-activated protein kinase (AMPK) [START_REF] Théret | AMPKα1-LDH pathway regulates muscle stem cell self-renewal by controlling metabolic homeostasis[END_REF].

AMPK activation promotes a switch from glycolysis to oxidative metabolism and when it is knocked out in satellite cells, self-renewal is increased, altering the regeneration process. This increase is dependent on lactate dehydrogenase (LDH) activity, and when it is blocked it rescues MuSC self-renewal. Pushing cells towards a glycolytic metabolism triggered their return to quiescence [START_REF] Théret | AMPKα1-LDH pathway regulates muscle stem cell self-renewal by controlling metabolic homeostasis[END_REF], once again contrasting the notion that quiescent cells rely on oxidative metabolism (Ryall et al., 2015b).

From the reports cited above, it appears that muscle stem cell fate is influenced by different metabolic inputs. However, the relative role of these inputs in vivo remains unclear. Clarifying this point has been one of the objectives of this thesis and it will be discussed in the Part I of the Results section.

PI3K-Akt signalling prevented this loss, indicating that PTEN is dispensable when PI3K-Akt signalling is low [START_REF] Richmond | Dormant Intestinal Stem Cells Are Regulated by PTEN and Nutritional Status[END_REF]. Similar results have been obtained

with dormant HSCs. Here, continuous activation of Akt, deletion of PTEN or deletion of an inhibitor of mTOR (Tsc1) resulted in the loss of quiescence and repopulation capacity of HSCs (Chen et al., 2008a;[START_REF] Lee | mTOR activation induces tumor suppressors that inhibit leukemogenesis and deplete hematopoietic stem cells after Pten deletion[END_REF][START_REF] Yilmaz | Pten dependence distinguishes haematopoietic stem cells from leukaemia-initiating cells[END_REF][START_REF] Zhang | PTEN maintains haematopoietic stem cells and acts in lineage choice and leukaemia prevention[END_REF]. Finally, also in satellite cells, activation of mTORC1 is necessary and sufficient for the transition from G 0 to G Alert , a pre-activation state (Rodgers et al., 2014).

LKB1-AMPK pathway

The tumour suppressor liver kinase B1 (LKB1) is a kinase that acts upstream of AMPK and mTOR pathways. The LKB1-AMPK pathway serves as a metabolic checkpoint in the cell, arresting cell growth in conditions of low intracellular ATP levels, such as in low nutrient conditions. One of the main targets of LKB1 and AMPK signalling is the mTORC1 pathway, which is inhibited through AMPK phosphorylation of Tsc2 and Raptor (Figure 16).

LKB1 regulates quiescence, survival and energy metabolism in HSCs [START_REF] Gan | Lkb1 regulates quiescence and metabolic homeostasis of haematopoietic stem cells[END_REF][START_REF] Gurumurthy | The Lkb1 metabolic sensor maintains haematopoietic stem cell survival[END_REF][START_REF] Nakada | Lkb1 regulates cell cycle and energy metabolism in haematopoietic stem cells[END_REF]. Conditional deletion of LKB1 in HSCs leads to a loss of quiescence and to a transient increase in the number of progenitors, which is followed by a decline in the number of haematopoietic cells in the bone marrow and progressive pancytopenia. These effects are independent of AMPK and likely mediated via the regulation of mitochondrial biogenesis, since LKB1 deletion leads to down regulation of PGC-PPAR pathway coactivators and their target genes, which are involved in mitochondrial function and lipid metabolism [START_REF] Gan | Lkb1 regulates quiescence and metabolic homeostasis of haematopoietic stem cells[END_REF].

AMPK influences mitochondrial homeostasis also independently of LKB1. HSCs with inactive AMPK have decreased levels of ATP and mtDNA, which causes a decrease in HSCs numbers in the bone marrow but do not affect their regenerative capacity upon transplantation [START_REF] Nakada | Lkb1 regulates cell cycle and energy metabolism in haematopoietic stem cells[END_REF]. Similarly, knocking out AMPK in satellite cells causes mitochondrial defects which affect self-renewal [START_REF] Théret | AMPKα1-LDH pathway regulates muscle stem cell self-renewal by controlling metabolic homeostasis[END_REF], while Pax7 Cre :LKB1 -/-mice do not show any MuSC self-renewal alteration.

Another study, in which LKB1 was deleted in MyoD expressing cells using MyoD Cre/+ , shows that LKB1 activity through the canonical AMPK/mTOR pathway is indispensable during muscle development and LKB1 null satellite cells spontaneously activate and fail to regenerate injured muscles [START_REF] Shan | Lkb1 is indispensable for skeletal muscle development, regeneration, and satellite cell homeostasis[END_REF]. LKB1 deletion also caused fibre type switch towards the glycolytic phenotype, in line with the switch described in the AMPK -/-satellite cells [START_REF] Théret | AMPKα1-LDH pathway regulates muscle stem cell self-renewal by controlling metabolic homeostasis[END_REF]. However, the AMPK phenotype seems to be independent of LKB1 function.

MYC as glycolysis and glutaminolysis regulator

Myc is a potent oncogene which drives rapid cell growth. To sustain cell growth, anabolic reactions more than catabolic are required. By utilising aerobic glycolysis for growth, proliferating cells become dependent on high levels of glutamine, a process called glutaminolysis. When glycolysis is active, pyruvate is converted to lactate and does not enter the TCA cycle. To feed the TCA cycle, glutamine is absorbed from the circulation, converted into glutamate and transported into mitochondria, where it is deaminated in the TCA intermediate aketoglutarate (aKG) [START_REF] Yang | Glutamine oxidation maintains the TCA cycle and cell survival during impaired mitochondrial pyruvate transport[END_REF].

Glutaminolysis also allows citrate to be exported from mitochondria to drive the synthesis of fatty acids and other lipids (Figure 11). For this reason, glucose and glutamine uptake are often coupled [START_REF] Wellen | The hexosamine biosynthetic pathway couples growth factor-induced glutamine uptake to glucose metabolism[END_REF], and both metabolic processes can be regulated by Myc (de la [START_REF] De La Cova | Supercompetitor status of Drosophila Myc cells requires p53 as a fitness sensor to reprogram metabolism and promote viability[END_REF][START_REF] Wise | Myc regulates a transcriptional program that stimulates mitochondrial glutaminolysis and leads to glutamine addiction[END_REF]. While in cancer cells this link between Myc and glutamine metabolism is clear [START_REF] Gao | c-Myc suppression of miR-23a/b enhances mitochondrial glutaminase expression and glutamine metabolism[END_REF]) (Figure 15), several lines of investigation suggest that this connection might be a physiological process also in stem cells. A recent study showed how glutamine is necessary for the differentiation of HSCs in the erythroid lineage [START_REF] Oburoglu | Glucose and glutamine metabolism regulate human hematopoietic stem cell lineage specification[END_REF] and several studies showed that Myc is necessary for HSC maintenance and function [START_REF] Laurenti | Hematopoietic stem cell function and survival depend on c-Myc and N-Myc activity[END_REF][START_REF] Wilson | c-Myc controls the balance between hematopoietic stem cell self-renewal and differentiation[END_REF]. Whether MYC-induced glutaminolysis and its relationship with glucose metabolism are involved in stem cell self-renewal remain to be investigated.

oxide-derived compounds) possess pleiotropic properties on cellular targets after both post-translational modifications. They interact with reactive oxygen species and elevated levels have been implicated in cell injury and death by inducing nitrosative stress [START_REF] Martinez | Reactive nitrogen species: molecular mechanisms and potential significance in health and disease[END_REF]. On the other hand, ROS and RNS can act as signalling molecules driving regulatory pathways and influence stem cell fate decisions.

FOXO pathway

The forkhead box protein O (FoxO) family of transcription factors regulate resistance to oxidative stress, cell cycle entry and cell death, and it comprises four members: FoxO1, FoxO3a, FoxO4 and FoxO6. [START_REF] Paik | FoxOs are lineage-restricted redundant tumor suppressors and regulate endothelial cell homeostasis[END_REF][START_REF] Tothova | FoxO transcription factors and stem cell homeostasis: insights from the hematopoietic system[END_REF]Tothova et al., 2007). FoxO transcription factors activate the expression of antioxidant enzymes, like superoxide dismutase (SOD), catalase and glutathione peroxidase (GPX). Several transcription factors can be regulated by ROS and, in turn, regulate ROS levels. For example, PTEN and Akt are ROS sensors which can inhibit or induce FoxO expression, respectively [START_REF] Dansen | Redox-sensitive cysteines bridge p300/CBP-mediated acetylation and FoxO4 activity[END_REF]. The sirtuin family member Sirt1 activates FoxO3 and when it is knocked out induces differentiation and loss of regenerative potential in HSCs [START_REF] Matsui | NAD-dependent histone deacetylase, SIRT1, plays essential roles in the maintenance of hematopoietic stem cells[END_REF][START_REF] Rimmele | Aging-like phenotype and defective lineage specification in SIRT1-deleted hematopoietic stem and progenitor cells[END_REF].

When three members of the FoxO family (FoxO1, 3 and 4) were knocked out in HSCs, an increase in ROS levels has been observed accompanied by HSCs depletion due to excessive cell proliferation (Tothova et al., 2007). This phenotype could be partially rescued by antioxidant treatment with NAC (N-acetyl-L-cysteine). The single knock out of FoxO3a was sufficient to induce HSC depletion [START_REF] Miyamoto | Foxo3a is essential for maintenance of the hematopoietic stem cell pool[END_REF] and to decrease neural stem cell (NSC) self-renewal capacity [START_REF] Renault | FoxO3 regulates neural stem cell homeostasis[END_REF]. In HSCs, FoxO3a is also critical for the induction of autophagy upon starvation in order to provide energy and protect them from cell death [START_REF] Warr | FOXO3A directs a protective autophagy program in haematopoietic stem cells[END_REF]. Similarly, FoxO3a is required in satellite cells to preserve MuSC pool and self-renewal during muscle regeneration through regulation of Notch [START_REF] Gopinath | FOXO3 promotes quiescence in adult muscle stem cells during the process of self-renewal[END_REF], but not autophagy [START_REF] Tang | Induction of autophagy supports the bioenergetic demands of quiescent muscle stem cell activation[END_REF].

Low levels of ROS in stem cell maintenance

ROS can be considered as signalling molecules that take part in the crosstalk between metabolism and stem cell fate decisions. While high levels of ROS can have damaging effects (i.e. DNA damage, protein modifications) which lead stem cells to senescence or apoptosis [START_REF] Ito | Regulation of oxidative stress by ATM is required for self-renewal of haematopoietic stem cells[END_REF][START_REF] Ito | Reactive oxygen species act through p38 MAPK to limit the lifespan of hematopoietic stem cells[END_REF][START_REF] Tothova | FoxO transcription factors and stem cell homeostasis: insights from the hematopoietic system[END_REF]Tothova et al., 2007), low levels of ROS have been shown to be necessary to maintain HSC quiescence [START_REF] Jang | A low level of reactive oxygen species selects for primitive hematopoietic stem cells that may reside in the low-oxygenic niche[END_REF]. In fact, it is possible to distinguish HSC subpopulations based on the intracellular ROS levels, with the low ROS population identified as a more 'stem' population with higher self-renewal capacity. In another paradigm, in mouse germ stem cells, ROS generated by NADPH oxidase 1 (Nox1) are also important for the self-renewal [START_REF] Morimoto | ROS Are Required for Mouse Spermatogonial Stem Cell Self-Renewal[END_REF] via the activation of the p38

MAPK and JNK pathways.

The bone marrow niche is important to regulate ROS levels in HSCs not only by maintaining low oxygen tension, but also by secreting molecules with antioxidant activity [START_REF] Golan | S1P promotes murine progenitor cell egress and mobilization via S1P1-mediated ROS signaling and SDF-1 release[END_REF][START_REF] Itkin | FGF-2 expands murine hematopoietic stem and progenitor cells via proliferation of stromal cells, c-Kit activation, and CXCL12 down-regulation[END_REF][START_REF] Ludin | Monocytes-macrophages that express alpha-smooth muscle actin preserve primitive hematopoietic cells in the bone marrow[END_REF] and favouring the transfer of ROS to stromal cells [START_REF] Ishikawa | Lack of communication rusts and ages stem cells[END_REF][START_REF] Taniguchi Ishikawa | Connexin-43 prevents hematopoietic stem cell senescence through transfer of reactive oxygen species to bone marrow stromal cells[END_REF]. Culturing stem cells under physiological oxygen levels (around 2%) protects them from DNA damage and preserves their clonal ability, however prolonged hypoxic conditions increase ROS levels and apoptosis [START_REF] Forsyth | Physiologic oxygen enhances human embryonic stem cell clonal recovery and reduces chromosomal abnormalities[END_REF][START_REF] Urao | Redox regulation of stem/progenitor cells and bone marrow niche[END_REF]. Satellite cells in anoxic culture conditions, on the contrary, show a decrease in ROS content and an increase in cell survival when compared to normoxic conditions [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF]. However, in vivo treatment with antioxidants does not increase stem cell viability in post-mortem mice. The relevance of ROS levels in vivo has been studied in several muscle mutants. First, in the MuSC-specific Numb mutant, increase in senescence and defective regeneration have been observed. These defects could be rescued by decreasing ROS levels with NAC treatment [START_REF] Le Roux | Numb is required to prevent p53-dependent senescence following skeletal muscle injury[END_REF]. Second, excessive upregulation of ROS levels during foetal myogenesis was reported also in mice knocked out for Pitx2/3 in the myogenic precursors, leading to DNA damage and apoptosis of differentiating cells (L'honoré et al., 2014). These defects could be rescued by lowering oxygen tension in vitro or treatment with antioxidants. Taken together, these results indicate that redox equilibrium is tightly regulated and either excess or limited availability of ROS might be deleterious in different physiological conditions. Whether these different responses to redox state are dependent on different metabolic requirements remains to be evaluated.

in physiological ageing. In Drosophila ISCs, activation of the PGC1a homolog Sparge1 reduces ROS by enhancing the efficiency of OxPhos, in turn reducing hyperproliferation of ISCs and attenuating intestinal ageing and extending Drosophila lifespan [START_REF] Rera | Modulation of longevity and tissue homeostasis by the Drosophila PGC-1 homolog[END_REF]. NRF2 gain of function, a master regulator of mitochondrial OxPhos and antioxidant response, gave similar results [START_REF] Hochmuth | Redox regulation by Keap1 and Nrf2 controls intestinal stem cell proliferation in Drosophila[END_REF].

NAD serves as redox sensor and has been implicated in the ageing process [START_REF] Gomes | Declining NAD+ Induces a Pseudohypoxic State Disrupting Nuclear-Mitochondrial Communication during Aging[END_REF]. In aged mice, the decline in NAD + disrupts nuclear-mitochondrial communication, causing a pseudo-hypoxic state with upregulation of HIF1a. Disrupting

Sirt1 activity mimics the ageing phenotype and decreases the mitochondrial-expressed components of OxPhos [START_REF] Gomes | Declining NAD+ Induces a Pseudohypoxic State Disrupting Nuclear-Mitochondrial Communication during Aging[END_REF], indicating that the axis NAD + -SIRT1-HIF1a regulates mitochondrial efficiency and ageing. Moreover, Sirt1 and Sirt3 are key in the maintenance of HSCs in young mice both in homeostatic and stress conditions [START_REF] Brown | SIRT3 reverses aging-associated degeneration[END_REF][START_REF] Rimmele | Aging-like phenotype and defective lineage specification in SIRT1-deleted hematopoietic stem and progenitor cells[END_REF][START_REF] Singh | Sirt1 ablation promotes stress-induced loss of epigenetic and genomic hematopoietic stem and progenitor cell maintenance[END_REF]. Their deletion leads to ageing-like phenotypes with skewed lineage commitment and HSC exhaustion, accompanied by accumulation of ROS and DNA damage, partially through deficient FoxO activity [START_REF] Rimmele | Aging-like phenotype and defective lineage specification in SIRT1-deleted hematopoietic stem and progenitor cells[END_REF].

Antioxidant treatments have shown to be successful in restoring many stem cell defects, but they have been relatively insufficient to extend the health or life span in model organisms [START_REF] Hekimi | Taking a "good" look at free radicals in the aging process[END_REF], suggesting that other mechanisms might be playing a major role in the ageing process.

Autophagy and proteostatic control

Autophagy is the main process that eliminates irreversibly damaged or misfolded proteins, and mitophagy is a specialised form of autophagy responsible for clearing dysfunctional mitochondria through the engulfment of the damaged organelles into the forming autophagosome (Figure 20). Damaged proteins and various organelles, including mitochondria, have been shown to be differentially segregated among daughter cells during stem cell division [START_REF] Aguilaniu | Asymmetric Inheritance of Oxidatively Damaged Proteins During Cytokinesis[END_REF][START_REF] Katajisto | Asymmetric apportioning of aged mitochondria between daughter cells is required for stemness[END_REF], with the uncommitted daughter maintaining the fittest proteome.

senescence (García-Prat et al., 2016), while in HSCs this treatment restores selfrenewal and corrects the myeloid bias (Chen et al., 2009b). Similar effects on longevity and age-related phenotypes were obtained through caloric restriction [START_REF] Chen | Hematopoietic senescence is postponed and hematopoietic stem cell function is enhanced by dietary restriction[END_REF][START_REF] Lopez-Lluch | Calorie restriction induces mitochondrial biogenesis and bioenergetic efficiency[END_REF][START_REF] Tang | Dietary restriction improves repopulation but impairs lymphoid differentiation capacity of hematopoietic stem cells in early aging[END_REF], which improves OxPhos efficiency and regulates mitochondrial function through the induction of SIRTs.

Sirtuins, especially Sirt1 and Sirt7, regulate the mitochondrial unfolded protein response (UPR mt ) (Figure 20). Sirt7 suppresses NRF1 activity to promote nutritional stress resistance [START_REF] Mohrin | Stem cell aging. A mitochondrial UPR-mediated metabolic checkpoint regulates hematopoietic stem cell aging[END_REF]. Sirt7 knock down increases the accumulation of misfolded mitochondrial proteins and reduces the regenerative potential of HSCs.

In aged mice Sirt7 expression is low. Overexpression of Sirt7 or NRF1 inactivation in aged HSCs induced UPR mt and reduced protein folding stress, improved reconstitution capacity, and rescued myeloid-biased differentiation [START_REF] Mohrin | Stem cell aging. A mitochondrial UPR-mediated metabolic checkpoint regulates hematopoietic stem cell aging[END_REF]. Similarly, UPR mt is reduced in aged satellite cells due to a decrease in NAD + concentration and Sirt1 activity, leading to a loss of mitochondrial homeostasis and senescence [START_REF] Zhang | NAD+ repletion improves mitochondrial and stem cell function and enhances life span in mice[END_REF]. Sirt1 activity can be rescued in aged satellite cells by direct treatment of mice with nicotamide riboside (NR), a NAD + precursor. Replenishing NAD + stores in MuSC has beneficial effects on SIRT1-dependent control of mitochondrial activity and restores the UPR mt pathway, protecting aged MuSCs from senescence and safeguarding muscle function [START_REF] Zhang | NAD+ repletion improves mitochondrial and stem cell function and enhances life span in mice[END_REF].

Taken together, these studies suggest that life-extending effects of rapamycin, caloric restriction and NAD act through the induction of autophagy, pointing to proteostasis as an important metabolic checkpoint in the process of stem cell ageing (Figure 20). [START_REF] Forristal | Hypoxia inducible factors regulate pluripotency and proliferation in human embryonic stem cells cultured at reduced oxygen tensions[END_REF][START_REF] Moreno-Manzano | FM19G11, a new hypoxia-inducible factor (HIF) modulator, affects stem cell differentiation status[END_REF]. Hypoxia promotes also iPS cell reprogramming [START_REF] Yoshida | Hypoxia enhances the generation of induced pluripotent stem cells[END_REF], giving a four-fold increase in the quantity of Nanog + cells. A recent work showed that HIF1a and HIF2a are both necessary to initiate the metabolic switch from oxidative to glycolytic metabolism required for the acquisition of pluripotency, and the stabilization of either protein during early phases of reprogramming is sufficient to induce this switch. In contrast, stabilization of HIF2a during later stages represses reprogramming, partly because of the upregulation of TNF-related apoptosis-inducing ligand (TRAIL) [START_REF] Mathieu | Hypoxia-Inducible Factors Have Distinct and Stage-Specific Roles during Reprogramming of Human Cells to Pluripotency[END_REF]. These findings taken together strongly suggest a mechanistic link between hypoxia, HIFs, metabolic regulation and stemness.

Hypoxia promotes HSC and satellite cell maintenance

It has become increasingly evident that the low oxygen environment in the HSC niche within the bone marrow is a defining element of HSC potency. Several studies have mapped the O 2 tension and the position of HSCs inside the bone using a variety of techniques [START_REF] Kubota | Bone marrow long label-retaining cells reside in the sinusoidal hypoxic niche[END_REF][START_REF] Kunisaki | Arteriolar niches maintain haematopoietic stem cell quiescence[END_REF][START_REF] Nombela-Arrieta | Quantitative imaging of haematopoietic stem and progenitor cell localization and hypoxic status in the bone marrow microenvironment[END_REF][START_REF] Simsek | The distinct metabolic profile of hematopoietic stem cells reflects their location in a hypoxic niche[END_REF][START_REF] Spencer | Direct measurement of local oxygen concentration in the bone marrow of live animals[END_REF][START_REF] Winkler | Positioning of bone marrow hematopoietic and stromal cells relative to blood flow in vivo: serially reconstituting hematopoietic stem cells reside in distinct nonperfused niches[END_REF]. Using a two-photon intravital imaging system integrated with phosphorescence lifetime PO 2 measurements, a gradient of declining oxygen (1.3-4.2%) was noted that begins at the endosteal zone and reaches the lowest level in the perisinusoidal regions [START_REF] Spencer | Direct measurement of local oxygen concentration in the bone marrow of live animals[END_REF]. Using two similar approaches of pimonidazole retention (a compound that is reduced in hypoxic conditions and binds to -SH-containing molecules such as glutathione and proteins) or Hoeschst 33342 exclusion [START_REF] Nombela-Arrieta | Quantitative imaging of haematopoietic stem and progenitor cell localization and hypoxic status in the bone marrow microenvironment[END_REF][START_REF] Winkler | Positioning of bone marrow hematopoietic and stromal cells relative to blood flow in vivo: serially reconstituting hematopoietic stem cells reside in distinct nonperfused niches[END_REF], it was shown that HSC potency hierarchy decreases with increasing O 2 tension and culturing HSCs in hypoxic conditions maintains their selfrenewal ability and multipotency, favouring cell quiescence [START_REF] Danet | Expansion of human SCID-repopulating cells under hypoxic conditions[END_REF][START_REF] Hermitte | Very low O2 concentration (0.1%) favors G0 return of dividing CD34+ cells[END_REF]. As mentioned before, HIFs are stabilised in hypoxic conditions, and HIF1a is highly expressed and necessary in LT-HSCs [START_REF] Simsek | The distinct metabolic profile of hematopoietic stem cells reflects their location in a hypoxic niche[END_REF][START_REF] Takubo | Regulation of the HIF-1alpha level is essential for hematopoietic stem cells[END_REF], so it could be speculated that the glycolytic metabolism of HSCs could be an adaptation to the hypoxic niche through HIF pathway [START_REF] Morikawa | Hypoxia regulates the hematopoietic stem cell niche[END_REF]. While it is true that HIF regulate glycolysis in HSCs, it has been shown that this control is not only dependent on O 2 tension [START_REF] Pedersen | Stem cell factor induces HIF-1alpha at normoxia in hematopoietic cells[END_REF][START_REF] Piccoli | The hypoxia-inducible factor is stabilized in circulating hematopoietic stem cells under normoxic conditions[END_REF]. Several upstream O 2 -independent regulators of HIF signalling during and myogenesis, however it remains to be elucidated whether hypoxia is linking those pathways with metabolic regulation and possibly dormancy and stress-resistance. This issue was addressed in this thesis and discussed in Part 4 of the Results section.

Technical challenges to study the metabolism of stem cells

The cancer field has been leading the field in metabolic studies and most of the techniques have been developed to answer its needs. Cell number is one of the biggest challenges when studying primary cells. While from tumours is usually possible to isolate relatively high numbers of cells, given their hyper proliferative behaviour, stem cells in adult tissues are generally not as abundant, especially when these cells are quiescent in homeostatic conditions. This made high-throughput technologies like proteomic and metabolomic studies very difficult to perform until recent years. As a consequence, often transformed cell lines were used instead of primary cells, which do not always recapitulate the biological functions of primary cells [START_REF] Pan | Comparative proteomic phenotyping of cell lines and primary cells to assess preservation of cell type-specific functions[END_REF], especially when assessing cell metabolism that is highly modulated and variable. High efficiency in isolating stem cells has become necessary, and recently identified stem cell markers have allowed researchers to sort stem cells with high specificity and purity, allowing transcriptomic studies both at the population and at single cell level [START_REF] Hosokawa | Cadherin-based adhesion is a potential target for niche manipulation to protect hematopoietic stem cells in adult bone marrow[END_REF]. Combining these approaches with single-cell proteomics and metabolomics, when this technology becomes available, will undoubtedly lead to new insights into the regulation of cell states. One issue that has been raised when combining different 'omics' strategies is the accordance of the findings [START_REF] Ghazalpour | Comparative analysis of proteome and transcriptome variation in mouse[END_REF][START_REF] Zhang | Proteogenomic characterization of human colon and rectal cancer[END_REF], showing in many cases a poor correlation between gene and protein expression.

Another problematic aspect is the metabolic alterations introduced by disrupting the niche for the isolation of the cells and the ex vivo culture conditions for functional assays. To extract stem cells from tissues it is often necessary to use enzymatic and/or mechanical dissociation that can take several hours, followed by magnetic or FACS protocols. All these steps introduce a certain level of cell stress (Mourikis personal communication, Pietrosemoli et al. submitted), which in turn could affect the cell state and metabolic profile of the cells. Culture conditions, from oxygen tension to medium composition, have been shown to be relevant to unveil some intrinsic metabolic characteristics of stem cells [START_REF] Chakravarthy | Culture in low levels of oxygen enhances in vitro proliferation potential of satellite cells from old skeletal muscles[END_REF][START_REF] Chen | Hypoxia Induces a Metabolic Shift and Enhances the Stemness and Expansion of Cochlear Spiral Ganglion Stem/Progenitor Cells[END_REF][START_REF] Duguez | Atmospheric Oxygen Tension Slows Myoblast Proliferation via Mitochondrial Activation[END_REF]Forristal et al., 2013a;[START_REF] Kitsy | Effects of Leucine Supplementation and Serum Withdrawal on Branched-Chain Amino Acid Pathway Gene and Protein Expression in Mouse Adipocytes[END_REF][START_REF] Oburoglu | Glucose and glutamine metabolism regulate human hematopoietic stem cell lineage specification[END_REF][START_REF] Son | Glutamine supports pancreatic cancer growth through a KRAS-regulated metabolic pathway[END_REF], but they can also alter the physiological state when trying to assess the ground metabolic state of the cells. For these and other reasons, in vivo analysis is always preferable when considering metabolic measurements. Current methods of isotopetracing in gas or liquid chromatography mass spectrometry have high sensitivity but are not able to track real-time changes in vivo. The generation of reporter mice for metabolic activity is required to unravel the dynamic and rapid kinetics of metabolic reaction in stem cells. Recent reports have opened the way to such advancements to a certain extent. For example, a fluorescence resonance transfer (FRET)-based pyruvate sensor was developed where binding of pyruvate leads to a decrease in FRET response. This team used this sensor to create a mouse transgenic line (named PYRATES) [START_REF] Bulusu | Spatiotemporal Analysis of a Glycolytic Activity Gradient Linked to Mouse Embryo Mesoderm Development[END_REF]. Another example is the mito-QC mouse which is a transgenic mouse with a pH-sensitive fluorescent mitochondrial signal that allows the assessment of mitophagy and mitochondrial architecture in vivo [START_REF] Mcwilliams | mito-QC illuminates mitophagy and mitochondrial architecture in vivo[END_REF].

The combination of all these new highly sensitive and specific technologies will lead to a deeper understanding of the novel metabolic cues which maintain stemness.

AIMS

Although quiescence has generally been considered to be a uniform cell state, Pax7+ quiescent MuSCs can exhibit distinct properties where some are in a deeper quiescent, or dormant state. These cells have a lower metabolic activity and longer lag for the first cell division compared to other quiescent MuSCs. Similarly, activation states can be different, as they can be linked to growth or regeneration of the muscle.

A major challenge is determining whether and to which extent metabolic pathways are involved in cell state changes.

In skeletal muscle, the metabolic regulation at the whole muscle and single fibre levels have been studied extensively, however, the metabolic status of muscle stem and committed cells, as well as the links between this metabolic activity and muscle regeneration are poorly understood. Given the diverse requirements for metabolic activity reported, investigation on the role of metabolism in the regulation of MuSC fate in various physiological models is still missing.

For my PhD thesis, my main aim was to investigate the behaviour of muscle stem cells in distinct physiological states including homeostasis, growth, regeneration, ageing and post-mortem conditions. The following questions have been addressed:

• What are the metabolic requirements of MuSCs in different cell states?

• Is MuSC state regulated by changes in cellular metabolism?

• Can metabolism guide cell fate decisions or alter MuSC regenerative capacity?

Additionally, to further understand satellite cell behaviour and particularly its ability to survive in extreme stress conditions, we asked the following questions:

• What are the molecular and cellular properties that define stress-resistant stem cells? Is this uniform at the single cell level?

• What is the relationship between cell state and hypoxia in satellite cells?

RESULTS

During embryonic and post-natal development, progenitor muscle cells proliferate and contribute to muscle growth. Once homeostasis is reached in the adult muscle, muscle stem cells enter the quiescent state homing in the niche. In absence of extrinsic cues and myofibre damage, stem cells are thought to have a low turnover rate. Upon injury they proliferate, differentiate and self-renew to maintain muscle homeostasis.

When the individual ages, the perturbed environment and the intrinsic decrease in fitness lead to stem cell loss. Remarkably, satellite cells can survive in post-mortem individuals, under specific circumstances, and this provides another model to investigate stem cell response to stress.

The first part of the Results section is the main focus of my thesis and it aims at assessing the predominant energy pathways associated with the aforementioned states. Combining different approaches, which include transcriptome and bioenergetics analysis of isolated MuSCs, we show that OxPhos is similar in basal conditions in quiescent cells obtained from young and aged mice. However, aged cells respire at minimal capacity, pointing to an important difference in this parameter in aged MuSCs. On the other hand, post-mortem MuSCs show a decrease in OxPhos but not in glycolysis, pointing towards an adaptive response of these cells to a highly hypoxic environment. When we compared different proliferating states, either during growth or regeneration, our results revealed a surprising difference in their metabolic requirements. Proliferating foetal and post-natal myogenic cells were compared to regenerating myogenic cells at 3 and 5 days post-injury, and we show that the latter had surprisingly higher metabolic demands. Furthermore, we report distinct requirements for peroxisomal and mitochondrial mediated fatty acid oxidation in myogenic cells. Firstly, I investigated the effect of blocking mitochondrial and peroxisomal FAO on early commitment to differentiation in myogenic cells in vitro.

Altering peroxisomal but not mitochondrial FAO led to early differentiation of MuSCs, therefore altering their cell state. Experiments with acute muscle injury and pharmacological block of peroxisomal and mitochondrial FAO showed differential roles for the metabolic activity of these organelles during regeneration. A manuscript describing these results is in preparation.

The second part of the Results follows in line with the first, as it explores the proteome of satellite cells in different cell states. This analysis, although still preliminary, shows important differences among quiescent and activated cells, as well as among the various quiescence paradigms assayed. The challenges of the analysis will be pointed out below. A more comprehensive analysis will be required to extrapolate the full potential of this dataset. Oxygen and glucose deprivation have been used separately or in combination to assess whether dormancy can be an adaptive response to environmental stress (Part 4). We show that the heterogeneity in the Pax7+ population is due to differences at the single cell level, however post-mortem cells show a different profile suggesting that they are the result of adaptation rather than selection. In vitro studies in hypoxia conditions show that activation and proliferation of satellite cells residing on myofibres is delayed, while when isolated from the fibre satellite cells tend to differentiate. Culture experiments with 2DG (2-deoxy-glucose) to block glycolysis show that proliferation and survival of satellite cells is impaired. However, this is not the case when cells are cultured in glucose-free medium.

Introduction

Stem cells in different tissues and organs occupy quiescent or proliferative states in diverse microenvironments. These niches are vascularised, with specific oxygen tension and characterised by direct heterotypic cell-cell contacts, thereby providing a dynamic and heterogeneous site within which stem cells exert their functions [START_REF] Bentzinger | Cellular dynamics in the muscle satellite cell niche[END_REF][START_REF] Dalloul | Hypoxia and Visualization of the Stem Cell Niche[END_REF][START_REF] Kunisaki | Arteriolar niches maintain haematopoietic stem cell quiescence[END_REF]. Stem cell properties are thought to be varied according to their developmental or post-natal status, homeostasis, chronic or traumatic stress [START_REF] Sambasivan | Skeletal muscle stem cell birth and properties[END_REF][START_REF] Seita | Hematopoietic stem cell: self-renewal versus differentiation[END_REF][START_REF] Tajbakhsh | Skeletal muscle stem cells in developmental versus regenerative myogenesis[END_REF].

Skeletal muscle stem (satellite, MuSCs) cells are located between the basement membrane and plasmalemma of muscle fibres and are crucial for skeletal muscle growth and regeneration (Comai and Tajbakhsh, 2014;[START_REF] Lepper | An absolute requirement for Pax7-positive satellite cells in acute injury-induced skeletal muscle regeneration[END_REF]Murphy et al., 2011;Sambasivan et al., 2011).They are quiescent in homeostatic conditions in adults (G0), and they are activated after muscle injury, when they re-enter the cell cycle, proliferate and differentiate into myoblasts, which will then fuse to form new muscle fibres. During regeneration, satellite cells replenish the niche to ensure renewed stem cells for future bouts of regeneration. In homeostatic conditions and early phases of activation, MuSCs express the paired/homeodomain gene Pax7, which plays a critical role in satellite cell maintenance post-natally (Comai and Tajbakhsh, 2014;[START_REF] Günther | Myf5-Positive Satellite Cells Contribute to Pax7-Dependent Long-Term Maintenance of Adult Muscle Stem Cells[END_REF][START_REF] Lepper | Adult satellite cells and embryonic muscle progenitors have distinct genetic requirements[END_REF][START_REF] Relaix | Pax3 and Pax7 have distinct and overlapping functions in adult muscle progenitor cells[END_REF]Sambasivan et al., 2011;Seale et al., 2000;[START_REF] Von Maltzahn | Pax7 is critical for the normal function of satellite cells in adult skeletal muscle[END_REF]. The myogenic regulatory genes Myf5 and Myod play key roles in determining muscle cell fate; Myf5 protein is expressed in the majority of quiescent MuSCs (Gayraud- Morel et al., 2012), whereas Myod protein expression is a hallmark of the activated cell state once satellite cells reenter the cell cycle. A third myogenic regulatory factor Myogenin is expressed in cells undergoing differentiation (Comai and Tajbakhsh, 2014;[START_REF] Tajbakhsh | Skeletal muscle stem cells in developmental versus regenerative myogenesis[END_REF].

Although cellular quiescence has generally been considered to be a uniform cell state, Pax7 + quiescent MuSCs can exhibit distinct properties, notably Pax7 Hi cells are in a deeper quiescent, or dormant state (top 10% of the Pax7-nGFP + cells isolated from the transgenic mouse model Tg:Pax7-nGFP) (Rocheteau et al., 2012). These cells have a lower metabolic activity and longer lag for the first cell division compared to Pax7 Lo cells that are also quiescent. MuSCs have a higher ability to repair DNA damage compared to their differentiating progeny [START_REF] Vahidi Ferdousi | More efficient repair of DNA double-strand breaks in skeletal muscle stem cells compared to their committed progeny[END_REF] and can survive in conditions of extreme stress, as in cadavers several days after death [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF], and this is associated with lower metabolic activity as they adopt a dormant state. Moreover, MuSCs undergo major changes during ageing [START_REF] Chakkalakal | The aged niche disrupts muscle stem cell quiescence[END_REF]García-Prat et al., 2016;[START_REF] Sousa-Victor | Geriatric muscle stem cells switch reversible quiescence into senescence[END_REF], including genomic instability, DNA and oxidative damage, and alterations in mitochondrial function, leading to loss of satellite cells and decreased regenerative capacity in the aged mice.

A major challenge is determining the metabolic pathways governing cell state changes including glycolysis, oxidative phosphorylation (OxPhos) and fatty acid oxidation (FAO) (Shyh-Chang and Ng, 2017).

Notably, metabolic plasticity has been reported in homeostasis, differentiation, and cell reprogramming (Folmes et al., 2011b;[START_REF] Gan | Lkb1 regulates quiescence and metabolic homeostasis of haematopoietic stem cells[END_REF][START_REF] Gu | Glycolytic Metabolism Plays a Functional Role in Regulating Human Pluripotent Stem Cell State[END_REF][START_REF] Ito | A PML-PPAR-δ pathway for fatty acid oxidation regulates hematopoietic stem cell maintenance[END_REF]Kondoh et al., 2007b;[START_REF] Liu | Impaired Mitochondrial Dynamics and Bioenergetics in Diabetic Skeletal Muscle[END_REF]. For example, embryonic stem cells (ESCs) are dependent on aerobic glycolysis [START_REF] Gu | Glycolytic Metabolism Plays a Functional Role in Regulating Human Pluripotent Stem Cell State[END_REF][START_REF] Zhang | UCP2 regulates energy metabolism and differentiation potential of human pluripotent stem cells[END_REF], also known as Warburg effect, which allows shunting of glycolytic intermediates into amino acid, lipid and nucleotide synthesis while maintaining a relatively high production of ATP (Kondoh et al., 2007b;[START_REF] Filosa | Failure to increase glucose consumption through the pentose-phosphate pathway results in the death of glucose-6-phosphate dehydrogenase gene-deleted mouse embryonic stem cells subjected to oxidative stress[END_REF][START_REF] Manganelli | Modulation of the pentose phosphate pathway induces endodermal differentiation in embryonic stem cells[END_REF].

Unlike ESCs, the majority of adult stem cells in tissues are quiescent pointing to a low metabolic demand [START_REF] Ito | Metabolic requirements for the maintenance of selfrenewing stem cells[END_REF]. In this context, so-called long-term hematopoietic stem cells (LT-HSCs) preferentially use glycolysis [START_REF] Barbehenn | Measurement of metabolites in single preimplantation embryos; a new means to study metabolic control in early embryos[END_REF][START_REF] Chen | Hypoxia Induces a Metabolic Shift and Enhances the Stemness and Expansion of Cochlear Spiral Ganglion Stem/Progenitor Cells[END_REF][START_REF] Gu | Glycolytic Metabolism Plays a Functional Role in Regulating Human Pluripotent Stem Cell State[END_REF]Kondoh et al., 2007a;[START_REF] Simsek | The distinct metabolic profile of hematopoietic stem cells reflects their location in a hypoxic niche[END_REF], not only as an environmental adaptation to their hypoxic niche, but as an intrinsic necessity to maintain quiescence [START_REF] Takubo | Regulation of the HIF-1alpha level is essential for hematopoietic stem cells[END_REF]. HIF-1a-dependent pyruvate dehydrogenase kinases (PDK2 and 4), which prevent pyruvate oxidation and in turn OxPhos, have been shown to act as a cell cycle checkpoint that modulates HSC quiescence and function [START_REF] Takubo | Regulation of Glycolysis by Pdk Functions as a Metabolic Checkpoint for Cell Cycle Quiescence in Hematopoietic Stem Cells[END_REF].

Commitment and re-entry in cell cycle in HSCs is metabolically related to FAO, which results in shortening of fatty acid chains and production of acetyl-CoA that can enter the TCA cycle and generate twice as much ATP than glucose oxidation [START_REF] Carracedo | Cancer metabolism: fatty acid oxidation in the limelight[END_REF]. Interestingly, FAO inhibition and peroxisome proliferatoractivated receptor d (PPARd) deletion result in HSC depletion and accumulation of more committed progenitors [START_REF] Ito | A PML-PPAR-δ pathway for fatty acid oxidation regulates hematopoietic stem cell maintenance[END_REF]. In mammalian cells, both peroxisomes and mitochondria can b-oxidize fatty acids. Although the two pathways share many similarities, their substrates, enzymatic reactions, metabolic implication and final products can be distinguished [START_REF] Fransen | The Peroxisome-Mitochondria Connection: How and Why[END_REF]. Notably, mitochondrial b-oxidation involves mainly long chain fatty acids and supplies acetyl-CoA that is used, at least in part, for ATP synthesis. In contrast, peroxisomal b-oxidation is involved essentially in biosynthesis pathways, starting from very-long chain (VLCFA) and branched fatty acids where the end-product is H 2 O 2 and acetyl-CoA. Recently, peroxisomes were reported to impact on cell fate decisions in epidermal stem cells, by altering the ratio of symmetric/asymmetric cell divisions and consequently self-renewal [START_REF] Asare | Coupling organelle inheritance with mitosis to balance growth and differentiation[END_REF].

In skeletal muscle, the metabolic regulation at the whole muscle and single fibre levels have been studied [START_REF] Karunadharma | Respiratory chain protein turnover rates in mice are highly heterogeneous but strikingly conserved across tissues, ages, and treatments[END_REF][START_REF] Koopman | A metabolic link to skeletal muscle wasting and regeneration[END_REF]Luo et al., 2014;[START_REF] Merry | Skeletal muscle glucose uptake during contraction is regulated by nitric oxide and ROS independently of AMPK[END_REF][START_REF] Russell | Skeletal muscle mitochondria: A major player in exercise, health and disease[END_REF][START_REF] Ryall | The role of sirtuins in the regulation of metabolic homeostasis in skeletal muscle[END_REF]. Depending on their fibre composition (fast, type II fibres and slow, type I fibres), different muscles exhibit more glycolytic or oxidative activity [START_REF] Schiaffino | Regulation of skeletal muscle growth by the IGF1-Akt/PKB pathway: insights from genetic models[END_REF]. However, the metabolic status of muscle stem and committed cells, as well as the links between this metabolic activity and the process of muscle regeneration are poorly understood. In addition, it is unclear if the metabolic status of myofibres impacts on the associated satellite cells. Nevertheless, several studies point to a potential link between metabolic status and stem cell function [START_REF] Cerletti | Short-Term Calorie Restriction Enhances Skeletal Muscle Stem Cell Function[END_REF] and metabolic heterogeneity in quiescent MuSCs (Rocheteau et al., 2012). Moreover, a recent report showed that during the transition from quiescence to proliferation, skeletal muscle stem cells experience a metabolic switch from fatty acid oxidation to glycolysis, which in turn affects epigenetic and transcriptional changes (Ryall et al., 2015b).

Given the diverse requirements for metabolic activity reported, we investigated the role of metabolism in the regulation of MuSC fate in various physiological models including homeostasis, growth, regeneration, and post-mortem conditions.

Interestingly, we identified peroxisomal fatty acid oxidation as a major player in satellite cell fate and differentiation potential. Furthermore, we report that proliferating myogenic cells during growth and regeneration showed surprisingly distinct metabolic profiles.

RESULTS

Transcriptomic signature of quiescence in different physiological conditions

Satellite cells are quiescent in homeostatic conditions in the adult and re-enter the cell cycle upon injury or degeneration of the muscle. We previously reported heterogeneities among quiescent satellite cells based on their anatomical location (Sambasivan et al., 2009) or Pax7 expression level (Rocheteau et al., 2012) Liu et al., 2013;[START_REF] Sousa-Victor | Geriatric muscle stem cells switch reversible quiescence into senescence[END_REF]. We also performed for the first time a genome-wide analysis on post-mortem samples (2 and 4 days post-mortem, D2PM and D4PM). Since post-mortem MuSCs clustered together and showed few differences between the two time-points (Supplemental Figure 1A and B), we decided to consider them as a unique condition for the subsequent analyses (referred to as PMvsYoung). First, we performed a general pathway enrichment analysis using the Hallmark database (Liberzon et al., 2015) to verify that the different datasets coming from different laboratories were comparable (Supplemental Figure 1C). Expected pathways showed significant enrichment, such as 'reactive oxygen species pathway' in the aged multi-lab comparison, confirming the validity of our approach. We then extended our analysis to a specific category of pathways involved in metabolic processes and observed that aged MuSCs displayed a decrease in TCA cycle and OxPhos when compared to young quiescent cells (Figure 1A), as well as a decrease in lipid and protein metabolism (Figure 1A). Notably, the majority of the genes in the 'TCA cycle and respiratory electron transport chain' (ETC) and in the 'mitochondrial fatty acid beta oxidation' (FAO) pathways were significantly downregulated in aged MuSCs (Figure 1B), whereas this was not the case for the genes belonging to the 'glycolysis' pathway, which were both up-and down-regulated (Figure 1B).

Surprisingly, post-mortem MuSCs showed an enrichment in the pathways related to the ETC, in particular in the 'mitochondrial transcription' subset (Figure 1A), suggesting that mitochondrial transcripts might be more stable in extreme stress conditions.

These findings were confirmed empirically using MuSCs isolated by FACS from Tg:Pax7-nGFP mice (Sambasivan et al., 2009). Post-mortem cells show a global gradual decrease in gene expression (Figure 1C), with few exceptions like mitochondrially encoded subunits of the ETC, in keeping with the transcriptome results.

MuSCs isolated from aged mice did not show major differences in glycolytic gene expression (Figure 1C), whereas genes relative to FAO were downregulated, once again confirming the transcriptome analysis.

Metabolic profile of quiescent mouse MuSCs

To validate our in silico analysis of cellular metabolism of myogenic cells in different quiescent states, metabolic profiles of young, post-mortem and aged MuSCs were evaluated following their isolation. First, we measured bioenergetics profiles at the basal state and performed a mitochondrial stress test by sequentially: i) blocking ATP synthase activity with oligomycin to evaluate mitochondrial ATP production, ii)

uncoupling ATP synthesis from the electron transport chain (ETC) to dissipate the mitochondrial membrane potential and assess maximal mitochondrial activity independently of ATP production, and iii) blocking residual mitochondrial activity with antimycin to account for non-mitochondrial oxygen consumption (Figures 2A andB), as described previously [START_REF] Ryall | Simultaneous Measurement of Mitochondrial and Glycolytic Activity in Quiescent Muscle Stem Cells[END_REF].

Although the oxygen consumption rate (OCR; indicator of OxPhos), was similar in basal conditions in MuSCs isolated from young and aged mice, only young MuSCs showed a decrease in basal respiration after injection of oligomycin (Figure 2A; n=6 young, n=4 aged), indicating that aged cells were already respiring at minimal capacity (Figure 2C) and that their oxygen consumption was not dependent on ATP synthase activity. Interestingly, these cells were still able to respond to FCCP (carbonyl cyanide-4-phenylhydrazone, uncouples ATP from ETC), albeit to a lesser extent compared to young MuSCs (Figure 2A andC). In addition, basal, minimal and maximal OCR were significantly lower in 2-day (D2) post-mortem cells compared to freshly isolated quiescent MuSCs (Figure 2B and C; n=6 young, n=4 post-mortem). The subsequent injection of oligomycin and FCCP allows the measurement of two other parameters called coupling efficiency (CE) and spare respiratory capacity (SRC). This represents the proportion of respiratory activity that is used to make ATP, calculated on the difference between the minimal and basal OCR, and the extra mitochondrial capacity available in a cell to produce energy under conditions of increased demand as indicated by the difference between the maximal and basal OCR, respectively [START_REF] Ferrick | Advances in measuring cellular bioenergetics using extracellular flux[END_REF]. Interestingly, D2 post-mortem cells showed a coupling efficiency and spare respiratory capacity similar to freshly isolated quiescent cells from young mice (Figure 2D), indicating that these cells rely partially on OxPhos to produce ATP and are able to respond to stimuli to a similar extent compared to freshly isolated MuSCs.

In contrast, aged MuSCs lost their coupling efficiency and had a lower ratio between O 2 consumption and extracellular acidification rate (ECAR; Figure 2E), a consequence of lactic acid production (marker of glycolysis), suggesting that they do not rely on OxPhos for ATP production, but on glycolysis. The ratio of OxPhos/glycolysis was in favour of glycolysis also in post-mortem cells, indicating that post-mortem cells lose their respiratory capacity while maintaining their glycolytic activity similar to freshly isolated quiescent cells. This suggests an adaptive response of post-mortem MuSCs to a highly hypoxic environment. The decrease in OxPhos was mirrored by the lower quantity of ATP produced by PM cells (Figure 2F) These findings were corroborated by the decreased mitochondrial mass and membrane potential in D2 post-mortem cells, which declined further at the later D4 post-mortem time point (Figure 2G and2H).

Therefore, these results indicate that mitochondrial respiration is altered in both aged and post-mortem MuSCs, but they give rise to two distinct metabolic phenotypes: postmortem MuSCs decrease their oxygen consumption but maintain their metabolic flexibility when stimulated, thus indicating a suboptimal but healthy metabolic state, whereas aged MuSCs show a normal basal respiration but are unable to respond to mitochondrial stimuli, suggesting a perturbed mitochondrial state and, as a consequence, an increased reliance on glycolysis to maintain their energy demands.

Different activation states show different metabolic gene signatures

To assess the metabolic requirements of myogenic proliferating cells in growth and regeneration we performed an in silico analysis of transcriptome profiles performed on different embryonal and post-natal stages (Sambasivan et al., 2013b) and on regenerating muscle (García-Prat et al., 2016;Liu et al., 2013) and compared them to adult quiescent MuSCs. We first verified if the general expression patterns were maintained among the different datasets by performing Hallmark geneset enrichment analysis (Supplemental Figure 2A). As expected, pathways related to cell cycle and proliferation were enriched in all groups. Datasets from regenerating muscles showed an enrichment in inflammation related pathways, while this was not the case for the foetal and post-natal datasets (Supplemental Figure 2B). We then focused on metabolism-related pathways. Surprisingly, we could not detect any significant enrichment in growth-related datasets, except for a slight increase in one ETC-related pathway in post-natal MuSCs (Figure 3A, purple column). This was true also using a different set of developmental arrays coming from another group (Alonso-Martin et al., 2016) (Supplemental Figure 2C andD). In contrast, regenerating MuSCs were enriched for all the main energy-producing pathways, such as glycolysis, TCA cycle and OxPhos (Figure 3A), as well as biosynthetic pathways such as protein and nucleotide metabolism (Figure 3A). Genes involved in glycolysis, TCA cycle and respiratory chain, and peroxisomal lipid metabolism were significantly upregulated (Figure 3B), while genes related to mitochondrial FAO had a more dispersed behaviour (Figure 3B). To verify these observations, we isolated MuSCs from these different proliferating states and performed qPCR analysis (Figure 3C). All glycolytic genes were significantly upregulated, with the exception of Hexokinase 2 (HK2, Figure 3C).

Similarly, OxPhos and TCA related genes had higher expression levels in activated cells, in keeping with the bioinformatic analysis.

We noticed that in post-injury MuSCs, peroxisomal but not mitochondrial lipid metabolism was significantly increased (Figure 3B). The expression of genes corresponding to proteins that regulate fatty acid metabolic processes and lipid catabolic processes in mitochondria was largely unchanged (Figure 3D), whereas the majority of genes belonging to the branch of FAO in peroxisomes were upregulated in activated cells (Figure 3E). To validate these findings in our model system, we isolated MuSCs from Tibialis anterior (TA) muscles 3 days post-injury (D3PI; snake venom, notexin, when myogenic cells are actively proliferating), and 5 days post-injury (D5PI, when self-renewal divisions are initiating). In accordance, we found that all the genes tested in the peroxisomal FAO pathway had significantly higher expression in D3PI and D5PI compared to quiescent satellite cells (Figure 3F, bottom panel), whereas this was the case only for a few genes in the mitochondrial compartment (Figure 3F, upper panel). These results suggest a differential usage of the two main lipid metabolism pathways in MuSCs.

Satellite cells have distinct metabolic requirements during muscle growth and regeneration

As done previously for the quiescence state, we explored the metabolic profiles of quiescent cells and compared this baseline to the afore mentioned proliferating states: foetal (E17.5), post-natal (P8), 3 days post-injury (D3PI), and 5 days post-injury (D5PI) of TA muscle. As expected, we found that the basal O 2 consumption rate (OCR) was almost 10 times higher in D3PI activated compared to quiescent MuSCs (Figure 4A and B, n=6/group) and about 4 times higher than MuSCs at D5PI. Strikingly, the OCR of D3PI and D5PI proliferating myogenic cells was significantly higher from proliferating myogenic cells in both pre-and post-natal stages (Figure 4C). Further, foetal myogenic cells showed higher O 2 consumption in basal conditions compared to quiescent and P8 cells (Figure 4A andB). Despite the increased basal, maximal and minimal OxPhos levels, D3PI and D5PI myogenic cells showed decreased coupling efficiency and spare respiratory capacity when compared to quiescent cells (Figure 4C), suggesting that these proliferating cells have a lower capacity and ability to respond to stress conditions, as reported previously (Lati et al.,l 2012).

Notably, SRC increased as MuSCs progressed developmentally to a quiescent cell state (Figure 4C). Strikingly, the ratio between OCR/ECAR was not different in D3PI myogenic cells (Figure 4D), indicating that D3PI proliferating cells increased proportionally both OxPhos and glycolysis during early regeneration, whereas this ratio is skewed towards OxPhos when myogenic cells begin to differentiate at 5 days postinjury (Figure 4D). In contrast, foetal cells had significantly higher glycolytic flux (Figure 4D), which could potentially fuel the nucleotide and protein biosynthetic pathways through the penthose phosphate pathway (PPP), as described for proliferating ES cells [START_REF] Manganelli | Modulation of the pentose phosphate pathway induces endodermal differentiation in embryonic stem cells[END_REF]. These observations where confirmed by staining for mitochondrial mass (MitoTracker) and activity (TMRE), where we observed higher levels of mitochondrial activity in D3PI and D5PI activated cells compared to quiescent and P8 satellite cells (Figure 4E). As reported for ESCs [START_REF] Prigione | Modulation of mitochondrial biogenesis and bioenergetic metabolism upon in vitro and in vivo differentiation of human ES and iPS cells[END_REF], foetal and post-natal satellite cells displayed a higher content of mitochondria (Figure 4E), however these mitochondria might be immature, thus correlating with the respiration analysis. As expected, proliferating cells had higher ATP content compared to quiescent MuSCs (Figure 4F), albeit to a different extent in growth and regenerating contexts. To assess for MuSCs reliance on FAO, we measured the intracellular concentration of L-carnitine, the transporter of fatty acids inside mitochondria. Adult

MuSCs had a higher concentration of L-carnitine compared to foetal and post-natal MuSCs (Figure 3G), with the peak of concentration at D3PI, indicating once again the relevance of FAO in regenerating satellite cells. These results show that proliferating foetal myogenic cells rely mainly on glycolysis, thus challenging the notion that actively proliferating cells use respiration for their metabolic needs and that glycolysis is restricted to quiescent cells (Chen et al., 2008b;[START_REF] Takubo | Regulation of Glycolysis by Pdk Functions as a Metabolic Checkpoint for Cell Cycle Quiescence in Hematopoietic Stem Cells[END_REF]. Furthermore, they point to distinct metabolic requirements for foetal and postnatal proliferating myogenic cells.

Blockage of peroxisomal but not mitochondrial b-oxidation induces cell state changes in satellite cells

Our analysis of transcriptomic data on the different cell states led us to investigate in more detail the role of fatty acid oxidation in mitochondria and peroxisomes. To do so, we used two specific pharmacological inhibitors targeting mitochondrial (etomoxir)

and peroxisomal (thioridazine) b-oxidation [START_REF] Agius | Stereospecificity of the inhibition by etomoxir of fatty acid and cholesterol synthesis in isolated rat hepatocytes[END_REF][START_REF] Van Den Branden | Thioridazine: a selective inhibitor of peroxisomal beta-oxidation in vivo[END_REF]. In vivo activated MuSCs were isolated from Notexin-injured Tg:Pax7-nGFP TA muscle at D5PI, then treated in vitro for 48 h to assess their differentiation potential (Figure 5A). Interestingly, myogenic cells cultured in the presence of thioridazine had a higher expression of Myogenin protein (Figure 5B and C, n=3) and gene (Figure 5D), whereas cell proliferation was not significantly altered (Supplemental Figure 3A). Blocking peroxisomal FAO induced the expression of both mitochondrial and peroxisomal FAO genes (Figure 5D) and mitochondrial activity (Supplemental Figure 3B), suggesting the activation of compensatory mechanisms under these conditions. In contrast, etomoxir treatment did not induce significant changes in these myogenic cells. To verify that b-oxidation was inhibited by both drugs, we assessed the levels of L-carnitine, the transporter of fatty acids from the cytosol to the mitochondrial matrix. As expected, both treatments decreased the level of L-carnitine (Supplemental Figure 3C), thus confirming the activity of these drugs. Quiescent

MuSCs were also isolated by FACS and treated in vitro at different time-points to evaluate the activation (36 h after treatment) and differentiation (72 h) states. MuSCs cultured in presence of thioridazine had a higher expression of Myod at 36 h (Supplemental Figure 3D). This expression persisted and was accompanied by an increase in Myogenin after 72 h of treatment (Suppl Figure 3D), whereas etomoxir treatment did not significantly alter the expression of these genes. Based on these results, we propose that the metabolic block of peroxisomal FAO induces early differentiation in myogenic cells.

To further validate the specificity of the drugs, we designed small interfering RNAs targeting and rate-limiting enzymes in the peroxisomal and mitochondrial FAO pathways. In vivo activated cells where again isolated and transfected either with a scramble control siRNA or peroxisomal (catalase and acyl-coenzyme oxidase 1, siCAT and siACOX1) and mitochondrial (carnitine palmitoyltransferase 1b, siCPT1b) siRNAs for 48 h in vitro (Figure 5A). Knock-down greater that 85% was achieved for all the genes, as assessed by RT-qPCR (Supplemental Figure 3E). Targeting both peroxisomal genes resulted in higher frequency of Myogenin+ cells (Figure 5E and F, n=4), and expression of differentiation genes (Figure 5G), without interfering with cell proliferation as evaluated by EdU incorporation (Figure 5F). Also in this case, blocking mitochondrial FAO did not induce any change in myogenic cell fate. These results validate experiments performed with the pharmacological inhibition of peroxisomal and mitochondrial FAO pathways, thus indicating that altering peroxisomal but not mitochondrial b-oxidation induces cell state changes in primary myogenic cells, driving them towards differentiation.

We noted that blocking peroxisomal FAO induced expression of both Pax7 and Myogenin (Figure 5D and5G). Previous work in the lab showed that satellite cells are heterogeneous in behaviour depending on the Pax7 level (Rocheteau et al., 2012). We explored the possibility that Pax7 Hi and Pax7 Low might have different requirements for peroxisomal FAO by analysing microarrays performed on Pax7 subpopulations at D3PI and D5PI (Supplemental Figure 4A and B, respectively) and compared them to their quiescent counterpart. We found that Pax7 Hi cells had a significant upregulation of the peroxisomal lipid metabolism and have a higher number of differentially expressed genes (Supplemental Figure 4C) both at D3PI and D5PI. These results suggest that the subpopulation of MuSCs undergoing differentiation (Pax7 Low ) downregulates the peroxisomal b-oxidation pathway.

Perturbation of b-oxidation affects satellite cells in vivo

To investigate the relevance of FAO in a physiological context, we injected daily the mitochondrial (etomoxir) and peroxisomal (thioridazine) blockers during muscle regeneration after Notexin-injury of the TA muscle at different time-points (Figure 6A).

We firstly examined the differentiation process by assessing the formation of new fibres at early time-points (day 10 post-injury). Unexpectedly, we found that the number of newly-formed fibres, as assayed by embryonic Myosin Heavy Chain expression (eMyHC) was reduced with both treatments (Figure 6B; n=4/group). We speculated that this decrease could be due to a decrease in the number of myogenic cells. To this end, we quantified the proportion of satellite cells on sections (Figure 6C). We found that the number of Pax7+ cells was significantly increased in mice treated with either drug as compared to the control at D10PI (Figure 6C, right panel), but the proportion of proliferating satellite cells was not altered significantly (Figure 6D). Accordingly, Pax7 gene expression was increased (Supplemental Figure 5A). We then evaluated the number of Myogenin positive cells and found an increase after thioridazine treatment both at the protein (Figure 6E) and the transcript level (Figure 6F). Similarly, to the results obtained in vitro, we found that thioridazine injection induced upregulation of peroxisomal and mitochondrial genes (Supplemental Figure 5B).

Since the drugs were injected systemically, we determined if the other cell populations residing in the muscle were affected by the treatment (Figure 6G, upper panel). We performed FACS analysis at both time-points of regeneration to examine endothelial (CD31 + ) and haematopoietic (CD45 + ) cells, as well as fibroadipogenic progenitors (FAPs, Sca1 + ) and satellite cells (GFP + ) [START_REF] Joe | Muscle injury activates resident fibro/adipogenic progenitors that facilitate myogenesis[END_REF]. We did not find major differences after thioridazine treatment (Figure 6G, bottom panel), suggesting that the drug treatment had a major effect on the myogenic cells. However, etomoxir reduced the Sca1 + population by 30% (Figure 6G), and this interference with the muscle environment could alter regeneration.

To assess for the long-term effect of the treatment on muscle regeneration, we evaluated the cross-sectional area (CSA) of the regenerated fibres. CSA was significantly higher in mice treated with thioridazine (NaCl =1438±40.79, Thioridazine =2454±78.85), while it was decreased in mice treated with etomoxir (1042±43.6) (Figure 6H). Pax7 expression remained high in both conditions (Figure 6I).

Interestingly, this short-term treatment did not affect muscles in homeostatic conditions (Supplemental Figure 5C). Therefore, these in vivo observations are in accordance with the in vitro findings and point to a role for peroxisome activity in myogenic cells during muscle regeneration. 

Pax7_level

High Low The SeaHorse Bioscience extracellular flux bioanalyzer allows the simultaneous measurement of oxygen consumption rates (OCR, measure of mitochondrial oxidative phosphorylation activity) and extracellular acidification rates (ECAR, a measure of glycolysis) in live cells, tissues, and organisms [START_REF] Ferrick | Advances in measuring cellular bioenergetics using extracellular flux[END_REF]. Simple protocols allow the measurement of basal mitochondrial and glycolytic activity, while the injection of different compounds allows to assay for different mitochondrial bioenergetics parameters: oxygen consumed for ATP production (oligomycin) and for maintenance of the proton gradient (FCCP), spare respiratory capacity and non-mitochondrial respiration (Figure 7A).

State

Cell numbers and concentration of the different compounds are critical for the proper analysis of the experiment. To test oligomycin and FCCP dose we used C2C12 cells (Figure 1B). We identified a minimum concentration of 2 µM for oligomycin (Figure 1B, upper panel) and a dose above 5 µM for FCCP (Figure 7B, bottom panel).

Quiescent satellite cells have generally a low metabolic activity, for this reason high numbers of cells are required to reach a signal higher than the background (Figure 7C). We tested the minimum number of satellite cells necessary for a successful assay and concluded that not less than 0.5x10 5 cells when activated and 1x10 5 cells for quiescent cells were necessary (Figure 7C). Another parameter that we had to take into consideration was the fact that our isolation protocol requires isolation by FACS to obtain an enriched population, given the low frequency of satellite cells in a muscle preparation. To verify if satellite cells could be used for respiration studies immediately after sorting, we analysed in parallel cells passed through the FACS or not (Figure 7D).

Sorting both C2C12 and activated satellite cells reduced their respiration by almost 10fold (Figure 7D), rendering undetectable the signal of Pax7+ cells. For this reason, we opted for allowing the cells to recover for about 10 h before running our bioenergetics assay.

respiratory capacity showed an increase, however this was not significant given the high variability of the maximal respiration (Figure 8F). Moreover, fibres appear to rely more on respiration than glycolysis when compared to activated cells (Figure 8F).

These preliminary results will need to be validated in a more physiological context, comparing quiescent, post-injury MuSCs and single myofibres.

Comparison with previous reports

A previous study reported that satellite cells rely on fatty acid oxidation during quiescence, and they switch to glycolysis upon activation (Ryall et al., 2015b). This conclusion was supported by RNAseq data showing higher expression of FAO genes and lower glycolysis genes in quiescence (Figure 9A). When we performed enrichment analysis on different activated/quiescent microarray datasets, we found that glycolysis was significantly upregulated in activated cells, while FAO did not reach the significance threshold (p=0.056). However, the majority of the genes in this pathway had higher expression in activated compared to quiescent cells (Figure 9B). This difference could result from the fact that Ryall and colleagues activated the cells in vitro for 48 h, while we used injury models of activation (here shown 72h after CTX-injury).

In support of this metabolic switch, Ryall et al. perform SeaHorse analysis on freshly isolated (FI), 3 hours and 24 hours cultured satellite cells and show a significant increase in the ECAR parameter but not in OCR (Figure 9C), concluding that glycolysis is rapidly upregulated upon activation. Our results on in vivo activated satellite cells (Figure 4 of the manuscript) clearly show a significant increase in OCR upon activation, which is accompanied by a proportional increase in glycolysis at 3 days post-injury, while at day 5, metabolism of MuSCs is skewed towards OxPhos. These differences could be due to the differences in timing and experimental sampling. However, when we used the same experimental protocol and timing, we reproduced the increase in ECAR but still achieved a significant increase in OCR (Figure 9D-G). Importantly, as shown in the previous results (Paragraph 1.1.1), when satellite cells are analysed soon after sorting, their response to the compound is absent (FI) or blunted (3 h) (Figure 9E). This could explain why only basal parameters were taken into consideration in the work by Ryall and colleagues.

Discussion

Metabolic activities underlie all cellular processes in unicellular and multicellular organisms. The notion that metabolic decisions might precede or accompany cell fate decisions has prompted researchers to focus on which subcellular compartments are implicated. Here, we show that muscle stem cells have a differential requirement for mitochondrial activity in growth, quiescence and regeneration. In the current study, we define the metabolic profiles of mouse MuSCs. We show that aged and post-mortem satellite cells have low ATP levels and utilize preferentially cytoplasmic glycolysis instead of mitochondrial oxidative phosphorylation. We show that although mitochondrial and ATP content are high in proliferating MuSCs in the growing mice, these cells do not rely extensively on oxidative phosphorylation as an ATP production source. Finally, our data identify peroxisomal fatty acid metabolism as a metabolic switch that conditions cell commitment and muscle regeneration. Under conditions where peroxisomal FAO was blocked, MuSCs were induced to differentiate and the regeneration process was altered.

Muscle stem cells, like most adult stem cells, are quiescent. In long-term haematopoietic stem cells (LT-HSCs), the hypoxic niche has been proposed to regulate their metabolic state [START_REF] Parmar | Distribution of hematopoietic stem cells in the bone marrow according to regional hypoxia[END_REF][START_REF] Simsek | The distinct metabolic profile of hematopoietic stem cells reflects their location in a hypoxic niche[END_REF][START_REF] Takubo | Regulation of the HIF-1alpha level is essential for hematopoietic stem cells[END_REF]. Although HSCs have a higher number of mitochondria compared to their differentiated progeny, they have lower mitochondrial membrane potential and ATP production, and thus rely mainly on glycolysis [START_REF] Simsek | The distinct metabolic profile of hematopoietic stem cells reflects their location in a hypoxic niche[END_REF]. Similarly to LT-HSCs, so-called "mesenchymal stem cells" (MSCs) rely more on glycolysis as compared to their differentiated cells (Chen et al., 2008b). The mtDNA copy number, content of respiratory enzymes, intracellular ATP and oxygen consumption increase, while intracellular ROS decreases in osteogenic MSCs, and treatment with mitochondrial inhibitors delays differentiation (Chen et al., 2008b). Studying quiescence in satellite cells is complicated by the fact that when the cells are isolated, they almost immediately activate stress response genes, like Fos, Jun (see Annex 2) and p38/MAPK (Perdiguero et al., 2007a) which can affect metabolism. For this reason, measuring the absolute metabolic status of so-called 'quiescent' isolated cells is a major challenge in the field. We opted for a relative approach and used cells isolated from young quiescent muscles as a reference to compare them with other physiological states. We can try to infer the quiescent cell behaviour by extrapolation from these comparisons. We show that quiescent satellite cells have more oxidative metabolism (both FAO and OxPhos) and less glycolysis than aged MuSCs, but these parameters are less active than in activated proliferating cells. However, with the experimental approaches used in this study, we cannot conclude on the absolute usage and the physiological relevance of each of these pathways in quiescent cells in vivo.

Our results are consistent with previous reports that indicate an increase in mitochondrial mass and activity in activated satellite cells (Rodgers et al., 2014;[START_REF] Tang | Induction of autophagy supports the bioenergetic demands of quiescent muscle stem cell activation[END_REF]. However, the in vitro and in vivo results using a FAO blocker (etomoxir) presented here are not in agreement with previous work from Ryall and colleagues (Ryall et al., 2015b). They propose that FAO is high in quiescent satellite cells, which switch to glycolysis upon activation and show that Myod levels decrease when cells are forced to shift to oxidative metabolism in galactose medium. Here, blocking FAO in quiescent cells induced an opposite effect than what was expected, with a decrease in Myod expression in vitro. A careful analysis of the in vivo experiments might help to understand these apparently contradictory results. Our findings suggest that, even if this pathway might be upregulated in quiescent cells, it is not required to maintain quiescence itself.

While we noted that at 3 days after injury glycolysis is highly upregulated, this upregulation is more general and extended to all main energy production pathways, including fatty acid metabolism and OxPhos. This initial burst in glycolysis goes down at 5 days after injury, when MuSCs start to differentiate and a small percentage begin to self-renew. Respiration is 4 times higher in D5PI compared to quiescent cells, and OxPhos/glycolysis ratio is also 4-fold higher, suggesting that glycolytic activity is similar to that in quiescent levels. In support of this finding, gene expression of glycolytic enzymes is lower in D5PI compared to D3PI cells. Preliminary results on in vitro differentiation also suggest that this is the case. This finding is in line with other stem cell systems where OxPhos is necessary for differentiation (Chen et al., 2008a;Chen et al., 2008b). It is intriguing that the two time-points of regeneration analysed in this study (day 3 and 5 after injury) are distinct in behaviour. At 3 days post-injury, satellite cells reach their peak in proliferation, thus requiring anabolic processes as well as catabolic. One could speculate that upregulation of glycolysis is needed to feed the biosynthetic pathways, while OxPhos produces high amounts of ATP, which in turn is consumed to allow cell proliferation. At 5 days, even if respiration is lower compared to D3PI, we found that the ATP content is higher, suggesting that ATP-producing reactions are higher than ATP-consuming ones. This hypothesis needs to be investigated further.

Similar to amplifying cells during regeneration, rapidly proliferating myoblasts in the embryo need to produce enough ATP to sustain their energetic needs while shuffling metabolic intermediates in anabolic reactions. Our results suggest that OxPhos is not the main energy pathway in growth conditions as the respiration state is not different from quiescent cells while ATP production is increased. For this reason, alternative pathways to OxPhos might be preferred in these conditions. Although glycolysis is less efficient in transforming glucose into ATP, it requires less and faster enzymatic steps than OxPhos. Moreover, glycolysis and TCA cycle intermediates can enter the penthose phosphate pathway for purine synthesis or enter fatty acid, amino acid and nucleotide synthesis pathways. Cataplerosis has been reported for other proliferating stem cells systems such as embryonic stem cells (ESCs) [START_REF] Cho | Dynamic changes in mitochondrial biogenesis and antioxidant enzymes during the spontaneous differentiation of human embryonic stem cells[END_REF]Folmes et al., 2011a;Kondoh et al., 2007b). Another advantage of glycolysis over OxPhos in highly proliferative cells is the reduced production of reactive oxidative species (ROS), and in turn, oxidative stress (Kondoh et al., 2007a), a situation that could be advantageous during developmental growth to ensure the fitness of the newly formed tissue. However, other energy sources might be playing a role during growth, and this requires further investigation. From the gene expression analysis for example, we see that citrate synthase expression is high in embryonic progenitor cells. Citrate synthase catalyses the condensation reaction of acetyl coenzyme A and oxaloacetate to form citrate in the TCA cycle. Citrate can be further metabolised in the subsequent steps of the TCA cycle or can be exported from the mitochondria to the cytosol. Here it can enter the fatty acid synthesis pathway (as acetylCoA) and the AA and nucleotide synthetic pathways, or regulate the epigenetic state through histone acetylation [START_REF] Wellen | ATP-citrate lyase links cellular metabolism to histone acetylation[END_REF]. It has been shown that human ESCs have a limited capacity to utilise citrate derived from pyruvate to generate ATP through OxPhos, due to low levels of aconitase 2 and isocitrate dehydrogenase 2/3, concurrent with high expression of ATP-citrate lyase [START_REF] Tohyama | Glutamine Oxidation Is Indispensable for Survival of Human Pluripotent Stem Cells[END_REF]. Whether this process is active also in embryonic MuSCs would be interesting to address. A metabolomic approach could shed some light on the different requirements of growing and regenerating satellite cells.

Another context that was examined in this project was deep quiescence, or 'dormancy'. We believe that this state relies on glycolysis rather than OxPhos, which confers a survival advantage to MuSCs during severe hypoxic and nutrient withdrawal conditions such as in the post-mortem environment. The initial report showed that MuSCs have a lower mitochondrial and ATP content, decreased oxygen consumption and decreased mitochondrial gene expression, although total mtDNA content was increased post-mortem [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF]. We characterised this state in more detail and confirmed with transcriptomic analysis that mitochondrial transcripts are enriched in post-mortem cells, giving the false impression that mitochondrial respiration is increased. We confirmed that ATP and mitochondrial content as well as oxygen consumption are decreased in these cells. In addition to the previous report, we show that PM cells retain their glycolytic activity and respiration flexibility. It is interesting to note that the basal respiration of the cells appears to impose a threshold for ATPproduction related respiration (referred as minimal) and maximal respiration, measured by uncoupling it to ATP production. This could suggest that the basal respiration is a reflection of the number of available mitochondria and/or mitochondrial complexes, which would be working at submaximal level in homeostatic conditions. If that would be the case, these results suggest that PM cells have mitochondria/complexes as functional as freshly isolated quiescent cells, but in lower amounts. Extending this hypothesis to the other conditions analysed in this work, we could speculate that cells isolated from aged mice are dysfunctional. Indeed, while mitochondrial quantity and basal activity are comparable between young and old cells, the latter fail to respond to oligomycin and FCCP. This result suggests that what we measure as basal respiration for these cells is in reality the maximal respiration, and the oxygen they consume is not linked to ATP production, which is provided to the cells through glycolysis. This conclusion is in line with the gene expression analysis and other reports indicating that nuclear-mitochondrial communication and mitochondrial function is disrupted in aged muscle [START_REF] Gomes | Declining NAD+ Induces a Pseudohypoxic State Disrupting Nuclear-Mitochondrial Communication during Aging[END_REF][START_REF] Zhang | NAD+ repletion improves mitochondrial and stem cell function and enhances life span in mice[END_REF]. Both works linked this dysfunction to a decrease NAD + and activity of sirtuins in aged mice. Moreover, oxidative phosphorylation genes have been shown to be controlled by circadian rhythm function, which is altered in aged mice and can be corrected by caloric restriction regimen [START_REF] Solanas | Aged Stem Cells Reprogram Their Daily Rhythmic Functions to Adapt to Stress[END_REF]. Caloric restriction, NAD+ repletion and sirtuins are related events and they have protective effects on metabolic decline in ageing stem cells [START_REF] Brown | SIRT3 reverses aging-associated degeneration[END_REF][START_REF] Escriva | Effect of age and moderate food restriction on insulin sensitivity in Wistar rats: role of adiposity[END_REF][START_REF] Imai | NAD+ and sirtuins in aging and disease[END_REF][START_REF] Lopez-Lluch | Calorie restriction induces mitochondrial biogenesis and bioenergetic efficiency[END_REF][START_REF] Matsui | NAD-dependent histone deacetylase, SIRT1, plays essential roles in the maintenance of hematopoietic stem cells[END_REF][START_REF] Peserico | A novel AMPK-dependent FoxO3A-SIRT3 intramitochondrial complex sensing glucose levels[END_REF][START_REF] Rimmele | Aging-like phenotype and defective lineage specification in SIRT1-deleted hematopoietic stem and progenitor cells[END_REF][START_REF] Tang | Dietary restriction improves repopulation but impairs lymphoid differentiation capacity of hematopoietic stem cells in early aging[END_REF][START_REF] Wrighton | Stem cells: SIRT7, the UPR and HSC ageing[END_REF][START_REF] Yang | Long-Term Calorie Restriction Enhances Cellular Quality-Control Processes in Human Skeletal Muscle[END_REF]. Interestingly in skeletal muscle stem cells, caloric restriction increases mitochondrial activity even in young cells [START_REF] Cerletti | Short-Term Calorie Restriction Enhances Skeletal Muscle Stem Cell Function[END_REF].

This suggests that the dormant state adopted by post-mortem cells is not merely a consequence of low nutrient availability but probably a combination of multiple environmental factors. Post-mortem cells, in fact, show a decrease mitochondrial content and activity, whereas satellite cells subjected to caloric restriction have an increase in oxygen consumption and mitochondrial mass [START_REF] Cerletti | Short-Term Calorie Restriction Enhances Skeletal Muscle Stem Cell Function[END_REF].

FAO has emerged as a crucial determinant of fate decisions in other stem cell systems, such as HSCs [START_REF] Ito | A PML-PPAR-δ pathway for fatty acid oxidation regulates hematopoietic stem cell maintenance[END_REF]. FAO reactions take place in mitochondria and peroxisomes, with some relevant differences [START_REF] Fransen | The Peroxisome-Mitochondria Connection: How and Why[END_REF]. Peroxisomes are responsible for the oxidation of a variety of fatty acids which cannot be processed directly by the mitochondria, like very-long chain fatty acids (VLCFAs, >20 C), branched chain FAs and 2-hydroxy-FAs. Moreover, it is the house of important antioxidant enzymes, such as catalase. We show that peroxisomal rather than mitochondrial oxidation of fatty acids impacts satellite cell behaviour inducing differentiation in vitro and in vivo, without significantly affecting cell proliferation. In HSCs, pharmacological inhibition of FAO results in stem cell loss and concomitant accumulation of committed progenitor cells by altering the balance of symmetric cell divisions. Interestingly, peroxisomes have been shown in another study to influence modes of stem cell division, although not through metabolic processes [START_REF] Asare | Coupling organelle inheritance with mitosis to balance growth and differentiation[END_REF]. Satellite cells are heterogeneous and during regeneration they have been shown to undergo symmetric or asymmetric division in different subpopulations (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]. Unexpectedly, we noted that when treated with thioridazine, MuSCs increase both Pax7 and Myogenin expression, where the expression of these genes is generally mutually exclusive. Two hypotheses could explain this behaviour: that blocking peroxisome metabolism has differential effects on Pax7 subpopulations, or it is altering the division mode of satellite cells, or a combination of the two. In support of the first hypothesis there is the evidence from microarray data that peroxisome metabolism is enriched in Pax7 Hi cells. These hypotheses will need to be verified experimentally.

Moreover, the upstream regulators that could control this response in satellite cells remain unexplored. One obvious candidate is the PPAR family. The peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors that belong to the nuclear receptor family. It is well known that PPARs function as regulators of lipid and lipoprotein metabolism and glucose homeostasis, as well as influence cellular proliferation, differentiation and apoptosis [START_REF] Wahli | PPARs at the crossroads of lipid signaling and inflammation[END_REF]. The main programs known to be controlled by PPARs during development and in the adult are placental differentiation, adipogenesis, osteoblast differentiation, skin differentiation, and gut differentiation, as well as in the differentiation of macrophages, brain, and breast [START_REF] Feige | From molecular action to physiological outputs: peroxisome proliferator-activated receptors are nuclear receptors at the crossroads of key cellular functions[END_REF]. As mentioned above, PPARd deletion in HSCs causes depletion of the stem cell pool by altering symmetric/asymmetric divisions.

However, a study in which PPARd was conditionally ablated in Myf5-expressing cells showed a 40% decrease in satellite cell numbers, and these satellite cells exhibited reduced growth kinetics and proliferation in vitro. Furthermore, regeneration of Pparδ-cKO muscles was impaired after cardiotoxin-induced injury [START_REF] Angione | PPARdelta regulates satellite cell proliferation and skeletal muscle regeneration[END_REF].

Other members of the family might be involved in myogenesis. For instance, recent work showed that PPARβ activation by a synthetic agonist leads to early neuronal maturation and BDNF increase, thus suggesting a role for PPARβ in neuronal stem cell plasticity [START_REF] Cimini | PPARs Expression in Adult Mouse Neural Stem Cells: Modulation of PPARs during Astroglial Differentiaton of NSC[END_REF]. This and other upstream metabolic regulators will need to be assessed in our experimental setting. The role of oxidative stress as well remains to be addressed. In fact, blocking peroxisomal activity might interfere with their anti-oxidant role and lead to the accumulation of reactive oxygen species. ROS accumulation have been shown to drive other stem cells to differentiation, like HSCs, MSCs and NSCs (Chen et al., 2009a;Chen et al., 2008b;[START_REF] Knobloch | Metabolic control of adult neural stem cell activity by Fasn-dependent lipogenesis[END_REF]. A role for ROS in the induction of differentiation is supported by our results using RNA interference against catalase and will require further investigation.

Blocking peroxisomal FAO in vivo reproduced to large extent the phenotype described in vitro. An increase in Myogenin expressing cells was shown after 10 days of treatment during regeneration, whereas the number of proliferating cells was slightly decreased but not to a significant degree. However, apparently contradictory phenotypes were observed. At D10 post-injury the number of regenerating fibres was decreased, while by the end of the regeneration process myofibre size was increased.

An inverse relationship has been described between muscle fibre size and its oxidative capacity [START_REF] Van Wessel | The muscle fiber type-fiber size paradox: hypertrophy or oxidative metabolism?[END_REF]. This could suggest that blocking peroxisomal oxidation in muscle, either through the contribution of satellite cells or directly on the fibre, might lead to hypertrophy. It would be interesting to assess whether this increase in size is accompanied by a switch in fibre type.

While in vitro treatment of satellite cells with etomoxir did not induce major alterations, it perturbed regeneration when injected in mice. This could due to a systemic effect of the drug either on the fibres directly or on the niche components.

Lipid overload in muscle was reported to affect muscle maintenance and regeneration.

Studies from obese mice suggest that high adiposity depresses proliferative capacity of satellite cells either due to intrinsic metabolic properties of the muscle or satellite cells or alterations of circulating metabolites after high-fat feeding [START_REF] Fu | Obesity Impairs Skeletal Muscle Regeneration Through Inhibition of AMPK[END_REF][START_REF] Tamilarasan | Skeletal muscle damage and impaired regeneration due to LPL-mediated lipotoxicity[END_REF]. In fact, these mice develop a severe myopathy, which is detected histologically as regenerating myofibres with centrally localized nuclei, in addition to perturbed sarcomere structure, excessive glycogen storage, increased protein degradation and apoptotic nuclei [START_REF] Levak-Frank | Muscle-specific overexpression of lipoprotein lipase causes a severe myopathy characterized by proliferation of mitochondria and peroxisomes in transgenic mice[END_REF][START_REF] Tamilarasan | Skeletal muscle damage and impaired regeneration due to LPL-mediated lipotoxicity[END_REF]. After injury, myofibre cross-sectional area in obese mice is reduced, indicating that intracellular lipid accumulation impairs muscle regeneration, either directly or indirectly [START_REF] Pedersen | Muscles, exercise and obesity: skeletal muscle as a secretory organ[END_REF][START_REF] Tamilarasan | Skeletal muscle damage and impaired regeneration due to LPL-mediated lipotoxicity[END_REF]. Moreover, FAO in necessary for M2 'anti-inflammatory' macrophages and T cell activity [START_REF] Huang | Cell-intrinsic lysosomal lipolysis is essential for alternative activation of macrophages[END_REF][START_REF] Pearce | Enhancing CD8 T-cell memory by modulating fatty acid metabolism[END_REF], which could in turn could affect muscle regeneration [START_REF] Chazaud | Satellite cells attract monocytes and use macrophages as a support to escape apoptosis and enhance muscle growth[END_REF][START_REF] Mounier | AMPKα1 Regulates Macrophage Skewing at the Time of Resolution of Inflammation during Skeletal Muscle Regeneration[END_REF]. It would be important to assess whether lipid accumulation is taking place in our model.

In conclusion, our results point towards distinct metabolic regulation in different phases of satellite cell life, and suggest that cell states can be altered by interfering with specific metabolic pathways in skeletal muscle stem cells.

Part II: Proteomic analysis of satellite cells in different physiological states

2.1.

Context and aims

Transcription is one of the levels of cellular regulation, but many processes are further regulated at the translational or post-translational level and transcript levels are poor indicators of protein abundance in some contexts [START_REF] Schwanhausser | Global quantification of mammalian gene expression control[END_REF].

Genomic analysis has evolved to the point that single cells can be assessed for gene expression. Coupling protein with gene expression is essential to understand how cell behaviour is regulated. Over the last decade, sensitivity in protein detection has greatly improved and quantitative approaches have become available. This allowed the access to this technology to stem cell biologists, which usually deal with very low cell numbers (10 3 -10 4 range) maintaining high numbers of protein identifications. For instance, a study on ESCs, together with well-known pluripotency proteins like OCT4 and UTF1, allowed the identification of several unknown and low-abundance transcription factors such as Sall4 (Van Hoof et al., 2006a;Van Hoof et al., 2006b).

Cell metabolism is dependent on subsequent enzymatic reactions, as a consequence metabolic pathways are best covered by proteomic and metabolomic data. These approaches have become routine in cancer research and have allowed the identification of new biomarkers and molecular targets for therapy [START_REF] Li | Integrated omic analysis of lung cancer reveals metabolism proteome signatures with prognostic impact[END_REF]Liu et al., 2017a;[START_REF] Obre | Emerging concepts in bioenergetics and cancer research: metabolic flexibility, coupling, symbiosis, switch, oxidative tumors, metabolic remodeling, signaling and bioenergetic therapy[END_REF].

In the frame of our metabolic characterisation, in order to determine the extent of these regulatory steps, we performed proteomic analysis on different cell states (in collaboration with Dr. Rodrigue Rossignol, University of Bordeaux) (Figure 10A).

Different cell states cluster separately

We isolated Pax7-nGFP + cells from uninjured adult Tg:Pax7-nGFP mice and from cadavers (2 and 4 days post-mortem), to obtain the quiescent (Q) and dormant/resistant signatures (D2/D4PM). As another paradigm of cells that have compromised quiescence to some extent, we isolated satellite cells from aged mice [START_REF] Chakkalakal | The aged niche disrupts muscle stem cell quiescence[END_REF]. Moreover, samples from injured mice (intramuscular notexin injection), 3 and 5 days after injury (D3PI and D5PI), were collected to characterize the differences in in vivo activation states between the amplification phase (D3) and the µg/g) before sacrifice and analysed the number of BrdU-and Myogenin-positive cells in Pax7 Hi (top 20%), Pax7 Mid (60%) and Pax7 Lo (bottom 20%) fractions. As expected, the Pax7 Lo fraction had a higher frequency of Myog+ and BrdU+ cells compared to the Pax7 Hi fraction (Figure 10B). However, there was no obvious difference between young and old samples.

We performed quality controls on the mass spec results by checking the distribution of the peptides detected and normalised the values to the total peptide counts (Figure 10C), to be able to compare the samples. Although the number of biological sampling was low, we noted a good clustering among the replicates (Figure 1D). Quiescent and activated samples were nicely separated along the first and second component of the PCA plot (Figure 1D). All activated samples (D3PI, D5PI and MDX D5PI) clustered together. Unexpectedly, the quiescent samples were more dispersed (Figure 10D). Samples isolated from aged mice were separated from young and post-mortem on both components of the PCA plot, suggesting that the proteome of these cells is different from the other quiescent datasets. In fact, while young and post-mortem had the same protein appearing as the most abundant (Hist1h4h), this was not the case for aged cells (Atp5b) (Figure 10E). This finding is in line with reports indicating that aged satellite cells have a downregulation of histone genes (Liu et al., 2013). In activated cells, the most abundant protein detected was actin (Actg1), a cytoskeleton component (Figure 10F). Given that in quiescent cells we found a nuclear protein and a cytoplasmic protein enriched in activated cells is symptomatic of the change in cell size and nucleus-to-cytoplasm ratio in activated cells [START_REF] Schultz | Satellite cell proliferative compartments in growing skeletal muscles[END_REF][START_REF] Schultz | Satellite cells are mitotically quiescent in mature mouse muscle: an EM and radioautographic study[END_REF].

Quiescent datasets are enriched for mitochondrial proteins

We then asked whether the differentially expressed proteins belonged to specific metabolic pathways. For this purpose, we performed a gene set enrichment analysis using selected metabolic pathways comparing quiescent and post-injury cells.

Unexpectedly, we found that the pathways upregulated in quiescent cells were related to TCA cycle, OxPhos and FAO (Figure 11A). From previous genomic and functional analyses we obtained contrasting results (see Results: Part I). We examined in more is an enrichment for mitochondrial and nuclear envelope proteins, while activated cells have more cytosolic and ribosomal proteins compared to quiescent cells.

While it is well known that satellite cells increase in size upon activation, only one report suggested different size among quiescent cells (Rodgers et al., 2014). We went back to previous FACS analysis, and used the scattering of light to measure volume (by forward scatter, FSC). From this preliminary analysis, it seems that aged and postmortem cells have a smaller size (Figure 12), but this will need further investigation.

Discussion

Together with genomics, transcriptomics, and other technologies, proteomic datasets can be generated that permit detailed analyses across broad molecular interaction networks. Here, we analysed the satellite cell proteome during homeostasis, regeneration (both acute and chronic), ageing and severe stress (postmortem). We show that cells in a quiescent state have a distinct profile compared to those that are activated. Moreover, we show a high enrichment for mitochondrial proteins in satellite cells extracted from homeostatic muscle, both in adult and aged mice.

Although the central dogma of molecular biology stated by Crick in 1958 as 'DNA makes RNA and RNA makes protein' has several exceptions, the notion that 'To make a protein, mRNA is necessary' remains largely true. However, not every molecule of RNA will be translated into protein. Transcriptomic analysis has been used for decades to infer the proteomic state of a cell, but several studies have shown that the gene transcription does not necessarily correlate with protein homeostasis. For instance, in differentiating embryonic stem cells there are many (more than 50%) changes in protein expression that do not have corresponding change in mRNA expression [START_REF] Lu | Systems-level dynamic analyses of fate change in murine embryonic stem cells[END_REF]. We have examples of such behaviour also in satellite cells, where the quick upregulation of Myf5 protein is due not to de novo transcription but to the release of mRNA molecules from mRNPs [START_REF] Crist | Muscle Satellite Cells Are Primed for Myogenesis but Maintain Quiescence with Sequestration of Myf5 mRNA Targeted by microRNA-31 in mRNP Granules[END_REF]. Studies have shown that transcript levels of genes are only approximate predictors for the protein levels, and this predictive value depends strongly on variability of transcript levels [START_REF] Gygi | Correlation between protein and mRNA abundance in yeast[END_REF].

Measuring both transcriptomics and proteomics in tandem is essential to unveil different aspects of the cellular state and its regulatory mechanisms. With this goal in mind, we processed protein extracts representing different satellite cell states by mass-spectrometry and found clear differences among the samples. As mentioned, differences among transcript and protein are to be expected, however we noted several levels of discordance, with quiescent cells showing abundant mitochondrial proteins. We hypothesise that this result is due to skewed representation of the cell components in the different cell states, due to changes in cell morphology during activation, pointing to the importance of normalizations that have been a challenge with quiescent cells.

Generally, proteomic analysis has been performed on cell lines or primary cells mutated for certain genes, or treated with drugs, especially in the cancer field [START_REF] Zhou | Cancer metabolism: what we can learn from proteomic analysis by mass spectrometry[END_REF]. However, this kind of analysis is complicated when comparing cells that change morphology, like cells that activate and/or differentiate. One way to address this issue is to use label-based quantification, such as SILAC (stable isotope labelling with amino acid in culture). This technique has the advantage that full labelling of all proteins occurs metabolically [START_REF] Mann | Functional and quantitative proteomics using SILAC[END_REF], but it requires the growth of cells in culture, therefore influencing their cell state. Moreover, the media conditions have to be defined, as supplements like serum might compromise label efficiency. This technique has been successfully used for studies on ESCs [START_REF] Van Hoof | An experimental correction for arginine-to-proline conversion artifacts in SILAC-based quantitative proteomics[END_REF].

As an alternative, fractionation of cell compartments has been used to compare stem cells and their progeny [START_REF] Baharvand | Concise review: trends in stem cell proteomics[END_REF]. Using centrifugation gradient or 2D gel electrophoresis, it is possible to separate nuclear, cytoplasmic and membraneassociated proteins. This strategy has been used in embryonic, neural and mesenchymal stem cells [START_REF] Barthelery | 2-D DIGE identification of differentially expressed heterogeneous nuclear ribonucleoproteins and transcription factors during neural differentiation of human embryonic stem cells[END_REF][START_REF] Dormeyer | Plasma membrane proteomics of human embryonic stem cells and human embryonal carcinoma cells[END_REF]Jaishankar et al., 2009;[START_REF] Lu | Systems-level dynamic analyses of fate change in murine embryonic stem cells[END_REF]. A previous study performed proteomic analysis on satellite cells, comparing them to their differentiated progeny [START_REF] Zhang | Prmt5 is a regulator of muscle stem cell expansion in adult mice[END_REF]. In that study,

Zhang and colleagues use a subtractive approach rather than a comparative/quantitative one. Specifically, they used the proteome of differentiated fibres and mono-nucleated non-satellite cells of the muscle to exclude for proteins that were shared with satellite cells, and investigated the subset of proteins detected exclusively in the satellite cell compartment. This approach, while very useful to identify satellite cell-specific protein expression, it is not applicable in our case where the quest for metabolic regulation in different cell states is an objective -here we do not expect a complete absence, but rather an increased or decreased level of metabolic proteins.

In conclusion, to fully extrapolate metabolic information from this dataset, several normalisation approaches will be required and verified experimentally by immunofluorescence or western blot analysis. 

Part III

Context and aims

Since the reports of heterogeneity among the muscle stem cell population, numerous studies have identified similar small subpopulations of 'stem-like' cells, which have been referred to as side-population cells, reserve cells, LRCs (label retaining cells), and/or muscle-derived stem cells [START_REF] Cossu | Oriented cell divisions and muscle satellite cell heterogeneity[END_REF]. Our group reported differences in behaviour in Pax7 Hi and Pax7 Lo fractions both during quiescence and after injury (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]. In homeostatic conditions, Pax7 Hi cells, defined as the top 10% GFP-expressing cells isolated from Tg:Pax7-nGFP mice, have been identified as a more 'stem-like' population with a deeper quiescence state when compared to Pax7 Lo cells. Similarly, cells that survive in post-mortem conditions have a longer lag before entering the cell cycle and lower metabolic activity and have been identified as dormant [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF]. A fraction of satellite cells survives in this condition and given the similarity of behaviour between post-mortem and Pax7 Hi cells, we asked whether post-mortem cells that were already dormant were pre-selected and persisted, or if all satellite cells adapted to the new environmental conditions independently of their initial Pax7 level.

In addition, it remains unclear to what extent Pax7 Hi dormant cells are similar to those isolated from post-mortem mice, independent of their shared phenotypic properties.

My aim was to characterize muscle stem cells from alive mice and from postmortem tissue and to assess if the different properties described for Pax7 + subpopulations (Pax7 Hi and Pax7 Lo fractions) are manifested on the single cell level or if fluctuations in single cells are lost when whole populations are analysed. To this purpose, we setup a panel of 47 genes related to quiescence and metabolism (Figure 13A) to test in a multiplex qPCR system on bulk (20 cells) and single cells using the BioMark Fluidigm technology based on a microfluidic chip.

Setup and validation of the single cells qPCR on MuSCs

To perform multiplexed gene expression analysis on a limited number of cells, it is necessary to perform a target specific pre-amplification of the cDNA using the mix of primers that will be assayed in the final qPCR. Since primers might interfere with each other in this phase, we compared the qPCR results when every primer was preamplified alone to the mix on a bulk of 20 quiescent satellite cells (Figure 13A). We noticed that some genes were detected when amplified singularly but not in the mix (Figure 13A, brown boxes), indicating that they interfered with other genes present in the mix and were excluded from the subsequent experiments or changed if important for the analysis, such as Myod. Some genes were not coming up both in the single amplification and the mix (Figure 13A, yellow boxes). However, since this initial test was performed on quiescent satellite cells, we speculated that it could be due to the absence of expression of these genes in quiescent cells.

Single cell analysis allows distinction between quiescent and activated satellite cells

To verify that this technique could reproduce results obtained with classical qPCR techniques and detect well-known differences between activated and quiescent cells at the single cell level, we sorted bulk and single cells from a quiescent TA and from an injured one (5-days post-NTX). We first looked if activated and quiescent cells were clustering according to their expression pattern at single cell (SC) level. For this reason, we performed hierarchical clustering (Figure 13B) and principal component analysis (Figure 13C). After excluding the samples that had signal for less than 3

housekeeping genes, we centred and scaled the gene expression to the mean expression of each gene. Genes with a value of 0 have a gene expression equal to the mean, while genes with a positive or negative value have an expression higher or lower than the mean, respectively (Figure 13B). Genes and samples were then clustered.

We can see that the samples separate nicely into two distinct groups, with the majority of the activate samples separated from the quiescent (Figure 13B). This was apparent also from the PCA plot, where the ellipsis shows the interval of confidence (Figure 13C), and few quiescent samples are at the intersection of the two intervals. From the heatmap it is possible to appreciate that activated samples have a higher expression in genes related to metabolism (bottom left corner of the map) whereas quiescent cells have higher expression of 'quiescence' genes (upper right corner). enrichment for cells expressing these genes or there is a correlation between the level of expression of Pax7 and these genes. Investigating the covariance of genes in single cells can be a powerful method for inferring novel regulatory interactions controlling cell states to build large-scale gene regulatory networks. One of the limitations of using qPCR analysis in single cells is the level of multiplexing that can be achieved. We established a panel of expected targets and attempted to answer this question.

However, given the low difference in expression in these subpopulations it is necessary to have a high number of samples to assess whether these phenomena are realistic correlations or affected by technical issues. Moreover, the gene sets chosen can potentially bias the interpretation of these experiments and limit the discovery of new regulatory pathways. For these reasons, new unbiased technologies have been developed, such as single cell RNA-seq, which allow for a more explorative analysis, although the depth on the data remains problematic to a certain extent. Another limitation of multiplexed qPCR analysis is the sensitivity of the detection method. When we compared quiescent and activated satellite cells, we were able to detect gene expression in a fewer number of quiescent cells compared to those that are activated.

For example, we found that in the bulk Notch target genes had higher expression in quiescent cells, however we were almost unable to detect them at the single cell level. This is likely due to technical issues, since RNA levels are higher in activated cells and the signal detection is regulated at the global level. Indeed, when we compared only quiescent cells, using the same lysis and pre-amplification protocol, the frequency of detection was much higher, suggesting once again that the normalisation issue has to be addressed also with this kind of approach.

When we compared quiescent subpopulations (PM, Pax7 Hi and Pax7 Lo ), it was interesting to note that even if the differences between these 3 conditions were not high, key genes showed a clear trend of expression. For instance, the quiescence gene Calcr had its highest expression in post-mortem cells, an intermediate expression in Pax7 Hi cells and lower number of expressing cells as well as level of expression in the Pax7 Lo subpopulation. These results support previous reports suggesting a hierarchy in quiescence between Pax7 Hi and Pax7 Lo subpopulations (Rocheteau et al., 2012). Moreover, they identify the post-mortem state as a state of dormancy that is distinct compared to Pax7 Hi . The post-mortem condition has been one focus point of our analysis, as it represents a challenging state to characterise. Microarray analysis as well as proteomics showed that these cells acquire a distinctive behaviour as soon as are largely super-imposable (Supplemental Figure 1 of the manuscript and Figure 10D). These results suggest that this condition is a separate state from quiescence. In support of this conclusion, we show also that at the single cell level PM MuSCs can be separated from deep quiescent satellite cells (Pax7 Hi ), suggesting that the survival of satellite cells is not the result of a selection process but rather an adaptation. Why and how this process is regulated remains a major question which will need further investigation.

Overall, we show that population heterogeneity is manifested also at the single cell level and single cell analysis can be exploited to study hierarchical relationships between different levels of commitment in satellite cells.

Part IV: Hypoxia and nutrient deprivation studies on isolated satellite cells and single myofibres

4.1.

Context and aims

Hypoxia and hypoxia-related genes have been described as key players in maintaining stem cells in their quiescent state [START_REF] Chen | Hypoxia Induces a Metabolic Shift and Enhances the Stemness and Expansion of Cochlear Spiral Ganglion Stem/Progenitor Cells[END_REF]Forristal et al., 2013a;[START_REF] Hawkins | The role of hypoxia in stem cell potency and differentiation[END_REF]. Recent publications have shown that hypoxia can affect the asymmetric/symmetric division balance in satellite cells and influence self-renewal as well as regenerative capacity [START_REF] Liu | Hypoxia promotes satellite cell self-renewal and enhances the efficiency of myoblast transplantation[END_REF]. Anoxia can increase the survival of satellite cells after death [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF] and preserve their regenerative capacity.

Similarly, caloric restriction has been shown to be beneficial in ageing animals and to improve MuSC grafting efficiency when performed both on donor or receiving mouse [START_REF] Cerletti | Short-Term Calorie Restriction Enhances Skeletal Muscle Stem Cell Function[END_REF][START_REF] Escriva | Effect of age and moderate food restriction on insulin sensitivity in Wistar rats: role of adiposity[END_REF][START_REF] Yang | Long-Term Calorie Restriction Enhances Cellular Quality-Control Processes in Human Skeletal Muscle[END_REF]. However, caloric restriction was associated with increased mitochondrial activity in satellite cells [START_REF] Cerletti | Short-Term Calorie Restriction Enhances Skeletal Muscle Stem Cell Function[END_REF]. The post-mortem environment can be considered as an extreme combination of hypoxia and nutrient restriction, and it is associated with lower metabolic demands (Results Part I and Latil et al., 2012).

We aimed at investigating the connection between hypoxic conditions, nutrient deprivation, and dormancy and stress-resistance.

Hypoxia slows down activation and proliferation in single myofibres

To investigate satellite cell behaviour in hypoxic culture conditions, we used cells in their natural niche on the fibres. Single myofibres were isolated from Tg:Pax7-nGFP mice and cultured in hypoxia chambers set at normoxic control conditions (20% O 2 )

and in highly hypoxic conditions (0.1% O 2 ) and stained at several time-points to assay for cell activation (30h) and differentiation (72h). First, we noted that the myofibre did not hyper-contract in hypoxic conditions and it appeared viable (Figure 17A). Satellite cells on the fibres cultured in hypoxia for 30 h showed a decrease Myod intensity (Figure 17B, left panel) and a smaller nuclear size (Figure 17B, right panel), both signs in the same conditions as previously. We did not detect significant differences at 30 h for cell proliferation and activation (Figure 18A). However, this time we noticed a difference in the later time-point. In fact, after 3 days in culture, satellite cells cultured in hypoxia had an increase in Myogenin expression (Figure 18B and 18C), quantified by FACS. This increase was noticed when cells were cultured in normal satellite cell growth media (DMEM/F12 with 25 mM glucose) and when cultured in medium without glucose (Figure 18C). Satellite cells cultured for several days in absence of glucose did not show major differences when compared to control medium (DMEM/F12 with manufacturer glucose) and medium in which glucose was added by us (25 mM glucose) (Figure 18D) and they differentiated as in the control.

2DG treatment induces apoptosis and arrests cell proliferation in satellite cells

From previous results (in Part I) and a recent report (Ryall et al., 2015b), we expected glycolysis to be upregulated upon cell activation. However, growing cells in the absence of glucose, which fuels the glycolytic pathway, did not have major effects on satellite cells activation and differentiation. To assess the functional relevance of the glycolytic pathway, we activated satellite cells in vitro for several days and used 2deoxyglucose (2DG), an analogue of glucose which cannot be further processed after the first step of glycolysis (Figure 19A). We used a concentration of 2DG equimolar to the one of glucose present in the media (25 mM) or 5-times less (5 mM) for 24 or 48 h. As soon as 24 h, we noticed that the number of myogenic cells was decreased when cells were cultured in presence of 2DG (Figure 19B). This decrease could have been due to decreased proliferation or cell survival. To assess for cell proliferation, we used CFSE (carboxyfluorescein succinimidyl ester), a cell permeable dye which covalently couples to intracellular molecules and it is diluted upon cell division. In control conditions, fluorescence intensity decreased from 24 to 48 h of culture (Figure 3C), while this decrease was virtually absent in treated cells with both concentrations of 2DG (Figure 19C). To assess for cell death, we used the combination of propidium iodide, which cannot enter in live cells, and annexin V, which binds to phosphatidylserine, a marker of apoptosis when it is on the outer leaflet of the plasma membrane, and allows for the distinction of apoptotic (AnnV+/PI-) and necrotic increase in cell death in myogenic cells treated with 25 mM 2DG, and to a lesser extent with 5 mM after 24 h (Figure 19D). Moreover, cells were positive for cleaved caspase 3 (Figure 19E), another marker of apoptosis.

These results suggest that functional glycolysis is important to ensure proliferation and survival of satellite cells.

Discussion

Hypoxia and nutrient-sensing pathways have been reported to act as upstream regulators of cell metabolism and in turn stem cell states. Here, we show that hypoxia affects satellite cell activation and differentiation. Moreover, we show that glucose processing through glycolysis sustains satellite cell proliferation and survival.

The niche plays a major role in controlling the cell state of stem cells. Experiments from other groups and our own have shown that signals from the muscle fibres, including its integrity, can dictate whether satellite cells stay in a quiescent state or undergo activation [START_REF] Bentzinger | Cellular dynamics in the muscle satellite cell niche[END_REF][START_REF] Bischoff | Interaction between satellite cells and skeletal muscle fibers[END_REF][START_REF] Bjornson | Notch signaling is necessary to maintain quiescence in adult muscle stem cells[END_REF]Mourikis et al., 2012). The satellite cell niche has been shown to have a low oxygen tension, like the HSC niche which influences HSC state [START_REF] Danet | Expansion of human SCID-repopulating cells under hypoxic conditions[END_REF][START_REF] Hermitte | Very low O2 concentration (0.1%) favors G0 return of dividing CD34+ cells[END_REF]. We found that culturing satellite cells within their niche, but not as isolated cells, interferes with activation and reduces their proliferation. This suggests that this regulation might depend on signals coming from the fibre. Two studies have shown that the Notch signalling pathway, which is involved in the control of satellite cell quiescence, interacts with HIFa [START_REF] Gustafsson | Hypoxia Requires Notch Signaling to Maintain the Undifferentiated Cell State[END_REF][START_REF] Yang | The hypoxia-inducible factors HIF1alpha and HIF2alpha are dispensable for embryonic muscle development but essential for postnatal muscle regeneration[END_REF]. Extreme oxygen deprivation in vivo in the post-mortem paradigm appears also to correlate hypoxia to Notch signalling, as both pathways are found significantly enriched (Supplemental Figure 1 in the manuscript). Whether in our setting hypoxia is controlling Notch signalling will require further investigation. In isolated cells, we did not observe major effects on cell activation and proliferation. These results might seem in contrast with previous reports showing that hypoxia favours the quiescent state in myoblasts [START_REF] Liu | Hypoxia promotes satellite cell self-renewal and enhances the efficiency of myoblast transplantation[END_REF]. However, in those experiments the self-renewal rate of proliferating myoblasts was assessed, whereas we evaluated the exit from quiescence and activation status. Moreover, we found that hypoxia resulted in more differentiated cells at a later time-point. This finding is consistent with the report that HIF1a is necessary for myogenic differentiation in vitro [START_REF] Ono | Knockdown of hypoxia-inducible factor-1alpha by siRNA inhibits C2C12 myoblast differentiation[END_REF] and that hypoxia treatment improves regeneration [START_REF] Liu | Hypoxia promotes satellite cell self-renewal and enhances the efficiency of myoblast transplantation[END_REF]. The next step in the characterisation of MuSC behaviour will be the assessment of the metabolic state of satellite cells in these conditions.

Interestingly, we found that glucose deprivation in culture medium does not significantly impact on satellite cell dynamics when starting from quiescent cells, suggesting that satellite cells might use alternative energy sources in the initial phases of activation, such as glutamine or pyruvate, that are abundant in culture conditions.

However, using a glycolysis blocker (2DG) on activated MuSCs induces proliferation arrest and cell death. We have shown that upon activation satellite cells upregulated glycolysis as well as OxPhos (Figure 3 and 4 of the manuscript). This upregulation might be necessary to sustain the biosynthetic needs of proliferating cells.

Furthermore, blockage of glycolytic metabolism by galactose supplementation has been shown to reduce self-renewal in proliferating satellite cells [START_REF] Théret | AMPKα1-LDH pathway regulates muscle stem cell self-renewal by controlling metabolic homeostasis[END_REF].

In HSCs, 2DG has been shown to induce erythroid commitment and to promote the PPP [START_REF] Oburoglu | Glucose and glutamine metabolism regulate human hematopoietic stem cell lineage specification[END_REF], while in ESCs and tumour cells that are dependent on aerobic glycolysis, it induces proliferation arrest and apoptosis, respectively [START_REF] Bost | Energy disruptors: rising stars in anticancer therapy?[END_REF]Kondoh et al., 2007b). To dissect the specific role of glycolysis in satellite cell activation, proliferation and survival more targeted approaches will be necessary, such as RNA interference for rate-limiting enzymes like hexokinase 2 (Hk2).

In conclusion, our results show that the satellite cell state can be altered by oxygen concentration and substrate availability.

These findings raise several questions:

• How are the metabolic and proliferative states of foetal and post-natal satellite cells regulated?

• Does the different environment (e.g. inflammation) impact on the differences noted in metabolism of MuSCs during growth and regeneration?

• What are the upstream regulators of peroxisomal metabolism?

• Is peroxisomal metabolism differentially required in satellite cell subpopulations? Is it involved in their modes of cell division?

We described the molecular and cellular properties of stress resistant stem cells at the transcriptomic, proteomic, metabolic and single cell level, identifying this state as a discrete state in the spectrum of satellite cell behaviour. However, the question of how this state is regulated and adopted by satellite cells remains unexplored.

We initiated the characterisation of satellite cell response to environmental cues such as oxygen and nutrients. We described correlations between these cues and changes in satellite cell state, however whether these changes are due to metabolic alteration will need specific exploration in the future.

This work provides evidence that in a complex biological system the association between cell state and cell metabolism is not simple and univocal (i.e. proliferation = OxPhos or quiescence = glycolysis) and highlights the fact that it is not unidirectional, but that one influences the other, and vice versa.

MATERIALS AND METHODS

Mice, muscle injury, and injections of thymidine analogs ad drugs

Animals were handled according to national and European community guidelines, and protocols were approved by an ethics committee. Tg:Pax7-nGFP mice were described previously (Sambasivan et al., 2009). Muscle injury was done as described previously (Gayraud- [START_REF] Gayraud-Morel | A role for the myogenic determination gene Myf5 in adult regenerative myogenesis[END_REF]. Briefly, mice were anesthetized with 0.5% Imalgene/2% Rompun. The Tibialis anterior (TA) muscle was injected with 15 µl of snake venom notexin(10 mg/ml) or cardiotoxin. EdU analog was dissolved in 0.9% saline and injected i.p. at a concentration of 30 mg/kg 4 h before sacrifice. Thioridazine and Etomoxir (Sigma) were dissolved in water at a stock concentration of 75 mM and 5 mM, respectively. Drugs were diluted in 0.9% saline and injected i.p. daily at a concentration of 10 mg/g, according to the experimental plan.

Muscle stem cell isolation and FACS

Dissections were done essentially as described previously (Gayraud- [START_REF] Gayraud-Morel | A role for the myogenic determination gene Myf5 in adult regenerative myogenesis[END_REF]. Briefly, TA muscle (for injured muscle) or muscles from the entire hindlimbs and forelimbs (for isolation of quiescent satellite cells) were dissected and placed into cold DMEM. Muscles were then chopped and put into a 50 ml Falcon tube containing 30 ml of DMEM, 0.1% Collagenase D, 0.25% trypsin, DNaseI 10 mg/ml at 37 °C under gentle agitation for 30 min. Digests were allowed to stand for 5 min at room temperature (RT)

and the supernatants were collected on 5 ml of foetal bovine serum (FBS) on ice. The digestion was repeated 3-5 times until complete digestion of the muscle. The supernatants were filtered through a 70 µm cell strainer. Cells were spun for 15 min at 550 rcf at 4 °C, the pellets were resuspended in DMEM/2% FBS and filtered through a 40 µm cell strainer before cell sorting. Cells were isolated based on size, granulosity and GFP levels using a FACS Aria II (BD Bioscience). Cells were collected after sorting directly in culture media (20% FBS, 1% Penicillin-Streptomycin, 2% Ultroser G in 50:50 DMEM:F12). Cells suspensions were stained with antibodies listed in Annex 1. Stained cells were analysed on a FACS LSR II. Data were analysed with FlowJo software (Treestar).

Satellite cells culture, treatments and transfection

Satellite cells isolated by FACS were plated at low density (3,000 cells/cm 2 ) on glass coverslips that were coated with 1 mg/ml matrigel or directly on regular culture dishes coated with Matrigel (Corning, 35428) for 15 minutes at 37°C. Cells were cultured in a growth medium (GM) containing DMEM/F12 (50:50; Gibco), 1% P/S, 20% FBS, 2% Ultroser (Pall; 15950-017) and incubated at 37°C, 3% O2, 5% CO2 425 for (ThermoFisher, #11668) in Opti-MEM (Gibco). Four hours after transfection, 3 volumes of fresh growth medium was added and cells were collected after 48h.

ATP quantification

ATP content of SCs was determined with the CellTiter-Glo Luminescent Cell Viability Assay (Promega) according to manufacturer's recommendations.

L-Carnitine measurement assay

Fluorometric L-Carnitine measurements were performed with the L-Carnitine Assay Kit (MAK063, Sigma-Aldrich) according to manufacturer's instructions. 20'000 cells were used.

MitoTracker/TMRE staining

Hindlimb muscles were dissected from Tg:Pax7-nGFP mice and digested into mononuclear cells and incubated with MitoTracker (Life Technologies) and TMRE 10 nM and 1 µM, respectively, at 37°C for 30 min. The cells were washed twice prior to analysis on the FACS Aria II (BD Bioscience).

Microarrays

Total RNA was extracted from cells isolated by FACS directly into cell lysis buffer (RLT; Qiagen RNeasy Micro Kit). RNA quality was evaluated using a Agilent 2100

Bioanalyzer. RNA was amplified using Ovation Pico V2 (Nugen) and samples were run on GeneChip® Mouse Gene 1.0 ST Array.

Bioinformatic analysis

4.8.1. Single cell qRT-PCR Data analysis was conducted using R (R Core Team).

Log2Ex transformation of the data was done using the following formula (fluidigm application Guidance for Single-Cell Data Analysis):

Log2Ex = LOD ct -gene ct (LOD = Limit Of Detection) Log2Ex = 0 if gene ct >LOD ct
(After careful examination of the data distribution, missing values were set at the arbitrary extreme value of 27 and LOD was set at 24 in order to keep the stringency low)

Analysis of the data using multivariate statistical methods: samples or genes for which there were less than 3 values were first discarded, and then autoscaling of the data was performed prior principal component analysis (PCA). The autoscaling of the data was done by calculating z-score for each gene by subtracting its mean expression and divide by its SD. {A z-score of 2 indicates that a gene is overexpressed by two SDs relative to its mean expression in all samples.}

Differential expression analysis

Microarray:

Preprocessing steps include: reading raw files, background correction, normalization, removing probes that appear not expressed and sample distribution and quality control.

For affymetrix chips, R packages affy or oligo were used to read affymetrix raw cel files and perform a robust multi assay (RMA) normalization, and summarizing the probes at the probeset level. Non-specific filtering was applied to remove non variating probes.

For agilent chips, raw files reading, background correction and normalisation were made using Limma (v_3.30.13) bioconductor package. Non-specific filtering was applied to remove probes that appear not expressed.

For both chips, probesets were annotated to gene symbol and gene ENTREZ using chip-specific annotations.

Sample distribution was examined using two unsupervised methods: i) hierarchical clustering of the Euclidean distance and ii) Principal Component Analysis.

Differential gene expression analysis:

Statistically differentially expressed genes (DEGs) were identified using the linear model method, implemented in the Limma R package (Ritchie et al). The basic statistic was the moderated t-statistic with a Benjamini and Hochberg's multiple testing correction to control the false discovery rate (FDR). Significance value for the adjusted p-value was set at 0.05

Proteomic data:

Because of the binomial distribution of the proteomic data a generalized model implemented by DESeq2 (v.1.14.1) (Love et al.) was thought more suitable to analyse the differential expression between groups in this dataset. The raw count data is a matrix where each row indicates a protein, each column indicates a sample and each cell indicates the number of counts for the protein in the sample. DESeq2 was used to normalise the data and run a wald test on this matrix to assess the differential expression between the groups. P-values were adjusted for multiple comparisons correction using Benjamini-Hochberg correction for FDR at threshold of P<0.05 (Benjamini and Hochberg), no minimum LFC threshold was applied.

Gene set enrichment analyses

Tables from the differential gene expression analysis were ordered by the tstatistics values allowing to rank the genes from the most up regulated to the most downregulated.

Gene set collections from the mouse version of the Molecular Signatures

Database MSigDB v6 in r format were downloaded from Molecular Signatures Database (http://bioinf.wehi.edu.au/software/MSigDB/).

The gene collections were used to perform enrichment analysis using two complementary approach: First, an over-representation analysis (ORA) (Khatri P et al) on differentially expressed genes was performed using one-sided Fisher's exact tests implemented in R script (R Core Team) with a Benjamini and Hochberg's multiple testing correction of the p-value. Then a gene set enrichment analysis (GSEA)

(functional scoring method (FSC) (Khatri P et al)) type of analysis using the runGSEA function in piano R package (Väremo L et al.) was performed on the ranked list (see above) of genes.

For the proteomic data, the gene set enrichment was assessed only using the ORA method.

Visual representation

Heatmap were made using R package pheatmap (v_1.0.8). Venn diagram were generated by gplots R package (v_ 3.0.1). Other visual representations (barplot and PCA biplot) were made using R package ggplot2 (v_2.2.1) (H. Wickham).

R Session info

All the analysis has been performed using R (R Core Team) version 3.3.2 (2016-10-31), running under: OS X El Capitan 10.11.6 on x86_64-apple-darwin13.4.0 (64bit) platform.

RT-qPCR

Total RNA was extracted from cells isolated by FACS directly into cell lysis buffer (RLT; Qiagen RNeasy Micro Kit). cDNA was prepared by random-primed reverse transcription (Super Script III) and real-time PCR was performed using SYBRGreen Universal Mix. List of primers is provided in Supplementary Table .   In vivo experiments were analysed using the Fluidigm Gene Expression Assay (BioMark). Briefly, cells were sorted directly in 9 µl of Specific Target Amplification (STA) reaction mix from CellsDirect One-Step qRT-PCR kit (Invitrogen) with 0.2X TaqMan Gene Expression Assay mix. Pre-amplified cDNA (18 cycles) was obtained according to manufacturer's note and was diluted 1:5 in TE buffer for qPCR. Multiplex qPCR was performed using the microfluidics Biomark system on a Biomark HD for 40 cycles. The same TaqMan probes were used for both RT/STA and qPCR.

Immunofluorescence and histology

For nuclear immunostainings, cells were fixed with 4% paraformaldehyde (PFA)

in PBS 1X and then washed three times with PBS 1X. Cells were permeabilised with 0.5% Triton X-100 (Sigma) TA muscles were isolated from mice and frozen directly in liquid-nitrogen cooled isopentane for less than 1 min, then stored at -80°C or directly cryosectioned (8 μM sections). For histology, the sections were kept at RT overnight before staining and then rehydrated in PBS for 10 min and fixed in 10% formalin for 3 min. Sections were then routinely stained with haematoxylin and eosin. For immunostaining the sections were post-fixed in 4% PFA in PBS at RT 10 min, washed 3X 10 min in PBS and blocked in 20% goat serum (GS, Gibco) for 1 hour at RT. The samples were incubated with the primary antibody in a solution of PBS, 10% foetal calf serum (FCS), 3% BSA, 0.5% Triton X-100 ON at 4 °C. Sections were washed in PBS, 0.5% Tween-20, 3X 10 min and incubated with the secondary antibody in the same solution as for the primary antibody for 1h at RT. Sections were washed in PBS, 0.5% Tween-20, 2X 10 min, once in PBS 10 min and mounted. For Pax7 staining (1:20, DSHB), antigen retrieval was performed by incubating sections in boiling 10mM citrate buffer pH6 in the 2100 Retriver device. For eMHC staining (1:2, DSHB), the section were fixed in precooled acetone for 10 min at -20°C before the staining protocol. Anti-laminin (1:400, L9393

Sigma) was used for muscle sections stainings.

Bioenergetic analysis of primary cells

Oxygen consumption rate (OCR) as an indicator of mitochondrial respiration [START_REF] Varum | Energy metabolism in human pluripotent stem cells and their differentiated counterparts[END_REF] and extracellular acidification rate (ECAR) as indicator of glycolytic activity [START_REF] Wu | Multiparameter metabolic analysis reveals a close link between attenuated mitochondrial bioenergetic function and enhanced glycolysis dependency in human tumor cells[END_REF] were determined simultaneously using XF96e Analyzer. Cells were isolated by FACS, as previously described, and plated on 96-well SeaHorse plates coated with matrigel in culture media (100'000 cells/well; 20% FBS, 1%

Penicillin-Streptomycin, 2% Ultroser G in 50:50 DMEM:F12). Cells were spun down at 40 rcf for 4 min and incubated ON in 3% oxygen incubator. The day of the assay, cells were washed and kept in bicarbonate-free DMEM (SeaHorse Bioscience)

supplemented with 1 mM pyruvate, 2mM glutamine and 5 mM glucose. The cells were incubated for 30 min in a 37°C non-CO 2 incubator. Mitochondrial respiration was monitored in the basal state and after sequential injections of the mitochondrial modulators oligomycin (2 µM), FCCP (6 µM), and antimycin (2.5 µM) (mitochondrial stress test) [START_REF] Varum | Energy metabolism in human pluripotent stem cells and their differentiated counterparts[END_REF]. All chemicals were purchased from Sigma.

Proteomic sample preparation and protein digestion

Proteins were extracted from cells isolated by FACS and lysed with RIPA buffer.

Ten µg of each protein sample were solubilized in Laemlli buffer and were deposited onto SDS-PAGE gel. After colloidal blue staining, bands were cut in 8 equal bands, each band being subsequently cut again in 1 mm x 1 mm gel pieces. Gel pieces were destained in 25 mM ammonium bicarbonate 50% ACN, rinsed twice in ultrapure water and shrunk in ACN for 10 min. After ACN removal, gel pieces were dried at room temperature, covered with the trypsin solution (10 ng/µl in 40 mM NH4HCO3 and 10% ACN), rehydrated at 4 °C for 10 min, and finally incubated overnight at 37 °C. Spots were then incubated for 15 min in 40 mM NH4HCO3 and 10% ACN at room temperature with rotary shaking. The supernatant was collected, and an H2O/ACN/HCOOH (47.5:47.5:5) extraction solution was added onto gel slices for 15

min. The extraction step was repeated twice. Supernatants were dried in a vacuum centrifuge and suspended in 100 µL H2O/HCOOH (100:0.1).

nLC-MS/MS analysis

Peptide mixture was analyzed on a Ultimate 3000 nanoLC system (Dionex) coupled to a nanospray LTQ-Orbitrap XL mass spectrometer (ThermoFinnigan, San 

Database search and results processing

Data were searched by SEQUEST through Proteome Discoverer 1.4 (Thermo Fisher Scientific Inc.) against a subset of the 2012.09 version of UniProt database restricted to Human Reference Proteome Set (67,949 entries). Spectra from peptides higher than 5000 Da or lower than 350 Da were rejected. The search parameters were as follows: mass accuracy of the monoisotopic peptide precursor and peptide fragments was set to 10 ppm and 0.6 Da respectively. Only b-and y-ions were considered for mass calculation. Oxidation of methionines (+16 Da) and carbamidomethylation of cysteines (+57 Da) were considered as variable modifications. Two missed trypsin cleavages were allowed. Peptide validation was performed using Percolator algorithm (L Käll, et al., 2007) and only "high confidence" peptides were retained corresponding to a 1% False Positive Rate at peptide level.

Label-Free Quantitative Data Analysis

Raw LC-MS/MS data were imported in Progenesis LC-MS 4.0 (Nonlinear Dynamics Ltd, Newcastle, U.K). Data processing includes the following steps: (i)

Features detection, (ii) Features alignment across the 12 sample, (iii) Volume integration for 2-6 charge-state ions, (iv) Normalization on total protein abundance, (v) Import of sequence information, (vi) ANOVA test at peptide level and filtering for features p <0.05, (vii) Calculation of protein abundance (sum of the volume of corresponding peptides), (viii) ANOVA test at protein level and filtering for features p <0.05. Noticeably, only non-conflicting features and unique peptides were considered for calculation at protein level. Quantitative data were considered for proteins quantified by a minimum of 2 peptides.

4.16.

Single Myofibre isolation

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.

To assess proliferation, fibres 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). Fibres were fixed with 4%PFA/PBS 15 min at room temperature before immunostaining.

CFSE-based proliferation assays

Total muscle preparations were labeled with 1 µM CFSE (carboxyfluorescein diacetate succinimidyl ester; Invitrogen) for 15 min at RT. After three washes with DMEM, satellite cells were isolated by FACS and plated for 24h and 48h in a growth medium (GM) containing DMEM/F12 (50:50; Gibco), 1%P/S, 20% FBS, 2% Ultroser (Pall; 15950-017) at 37°C, 3% O2, 5% CO2. CFSE dilution was measured by flow cytometry. The data were analyzed calculating the proliferation index (PI) based on the dilution levels of CFSE detected in dividing cells (Strauss et al, 2007).

AnnexinV/PI staining

Apoptotic rates were quantitatively measured by flow cytometry using APCconjugated annexin V (Biolegend) and propidium iodide (PI) double staining method.

In brief, satellite cells isolated by FACS were plated in presence or absence of 5 and 25 mM 2DG (Sigma) for the time indicated. After washed twice with cold PBS, cells were resuspended in 2,5 μL of AnnexinV in binding buffer and PI (1:1000) and incubated for 15 at RT. Cells were washed twice with 200 μL of binding buffer and flow cytometry analysis was performed for the quantification of apoptotic cells. AAAGTTGCCCCGAAGGTTAAA GAGCATAGTTTTCCAGAGAAGCA

Supplemental table.
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However, such isolation of mononucleated cells from solid tissues and organs requires enzymatic treatments that ultimately result in the destruction of the stem cell niche and the differential stripping of cell surface molecules. One example is skeletal muscle satellite (stem) cells that lie on myofibers, located between the sarcolemma and its surrounding basement membrane [1]. Most satellite cells are quiescent during homeostasis. Following intense exercise or muscle injuries, satellite cells activate, proliferate, and differentiate to renew damaged myofibers [2,3]. Molecular markers are used to distinguish quiescent satellite cells from their progeny [4,5]. Furthermore, several studies have suggested that quiescent satellite cells constitute a heterogeneous cell population [6][7][8]. To date, the transcription factor Pax7 is the most reliable marker known that identifies all quiescent satellite cells [9]. Pax7 expression marks the upstream myogenic population from mid-embryogenesis to adulthood. Its expression persists in activated and cycling satellite cells, but it is downregulated during myogenic commitment and differentiation, as the differentiation transcription factor myogenin is upregulated. Therefore, the Pax7 locus has been a target of choice to generate knock-in and transgenic animals, to introduce GFP reporter or Cre recombinase genes that permit the prospective isolation and characterization of satellite cells. Several genetically modified mice with a GFP reporter, which recapitulate Pax7 expression, have been generated, for example, Tg:Pax7-nGFP [10,[START_REF] Pallafacchina | An adult tissue-specific stem cell in its niche: a 599 gene profiling analysis of in vivo quiescent and activated muscle satellite cells[END_REF] and Pax7-ZsGreen [12]. More recently, the generation of four tamoxifen-inducible Pax7-CreERT2 mouse lines [13][14][15][16] has also opened the possibility to label most satellite cells with mouse reporter lines such as R26 mT/mG or R26 eYFP . In these situations, the specificity and efficiency of the Cre mouse lines and the efficiency of the reporter line need to be closely examined. These four lines have different characteristics; the Tg:Pax7-CreERT2 is a transgenic that does not affect the endogenous Pax7 locus [15]. The knock-in Pax7 CreERT2 has the Cre sequence inserted in the 3′UTR of the Pax7 locus [16], similar in strategy but distinct from another knock-in [13]. These knock-ins result in Pax7 expression due to the IRES sequence. Finally, the Pax7 CE is a knock-in/knockout, where the Cre gene is inserted in the first exon of the Pax7 locus resulting in a null allele [14].

Other mouse models have been generated, but they do not mark the entire satellite cell population. While Pax3 is expressed in all body (except the head) myogenic cells during development, in the adult, its expression, reported with the Pax3 GFP mouse, is restricted essentially to some trunk muscles [17]. In the Myf5 nGFP/+ mouse, the nGFP (nuclear GFP) reporter is expressed in a subpopulation of satellite cells [18], and the two Myf5 Cre alleles allow the detection of about 90 %, but not all satellite cells in young adult mice [19-21, 10, 22]. Another GFP reporter line, Nestin-GFP, has been used to isolate satellite cells [23]. New genetic tools will continue to emerge allowing isolation of subpopulations of muscle stem cells in quiescence and their purification on further step down the myogenic differentiation program.

In addition to isolation of muscle stem cells by flow cytometry, preparation of isolated single myofibers remains an efficient method to isolate and follow individual satellite cells and their fate [24,25]. This method provides the advantage of isolating satellite cells within their niche, with minimal artificial stress induced by other methods such as FACS. However, the amount of cells that are collected at quiescence is limited, and isolation of activated or proliferating satellite cells needs to be performed ex vivo.

In this chapter, we describe the isolation of satellite cells by FACS where these cells are marked by a fluorescent reporter such as the previously described Tg:Pax7-nGFP reporter mice [START_REF] Pallafacchina | An adult tissue-specific stem cell in its niche: a 599 gene profiling analysis of in vivo quiescent and activated muscle satellite cells[END_REF]. The benefit of fluorescent reporter mice is the high yield of satellite cells collected in a reasonable amount of time, without the use of antibody staining for surface markers that can be compromised following enzymatic treatment. Muscle stem cells isolated by enzymatic treatments remain functionally competent and are able to proliferate and generate robust myogenic fibers in vitro and in vivo. Transplantation of a single or a population of satellite cells is able to contribute to regenerating myofibers and self-renew efficiently [18,26,27].

However, in many cases, the crossing of a fluorescent reporter with other genetically modified mice is time-consuming and cumbersome; therefore, the use of surface markers becomes mandatory. Currently, there is no single cell surface marker that can be universally used to identify quiescent or activated satellite cells. Most of the strategies rely on the combination of at least two positive markers for satellite cells and several negative markers for exclusion of non-myogenic cells. For example, the protocol proposed in this chapter is based on two cell surface markers: α7-integrin and CD34 [21,28]. Other examples reported previously use different cell surface marker combinations including CXCR4, VCAM, SM/C2.6 [29][30][31][32], or Syndecan4 [33].

It should be noted that a major drawback of stem cell isolation and FACS is the stress that is imposed on cells, the consequences of which remain unknown. These have yet to be quantified but should be taken into account particularly in assays such as the measure of metabolic activity. Furthermore, the quiescent status of stem cells is immediately compromised as soon as muscles are isolated. Therefore, satellite cells isolated on single fibers or by FACS have already initiated the G0/G1 transition [34]. To overcome the problem of stress induced by FACS to the cells, an alternative method relies on magnetic activated cell sorting (MACS) [35].

For human muscles, a different strategy is required as some of the cell surface receptors of quiescent satellite cells are different. For example, the cell surface receptor CD34 is not expressed in Isolation of Muscle Stem Cells by FACS Sorting quiescent human satellite cells [36]. Instead, CD56 is expressed in some quiescent satellite cells and more robustly in activated cells derived from cultured satellite cells. Therefore, CD56 is commonly used to enrich the human myogenic cells following expansion in culture. Different approaches have been developed recently to isolate human muscle stem cells, from manually dissected muscle fiber fragments [37] to FACS using α7-integrin. CXCR4 or CD29 cell surface receptors are also used as positive markers [38][39][40].

Here, we describe two approaches for the isolation of satellite cells:

1. Isolation of mouse skeletal muscle stem cells with collagenase D and trypsin: Collagenase D cleaves native collagen. It has a high collagenase activity and a low contaminating trypic activity. Trypsin is a serine endopeptidase; it cleaves peptide bonds at the carboxylique side of the basic amino acids Arg and Lys. Due to the rapid and broad range of action of the trypsin, this procedure should not be employed extensively if the isolation of muscle stem cell requires the recognition of cell surface antigens. However, this protocol has proven to be efficient for skeletal muscles when fluorescent reporter mice are used to mark satellite cells.

Isolation of mouse muscle satellite cells with collagenase A and dispase II:

Collagenase A degrades native collagen and has a balanced ratio of contaminating enzyme activities. Dispase II is a neutral protease that hydrolyzes the N-terminal peptide bonds of nonpolar amino acid residues. This enzyme combination allows an efficient release of satellite cells from the tissue and it minimizes the cleavage of cell surface receptors necessary for immunodetection and cell sorting [41].

2 Materials 3. Before mincing the tissue, remove the excess DMEM with a pipette or by placing the petri dish on an angle. Removing the excess of liquid will facilitate mincing the tissue.

4. Use fine dissecting scissors (Moria,ref. 4878) to mince the tissue until a slurry forms with no more large muscle pieces (see Note 5). 5. Transfer minced tissue to a 50 ml tube filled with DMEM-Pen/Strep. Mix by inverting the 50 ml tube several times to resuspend the tissue. Leave the tube on ice for 10 min to allow the muscle to sediment, while the fat tissue will stay in suspension. When all the muscle tissue is sedimented, remove the excess of DMEM (see Note 6).

6. Resuspend the sedimented tissue with 10 ml of collagenase D/ trypsin working solution (see Note 7).

7. Incubate the tube at 37 °C for 25 min in an agitating water bath. To increase the surface between the tissue and enzymes, tubes are incubated in a horizontal position with a gentle agitation (120 rpm). This is a critical step that can impact on the yield of satellite cells.

8. After 25 min of incubation, stop the agitation, and place the tubes in a tube holder in a vertical position to allow tissue sedimentation for 3-5 min.

9. Collect the supernatant by decanting or with a pipette. 3. Incubate the tube at 37 °C for 90-120 min in an agitating water bath. To increase the surface between the tissue and enzymes, tubes are incubated in a horizontal position with a gentle agitation (see Note 13). This is a critical step that can impact on the yield of satellite cells.

4. When muscles are fully dissociated, stop the digestion.

5. Add 30 ml of HBSS to the cell suspension, and filter consecutively through 100, 70, and 40 μm filters.

6. Centrifuge for 15 min at 550 × g at 4 °C.

7. Remove the supernatant. At this point, the pellet can be processed for antibody staining (see Subheading 3.3) or resuspended in washing solution if the sample is directly used for FACS (see Note 14).

We recommend performing cell surface receptor staining following the collagenase A/dispase II protocol (see Subheading 3.2) which preserves to a greater extent the surface antigens:

1. A set of controls is required to establish a correct gating of cell populations during FACS acquisition. Recommended controls for this protocol are the following; 1/30 of the cell preparation is necessary to carry out each of the controls (see Note 15): (c) Fluorescence minus one (FMO) staining: FMO control is used to properly interpret flow cytometry data. In this control, all conjugated antibodies are included except one which is necessary to discriminate your final population (in the proposed protocol, we excluded CD34).

(d) Isotype control: fluorochrome-coupled antibodies with the same isotype as the primary antibodies used for the surface staining are important to confirm the specificity of primary antibody binding and help to assess the level of background staining (see Note 16).

2. Prepare the mix of conjugated antibodies at the indicated concentrations (see Table 1) in 500 μl of washing solution (HBSS/2 % FBS).

3. Resuspend the cell pellet in the conjugated antibody mix, and incubate on ice for 30 min (see Note 17).

4. Add three volumes of washing solution and centrifuge for 15 min at 550 × g at 4 °C.

5. Remove the supernatant and resuspend the cells in 2 ml of washing solution.

6. Centrifuge for 15 min at 550 × g at 4 °C.

7. Resuspend the pellet in an adequate volume of washing solution (100-500 μl), and keep the cells on ice until sorting.

FACS profiles of quiescent and activated satellite cells isolated from TgPax7-nGFP mice are shown in Fig. 1. Quiescent satellite cells are clustered as a homogeneous population, characterized by a small size (FSC) and a low granulosity (SSC). However, activated satellite cells analyzed 40 h after cardiotoxin injury of the muscle present a larger and heterogeneous size with an increased granulosity.

Profiles of Satellite Cells

Isolated by FACS Cells are displayed on a plot with GFP on the X axis (FITC-A, fluorescein isothiocyanate area) and propidium iodide on the Y axis (PE-Texas Red, phycoerythrin area) to detect dead cells. From our experience, the proportion of dead cells within the Pax7-nGFP + cell population after the digestion protocol is very low, generally not exceeding 0.05 %. Representative yields of Pax7-nGFP + cells collected from different muscles are presented in Table 2.

As described in this chapter, muscle stem cells can be isolated by flow cytometry using cell surface markers. Figure 2 shows the gating strategy, starting by FSC and SSC, followed by selection of the negative population for CD45, Sca-1, and CD31 used to exclude non-myogenic cells, and finally the selection of the doublepositive population α7-integrin+ and CD34+ chosen as positive myogenic markers. As indicated, a sample treated with all conjugated antibodies except one (fluorescence minus one (FMO)) is necessary to set and select the appropriate population of interest. Both sets of enzymes presented in this protocol, collagenase D/trypsin or collagenase A/dispase II, can be efficiently used to collect muscle stem cells from transgenic models such as Tg:Pax7-nGFP (Fig. 3a, Table 3). However, the cell surface receptor staining strategy, due to additional steps for the staining, the required controls, and the gating strategy, reduces greatly the amount of cells collected compared to the genetically marked muscle stem cells (Table 3). Table 3 shows the susceptibility of cell surface receptors to enzymatic treatment by the collagenase D/trypsin digestion (mainly due to the trypsin activity) compared to the cells extracted with collagenase A/dispase II. The endothelial cell receptor, recognized by CD31, is particularly susceptible to proteolytic cleavage. Fig. 2 (continued) stained with α7-integrin, which recognizes all satellite cells but also some non-myogenic cells. To enrich for satellite cells, the suspension is double stained with CD34. These double positive α7-integrin + /CD34 + cells correspond largely to satellite cells [42,43]. 6. This step can be omitted if the starting material is inferior to 1 g of tissue.

7. 10 ml of collagenase D/trypsin working solution is appropriate for 2 g of dissected muscles. Increase proportionally the amount of collagenase D/trypsin working solution with the amount of dissected muscles (20 ml of C/T for 4 g of muscle).

8. Collection of supernatant can be performed directly through 40 μm cell strainer if starting material is inferior to about 0.3 g, for example, for one or two tibialis anterior muscles.

9. Four rounds of digestion are usually enough to digest 2-4 limb muscles. If large pieces of tissue are still visible after the third round of digestion, the pellet can be transferred into a petri dish and minced with scissors before being resuspended in fresh collagenase D/trypsin working solution.

10. This first gentle centrifugation pellet contains essentially debris, whereas satellite cells remain in the supernatant. This step should not be performed if the starting material is inferior to about 0.5 g of tissue.

11. If the pellet is still large, a second wash with DMEM can be performed as mentioned in steps 14 and 15.

12. A maximum of 2.5 g of tissue should be digested per tube otherwise the suspension becomes too viscous.

13. If digesting a large amount of material, the digestion can be split in two rounds of 45 min, with addition of fresh enzyme solution to the pellet as described in Subheading 3.1.

14. If antibody staining is not considered, repeat washing by adding 30 ml of HBSS, followed by centrifugation of 15 min.

15. If a small sample, for example a TA, needs to be processed for antibody staining to isolate muscle stem cells, controls can be performed on a muscle from other locations (any other limb muscle).

16. For convenience, controls performed in small volumes of sample can be easily performed in V-bottom 96 well plates (Corning,ref. 3897).

17. Alternative cell surface markers for quiescent satellite cell staining and cell surface markers for non-myogenic cells (Table 4). NP: natalia.pietrosemoli@pasteur.fr, SM: sebastien.mella@pasteur.fr, SY: siham.yennek@gmail.com,

24

MB: meryem.baghdadi@pasteur.fr, HS: hiroshi.sakai@pasteur.fr, RM: ramkumars@instem.res.in,
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FP: francesca.pala@pasteur.fr, DdG: Daniela.DIGIROLAMO@pasteur.fr,

26

ST: shahragim.tajbakhsh@pasteur.fr and proliferation, and it has been used to identify and isolate myogenic populations from skeletal 66 muscle [2,3]. Myogenic cells have also been isolated by FACS (Fluorescence Activated Cell Sorting) 67 using a variety of surface markers, including 7-integrin, VCAM and CD34 [4] Although these cells The analysis comprised a total of nine datasets, three novel microarray datasets and six publicly 110 available datasets [9][10][11][12][13][14], choosing only samples with overall similar conditions. All 111 datasets were analysed independently following the same generalized pipeline based on ad-hoc R 112 implemented scripts (Fig. 2).

114

Gene expression profiles 115

The microarray data compared activated satellite cells (ASCs) and quiescent satellite cells (QSCs) 116 from different experiments. Table 1 describes the public datasets that were taken into account for the 117 analysis with the GEO [15] (Gene Expression Omnibus) identifications, references and sample 

176

Isolation of fixed mouse muscle stem cells and real-time PCR 177

For empirical analysis of genes by RT-qPCR (e.g. Jun and Fos), skeletal muscles were fixed 178 immediately in 0.5% for 1 h in paraformaldehyde (PFA) using a protocol based on the notion that 179 transcripts are stabilized by PFA fixation [18](P. Mourikis and F. Relaix, personal communication).

180

Briefly, PFA fixed and unfixed skeletal muscles were minced as described [4], fixed samples were 181 gene symbol and gene ENTREZ using chip-specific annotations. For gene level results, the probeset 212 with the highest expression variability was selected to represent the corresponding gene. Quality 213 controls were performed on raw data using Relative Log Expression (RLE) and Normalised Unscaled

214

Standard Errors (NUSE) plots from the affyPLM R package [21]. Sample distribution was examined 215 using hierarchical clustering of the Euclidean distance and Principal Component Analysis from the 216 stats [22] and FactoMineR R packages [23] (See Additional file 1: Fig. S1 for the resulting plots for 

233

CP:KEGG), derived from the Kyoto Encyclopedia of Genes and Genomes [28] and 3) Reactome 234 canonical pathways (C2 CP:Reactome) from the curated and peer reviewed pathway database [29].

235

To test for the enrichment of these gene sets, we used the competitive gene set test CAMERA from 236 the Limma R package [24], which takes into account the inter-gene correlation [30]. For multi-set 237 analysis, the ensemble of the gene level and gene set level results from the individual datasets was 238 examined to produce a consensus gene signature and a consensus list of gene sets that describe the 239 quiescent state of MuSCs.

241

Gene level analysis 242

The combinatorial landscape of datasets was explored using the SuperExactTest [31] and the UpSetR

243

[32] R packages to visualize and test the intersection of the datasets. Additionally, the Jaccard index 244 [33] of similarity was calculated to assess the extent of similarity between DEGs of each pair of 245 datasets. A significance ranking was calculated for each individual dataset to determine its presence 246 or absence in the final dataset ensemble, which was used for determining the gene signature. Once 247 the dataset ensemble was defined, the overlapping differentially up and down-regulated genes (DEGs,

248

as defined by the adjusted p-value ≤ 0.05) were used to build the quiescent signature.

249

Gene set level analysis 250 Two approaches were used to assess the agreement of enriched gene sets across the ensemble of 251 datasets. First, an over representation analysis (ORA) [34] by a one-sided Fisher's exact test 252 implemented in R script with a Benjamini and Hochberg's multiple testing correction of the p-value.

253

This ORA was performed using the DEGs from the quiescent signature was performed using the 254 Hallmark, Kegg and Reactome gene sets. Then, the individual results from the functional scoring 255 method (FSC) [34] CAMERA [30] were compared to identify gene sets common to all the datasets in 256 the ensemble and the directionality of the enrichment (of over or under expressed genes).

258

Web application: Sherpa

259

We developed an interactive web application for the exploration, analysis and visualization of the 260 individual datasets and their combination (http://sherpa.pasteur.fr). This application allows the user to 261 effectively and efficiently analyse the individual datasets one by one (individual dataset analysis) or as 262 an ensemble of datasets (multi-set analysis) and was developed with the Shiny R package [35].

264 265

Results

266

This study consists of an individual dataset analysis followed by a multi-set analysis (Fig. 1). First, 267 each raw dataset was normalised, filtered and subjected to the same quality controls and checks.

268

Gene level differential analysis and gene set enrichment analysis were then performed (Fig. 2).

269

Finally, a multi-set analysis assembled a platform-independent list of genes specific to the quiescence 270 state. When analysing multiple microarray GEPs, however, several issues needed to be addressed 271 that marks satellite cells (several alleles) and ii) using a combination of antibodies targeting surface 302 cell antigens specific to satellite cells (several combinations, see Table 1 

308

The number of differentially expressed genes varies significantly among different datasets

309

A total of 32 samples from ASCs and 34 samples from QSCs from the nine datasets were analysed.

310

After the quality control, one sample from the GSE38870 dataset was considered to be an outlier and 311 was not included in the final analysis.

313

The number of significantly up and down regulated genes (DEGs) resulting from the differential 314 expression analysis of the quiescent with respect to the activated states were noted (Additional file 2: 315 Table S1). DEGs were identified as having |logFC| >= 1 and a false discovery rate FDR <= 0.05. The 316 statistical analysis was performed at the probeset level, and only those probesets matching to genes 317 are reported. On average, the datasets exhibited 1548 up-regulated genes with a standard deviation 318 of 1173 genes. The down-regulated genes were 2122, with a standard deviation of 1658 genes. The 319 lowest number of DEGs was the reported in the Foetal_NICD[E17.5/E14.5] dataset (39 up, 136 down), 320 while the highest number of DEGs belongs to the GSE70376 dataset (4367 up, 6346 down).

321

Additionally, an analysis of the distribution of the logFC across the datasets revealed that there were 322 significant differences among the ranges and shapes of such distributions for each dataset (Additional 323 file 3: Fig. S2).

325

Gene set level analysis reveals common underlying biological processes across the datasets 326

Despite the great difference among the number of DEGs for the different sets, clear trends among the 327 significantly enriched pathways were found (Fig. 3A). The heatmap shows each dataset as a column 

345

if the gene overlap is large, those gene sets (and their corresponding biological functions) will likely be 346 also affected (i.e. activated or repressed). For the 3 most common under represented gene sets, for 347 example, we see that gene set MYC_TARGETS_V1 shares most of its genes with gene sets 348 E2F_TARGETS and G2M_CHECKPOINT, thus, this suggests that three functions represented by 349 these gene sets have an interplay of genes that displays them as all under represented. The size of 350 the gene sets will also affect this interplay, e.g. over-represented gene set UV_RESPONSE_DN is a 351 relatively small gene set, hence its sharing of genes with other gene sets, especially larger ones such 352 as KRAS_SIGNALING_DN and BILE_ACID_METABOLISM, is less functionally relevant.

354

Determining a quiescent transcriptional signature among all datasets 355

Our strategy to determine a consensus quiescent signature from the datasets was to compare the 356 genes found to be differentially expressed within each dataset, in order to identify genes commonly up 357 or down regulated in the quiescent state. Although the aforementioned technical and experimental 358 heterogeneity could introduce noise in this analysis, such variation was distinguishable from the more 359 stable, underlying common quiescent signature. Given that the distribution and ranges of the logFCs 360 varied so drastically between datasets (Fig. S2), a single FC (fold change) threshold could not be 361 chosen to be used for all datasets. Thus, for the combinatorial analysis approach, having the goal of 362 maximizing the number of differentially expressed genes common to all the datasets considered, only 363 the adjusted p-value was used as threshold to define DEGs. Even in this low constrained set-up, 364 combining all the datasets together resulted in very few overlapping genes found : 12 up (Arntl,Atf3,365 Atp1a2,Cdh13,Dnajb1,Enpp2,Ier2,Jun,Nfkbiz,Rgs4,Usp2,Zfp36) and 1 down (Igfbp2).

366

Alternatively, if certain datasets were excluded from the analysis, the number of DEGs increased (Fig. 

373

S1), and using it in the analysis resulted in a dramatically low number of overlapping DEGs. Indeed, 374 Fig. 4a shows that when this dataset was included, regardless of the number of combined datasets, 375 the extent of the overlap was always very low. A second criterion was the presence of genes known to 376 be differentially expressed between quiescent and activated states from previous studies. In this case, 377 datasets GSE38870 and GSE81096 had to be excluded, since they lacked CalcR Bmp6, notch1 and 378 Chrdl2, Klf9, Lama3, Pax7, Bmp6 genes, respectively. Besides these two criteria, others can be used 379 to assess the significance of the datasets. Choosing the datasets according to the activation or 380 extraction method of the cells, for example, would result in a more stringent ensemble of datasets.

382

Dataset similarity was assessed using the Jaccard Index (JI) and a matrix of the JIs for the up and 

395

GSE38870 and GSE81096 datasets with respect to the remaining datasets, these three datasets were 396 excluded from the multi-dataset analyses. The final ensemble comprised the eight remaining datasets 397 which had 207 and 542 genes commonly up and down regulated, respectively. To further characterise 398 these commonly regulated genes, we performed an over-representation analysis (ORA) of the gene 399 sets. An enrichment was detected for the 207 commonly up-regulated genes in seven different 400 Hallmark gene sets (Fig. 5a). Some genes were shared among different pathways (e.g. Atf3 and IL6 401 were found in six different gene sets), while others were found in one gene set only (e.g. Tgfbr3, 402 Spsb1). These results are consistent with the individual gene set enrichment analysis (see Fig. 3)

403

emphasizing that these genes reflect the global traits associated with the quiescent state. Notice that 404 only a fraction of these 207 genes is found in known existing gene sets (57/207), leaving about three 405 quarters of the commonly up regulated genes not associated with any existing gene set. This is not 406 unexpected given that a quiescent signature is still to be determined and thus current gene sets lack 407 such annotations. To facilitate the analysis of transcriptomes as described here, we have developed 408 an online interactive tool called Sherpa (Fig. 6). Sherpa allows users to perform analyses on individual 

417

To assign a global function to the commonly regulated genes, we annotated them using GOSlim 418 terms, which summarize broad terms based on Gene Ontology (GO) terms [40]. To identify categories 419 of genes, heatmaps of the logFC in the different datasets for a subset of the 207 UP genes belonging 420 to extracellular matrix, nucleic acid binding activity (+/-cell cycle proliferation) and signal transduction 421 activity were generated (Fig. 5b). Unexpectedly, genes associated with cell cycle proliferation were up-422 regulated in the quiescent cell analyses, such as c-Fos, c-Jun. To verify the expression level of these 423 genes in quiescent cells, we used a protocol to isolate MuSCs in which a short fixation (PFA) 424 treatment was performed prior to harvesting the cells to arrest de novo transcription during the 425 isolation protocol (see Methods). Then, expression level quantification for certain genes both at the 426 mRNA (RT-qPCR) and the protein (western blot) levels was conducted at different time points after 

444

Variations in datasets are not unique to the study of muscle stem cells. Indeed, the last decades have 445 witnessed many efforts to analyse microarray data to provide relevant gene signatures. In cancer 446 biology, for example, gene markers were sought either for prognosis, i.e. lists of genes able to predict 447 clinical outcome [41] or for molecular subtyping, i.e. list of genes able to classify different subtypes of a 448 disease [42][43]. However, even if markers performed well, gene signatures derived from studies on 449 the same treatments and diseases often resulted in gene lists with little overlap [START_REF] Fan | Concordance among gene-expression-based predictors for 671 breast cancer[END_REF]. In other cases, 450 the signatures proved to be unstable, having other gene lists on the same dataset with the same 451 predictive power [START_REF] Michiels | Prediction of cancer outcome with microarrays: a multiple 673 random validation strategy[END_REF]. These observations suggest that such signatures may include causally related 452 genes, i.e. downstream of the phenotype causing genes and that these gene lists may share the same 453 biological pathways [START_REF] Abraham | Prediction of breast cancer prognosis using gene set 675 statistics provides signature stability and biological context[END_REF].

455

Gene Set Enrichment Analysis (GSEA) has become an efficient complementary approach for 456 analysing omic data in general and GEPs in particular [47][46][48]. It shifts the expression analysis 457 from a gene space to a gene set space, where genes are organized into gene sets according to a 458 common feature, such as a functional annotation (e.g. a Gene Ontology term) or a specific metabolic 459 pathway (e.g. a KEGG pathway). In this way, it incorporates previously existent biological knowledge 460 to drive and increase interpretation, while offering greater robustness and sensitivity than gene level 461 strategies [46][49][50].

463

In spite of the heterogeneity in datasets examining quiescent muscle stem cells, we were able to 464 identify genes that were consistently up and down regulated among the different datasets. The final 465 multiscale analysis comprised eight datasets which had 207 and 542 genes commonly up and down 466 regulated, respectively. Moreover, the gene set enrichment analysis of the individual datasets showed 467 striking similarities on the over and under-represented gene sets. These gene sets, which summarize 468 and represent well-defined biological states and processes in the cells, were shared among the 469 different datasets. They include an over representation of genes in the TNFA signaling via NFKB, Il6-470 Jak-Stat3 signaling and the apical surface processes, and an under representation of Myc and E2F 471 targets, and genes associated to the G2M checkpoint and oxydative phosphorylation. Some markers 472 such as CalcR, Teneurin4 (Tenm4), and stress pathways were identified previously [51][52][11].

473

However, we also report that virtually all datasets contained genes that would be expected to be 474 present during activation or cell cycle entry, such as members of the Fos and Jun family that were 475 previously identified as immediate early stress response genes [START_REF] Lamph | Induction of proto-oncogene JUN/AP-1 by 691 serum and TPA[END_REF]. Using a novel isolation protocol 476 (P. Mourikis, F. Rélaix, personal communication) based on the notion that tissues that are fixed prior to 477 processing result in stabilized mRNA [18], we validated the expression of CalcrR and Bmp6 as true 478 quiescent markers. In contrast, we show that Fos and Jun transcripts, and Jun family proteins are not 479 present at significant levels in vivo, but are robustly induced within 5 hours, the average processing 480 time taken for isolation by FACS of MuSCs. We propose that these and other stress response genes 481 mitigate the quiescent to activation transition that accompany the initial steps of exit from G0.

483

Given these unexpected findings, it would be important to compare transcriptomes of MuSCs from a 484 fixed/in vivo state with those that were described here to delineate homeostatic vs. immediate early 485 response genes. Beyond the present findings, we propose that all transcriptome data obtained from 486 cells isolated from solid tissues, which require extensive enzymatic digestion and processing before 487 isolation of RNA, need to be re-evaluated to distinguish those genes that are expressed during the 488 isolation procedure.

490

In addition to making this compendium of GEPs available to the community, we provide a 491 standardized pipeline that sets the basis for a multi-set analysis for an effective and systematic 492 comparison of individual datasets. Analysing multiple datasets provides generalized information 493 across different studies [37][54]. The cancer field was a pioneer in combining several works [START_REF] Rhodes | Meta-analysis of microarrays: interstudy validation 695 of gene expression profiles reveals pathway dysregulation in prostate cancer[END_REF] [START_REF] Grützmann | Meta-analysis of microarray data on pancreatic 698 cancer defines a set of commonly dysregulated genes[END_REF] 494 and other fields, such as neurodegenerative diseases [57][58] and regulatory genomics have 495 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) 496 increased power, due to the higher sample size and ii) increased robustness, by highlighting variations 497 in individual studies results [36][60]. Such variations are a consequence of the high level of noise and 498 artefacts, and are typically associated with microarray data [START_REF] Kitchen | Relative impact of key sources of systematic noise in 710 Affymetrix and Illumina gene-expression microarray experiments[END_REF]. 
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 1 régénération chez l'adulte, et nos résultats indiquent de larges différences dans leurs demandes énergétiques. Des analyses d'expression génique et bioénergétiques montrent que les cellules foetales ont une faible demande respiratoire et reposent essentiellement sur la glycolyse par rapport aux cellules adultes en cours de régénération. Par ailleurs, nous montrons différentes contributions des b-oxidation peroxisomale et mitochondriale dans les cellules myogéniques. L'altération de la boxidation peroxisomale et non mitochondriale induit une différentiation précoce des cellules satellites. L'inhibition pharmacologique des b-oxidations peroxisomale et mitochondriale après blessure aiguë du muscle montre différentes contributions de ces organelles à la régénération musculaire. L'ensemble de ces observations indique que les transitions entre différents états des cellules satellites s'accompagnent de modifications drastiques de leurs besoins énergétiques. D'autre part, l'altération de vois métaboliques spécifiques peut altérer le destin des cellules myogéniques et la régénération musculaire. Mots clés: métabolisme, états cellulaires, destins cellulaires, cellules souches du muscle strié squelettique, mitochondries, péroxisomes, hétérogénéité, hypoxie INTRODUCTION Chapter I: Skeletal muscle and satellite cells

1. 2 . 2 .

 22 Role of Pax3 and Pax7 during development Pax3 and Pax7 are both expressed during muscle development in myogenic progenitors derived from the dermomyotome of the somites (Ben-Yair and Kalcheim, 2005; Gros et al., 2005; Kassar-Duchossoy et al., 2005). Although Pax3 exerts its influence primarily during embryonic development (except for the head) and Pax7

1 .

 1 Totipotent cells and the early embryo Totipotent cells (TSCs) have the developmental potential to differentiate into all the cells in an organism, including any of the three germ layers (endoderm, mesoderm and ectoderm) as well as the extra-embryonic trophoblast, which forms the placenta in mammals. All the cells (blastomeres) of the embryo before the morula stage are totipotent and undergo few rounds of divisions in the first week after fertilization.

3. 1 . 4 .

 14 Induced pluripotent stem cells (iPSCs) In 2006, Yamanaka made a groundbreaking discovery awarded with the Nobel Prize in Physiology or Medicine just six years later: he found a new way to reprogram adult, terminally differentiated cells to turn them into pluripotent stem cells (Takahashi

Part 3

 3 and 4 of the Results section aims at characterising and understanding the dormancy state. Pax7 Hi cells and post-mortem satellite cells have been described as dormant in two separated reports. Single cell gene expression analysis has been used as a tool to understand to what extent these two dormancy conditions overlap (Part 3).

Figure 1 .

 1 Figure 1. Meta-analysis of transcriptomic data for metabolic pathways in quiescence. (A) Metabolic gene set enrichment analysis in 3 datasets AgedvsYoung (blues) and PMvsYoung (grey). Only significantly over-and under-represented pathways are shown. (B) Barcode plots of selected pathways. Vertical lines show single gene fold changes. Curve represents the enrichment. (C) qPCR analysis normalised to the quiescent young. Fold change is shown as Log10.

Figure 2 .Figure 3 .

 23 Figure 2. Metabolic profile of quiescent MuSCs. (A) O 2 consumption rates (OCR) were measured on freshly isolated MuSCs from young quiescent (6-8 weeks, Young Q; n=6), aged (24-26 months, Aged Q; n=4) mice in real time under basal conditions and in response to indicated mitochondrial inhibitors (oligomycin, O; FCCP, F; antimycin, A). Data are representative of at least two independent experiments. (B) O 2 consumption rates (OCR) were measured on freshly isolated MuSCs from young quiescent (6-8 weeks, Young Q), and post-mortem (2 days, D2PM) mice in real time under basal conditions and in response to indicated mitochondrial inhibitors (oligomycin, O; FCCP, F; antimycin, A). Data are representative of at least two independent experiments. (C) Quantification of basal, minimal and maximal oxygen consumption rate (OCR) normalised to basal respiration in young Q cells. Basal respiration was calculated as the last point before oligomycin injection, minimal respiration was calculated as the lowest point after oligomycin injection, and maximal respiration was calculated as the highest point after FCCP injection. All values were calculated after subtraction of non-mitochondrial respiration (first point after antimycin injection). (D) Coupling efficiency (CE), calculated as 1-(Minimal/Basal OCR), and spare respiratory capacity (SRC), calculated as Maximal/Basal OCR.
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 45 Figure 4. MuSCs have different metabolic requirements during muscle growth and regeneration. (A) O 2 consumption rates (OCR) were measured in real time on freshly isolated MuSCs from young quiescent (6-8 weeks, Q; n=6), embryo (E17.5; n=4), post-natal (P8; n=6), 3 and 5 days post-injury (D3PI and D5PI, respectively; n=6/group). under basal conditions and in response to indicated mitochondrial inhibitors (oligomycin,
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 1 Setting up the Seahorse technology for satellite cell studies

1 (

 1 the indicated time. The cells were treated with 5μM Etomoxir or 5μM Thioridazine for 48h. Both products were purchased from Sigma. 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). Freshly isolated MuSCs from Tg:Pax7-nGFP were transfected in suspension immediately after FACS with ON-TARGET plus SMART pool against Acox1 (Dharmacon, #L-04425501), Cat (Dharmacon, #L-04303800), Cpt1b (Dharmacon, #L-04317301) and Control#Dharmacon, #CN-001000) 200mM final concentration using Lipofectamine 2000

  Jose, CA). Ten microliters of peptide digests were loaded onto a 300-µm-inner diameter x 5-mm C18 PepMapTM trap column (LC Packings) at a flow rate of 20 µL/min. The peptides were eluted from the trap column onto an analytical 75-mm id x 15-cm C18 Pep-Map column (LC Packings) with a 5-40% linear gradient of solvent B in 105 min (solvent A was 0.1% formic acid in 5% ACN, and solvent B was 0.1% formic acid in 80% ACN). The separation flow rate was set at 200 nL/min. The mass spectrometer operated in positive ion mode at a 1.8-kV needle voltage and a 47-V capillary voltage. Data were acquired in a data-dependent mode. MS scans (m/z 300-1700) were recorded at a resolution of R = 60 000 (@ m/z 400) and and an AGC target of 5 x 105 ions collected within 500 ms. Dynamic exclusion was et to 30 s and top 6 ions were selected from fragmentation in CID mode. MS/MS scans with a target value of 1 x 104 ions were collected with a maximum fill time of 200 ms.

  (a) Negative control: keep a small aliquot of the sample unstained. It is used to set up the voltage of the lasers and the threshold between positivity and negativity of different fluorochrome-labeled cell populations. (b) Single conjugated antibody staining: perform an individual staining for each fluorescent dye-coupled antibody on a small fraction of the sample. These staining are necessary to perform the compensation. Compensation is a technique used to eliminate false signal that results from spectral 3

Fig. 1 FACS

 1 Fig.1FACS profiles for isolation of quiescent and activated muscle stem cells from TgPax7-nGFP muscles. The GFP + cell population (red) was backgated on scatter gates to highlight small size and low granulosity of quiescent muscle stem cells, while activated muscle stem cells are heterogeneous in size and in granulosity. Fluorescence-activated cell sorting was performed on an Aria III (BD Biosciences) or MoFlow (BD Biosciences), and data were analyzed using FlowJo (BD Biosciences)

Fig. 2 Fig. 3

 23 Fig.2FACS profile of α7-integrin + CD34 + satellite cells. The strategy described here for isolating satellite cells with cell surface markers relies on the elimination of non-myogenic cells: CD45 + hematopoietic cells, CD31 + endothelial cells, and Sca-1 + non-myogenic cells including endothelial cells and fibroblasts. Satellite cells are

Fig. 3 ( 5 .

 35 Fig. 3 (continued) Pax7-nGFP + cells. (b) Histogram of single antibody staining of muscle stem cells isolated with the two different sets of enzymes shows the susceptibility of some cell surface receptors to collagenase D/trypsin treatment compared to collagenase A/dispase II treatment. The CD31 receptor, and to a lesser extent Sca-1, displays a high susceptibility to trypsin digestion
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  cell populations identified to date are in a quiescent state[1]. Following tissue 62 damage or disruption of the stem cell niche, skeletal muscle stem (satellite) cells (MuSCs) transit 63 through different cell states from reversible cell cycle exit to a postmitotic multinucleate state in 64 myofibres. In mouse skeletal muscle, the transcription factor Pax7 marks MuSCs during quiescence

  65

68

  have been extensively studied by transcriptome, and to a more limited extend by proteome profiling, 69 different methods have been used to isolate and profile myogenic cells thereby making comparisons 70 between laboratories laborious and challenging. To address this issue, it is necessary to generate 71 comprehensive catalogs of gene expression data of myogenic cells across distinct states and in 72 different conditions.73 74Soon after their introduction two decades ago, high-throughput microarray studies started to be 75 compiled into common repositories that provide to the community access to the data. Several gene 76 expression repositories for specific diseases, such as the Cancer Genome Atlas (TCGA)[5], the 77 Parkinson's disease expression database ParkDB[6], or for specific tissues, such the Allen Human 78 and Mouse Brain Atlases [7][8] among many, have been crucial in allowing scientists the comparison 79 of datasets, the application of novel methods to existing datasets, and thus a more global view of 80 these biological systems. 81 82 In this work, we generated transcriptome datasets of MuSCs in different conditions and aimed to 83 perform comparisons with published datasets. Due to the diversity of platforms and formats of 84 published datasets, this was not readily achievable. For this reason, we developed an interactive tool 85 called Sherpa (SHiny ExploRation tool for transcriPtomic Analysis) to provide comprehensive access 86 to the individual datasets analysed in a homogeneous manner. This webserver allows users to: i) 87 identify differentially expressed genes of the individual datasets, ii) identify the enriched gene sets of 88 the individual datasets, and iii) effectively compare the chosen datasets. Sherpa is adaptable and 89 serves as a repository for the integration and analysis of future transcriptomic data. It has a generic 90 design that makes it adaptable to the analysis of other transcriptome datasets generated in a variety of 91 conditions and tissues.92 93Using Sherpa, we analyse gene expression profiles (GEPs) of activated and quiescent states of 94 mouse MuSCs derived from three high-throughput experimental setups and six publicly available 95 microarray datasets to define a consensus molecular signature of the quiescent state. This large 96 compendium of expression data offers the first comparison and integration of nine independent 97 studies of the quiescent state of mouse satellite cells. In addition, we have adapted a protocol for the 98 fixation and capture of mRNA directly from the tissue without the alteration in gene expression that 99 could arise during the isolation procedure, which typically takes several hours with solid tissues. 100 Strikingly, several genes, including members of the Jun and Fos family were found to be present in 101 isolated MuSCs using conventional isolation procedures, but they were absent in vivo. These findings,102and the unique atlas that we report, will undoubtedly improve our current understanding of the 103 molecular mechanisms governing the quiescent state and contribute to the identification of critical 104 regulatory genes involved in different cell states.

  118 distribution. The new mouse microarray datasets include the following comparisons: young adult 119 Quiescent(adult) / Activated(postnatal day 8), and Quiescent [high/low] / D3Activated [high/low], and 120 Foetal_NICD [E17.5/E14.5].

  according to national and European Community guidelines, and an ethics 124 committee of the Institut Pasteur (CTEA) in France. For isolation of quiescent MuSCs, Tg: Pax7-nGFP 125 mice(6-12 weeks) [2] were anesthetized prior to injury. Tibialis antorior (TA) muscles were injured with 126 notexin (10µl -10M; Latoxan). Cells were then isolated by FACS using BD FACS ARIA III, MoFlo 127 Astrios and Legacy sorters. Pax7 Hi and Pax7 Lo cells correspond to the 10% of cells with the highest 128 and the lowest expression of nGFP, respectively, as defined previously[3].129For isolation of activated MuSCs, TA muscles (day 3 post-injury (D3) and non-injured) were collected 130 and subjected to 4-5 rounds of digestion in a solution of 0.08% Collagenase D (Roche) and 0.1% 131 Trypsin (Invitrogen) diluted in DMEM-1% P/S (Invitrogen) supplemented with DNAse I at 10μg/ml 132 (Roche) [2][3]. Cells were then isolated by FACS based on Pax7-nGFP intensity, using BD FACS 133 ARIA III (BD Biosciences) and MoFlo Astrios (Beckman Coulter) sorters. Pax7 Hi and Pax7 Lo cells 134 correspond to the 10% of cells with the highest and the lowest expression of nGFP, respectively, as 135 defined previously [3]. 136 Skeletal muscle progenitors were obtained also from the forelimbs of E14.5 and E17.5 foetuses of 137 Myf5 CreCAP/+ :R26R stop-NICD-nGFP [16] compound mice. Tissues were dissociated in DMEM (GIBCO, 138 31966), 0.1% Collagenase D (Roche, 1088866), 0.25% trypsin (GIBCO, 15090-046), DNase 10 µg/ml 139 (Roche, 11284932001) for three consecutive cycles of 15 min at 37°C in a water bath under gentle 140 agitation. For each round, supernatant containing dissociated cells was filtered through 70µm cell 141 strainer and trypsin was inhibited with calf serum. Pooled supernatants from each round of digestion 142 were centrifuged at 1600rpm for 15 min at 4°C and pellet was re-suspended in cold DMEM/1% 143 PS/2%FBS and filtered through 40µm cell strainer. Cells were then isolated by FACS using BD FACS 144 ARIA III. Total mRNAs were isolated using (Qiagen RNAeasy® Micro Kit) according to the 145 manufacturer's recommendations.146In other experiments, skeletal muscles from the limbs, body wall and diaphragm were collected from 147 pups at postnatal day 8 (P8, mitotically active satellite cells) and 4-5 weeks old mice (quiescent 148 satellite cells) of Pax7 nGFP/+ knock-in line[17]. GFP (Green Fluorescent Protein) positive cells were 149 then isolated from these muscles by FACS. of Pax7 Hi and Pax7 Lo cells was performed using RNeasy Micro Plus Kits (Qiagen).

153 5 ng

 5 of total RNA was reverse transcribed and amplified following the manufacturer's protocols 154 (Ovation Pico WTA System v2 (Nugen Technologies, Inc. #3302-12); Applause WTA Amp-Plus 155 System (Nugen Technologies, Inc. #5510-24)), fragmented and biotin labelled using the Encore Biotin 156 Module (Nugen Technologies, Inc. #4200-12). Gene expression was determined by hybridization of 157 the labelled template to Genechip microarrays Mouse Gene 1.0 ST (Affymetrix). Hybridization cocktail 158 and post-hybridization processing was performed according to the "Target Preparation for Affymetrix 159 GeneChip Eukaryotic Array Analysis" protocol found in the appendix of the Nugen protocol of the 160 fragmentation kit. Arrays were hybridized for 18 hours and washed using fluidics protocol FS450 0007 161 on a GeneChip Fluidic Station 450 (Affymetrix) and scanned with an Affymetrix Genechip Scanner 162 3000, generating CEL files for each array. Three biological replicates were run for each condition.

  from satellite cells isolated by FACS were run on a 4-12% Bis-Tris Gel NuPAGE 166 (Invitrogen) and transferred on Amersham Hybond-P transfer membrane (Ge Healthcare). The 167 membrane was then blocked with 5% nonfat dry milk in TBS, probed with anti-JunD (329) (1:1000, sc-168 74 Santa Cruz Biotechnology Inc.), anti-JunB (N-17) (1:1000, sc-46 Santa Cruz Biotechnology Inc.) or 169 anti-c-Jun (H-79) (1:1000, sc-1694 Santa Cruz Biotechnology Inc.) overnight, washed and incubated 170 with HRP-conjugated donkey anti-rabbit IgG secondary antibody (1:3000), and detected by 171 chemiluminescence (Pierce ECL2 western blotting substrate, Thermo Scientific) using the Typhoon 172 imaging system. After extensive washing, the membrane was incubated with anti-Histone H3 antibody 173 (ab1691, 1:10000; abcam) as loading control. All Western blots were run in triplicate and bands were 174 quantitated in 1 representative gel. Quantification was done using ImageJ software.

  217dataset Quiescent [high/low] / D3Activated [high/low]). The resulting plots of the remaining datasets218are not shown but they show similar trends, which can be explored through the interactive webserver genes (DEGs) were identified between the ASC and the QSC223groups using the linear model method implemented in the Limma R package[24]. The basic statistic 224 was the moderated t-statistic with a Benjamini and Hochberg's multiple testing correction to control the 225 false discovery rate (FDR)[25]. tested for gene set enrichment independently. The gene set enrichment analysis 229 was based on three gene set collections from the mouse version of the Molecular Signatures 230 Database MSigDB v6.0 231 [26][27]: 1) Hallmark gene sets (H), which summarize and represent specific well-defined biological 232 states or processes displaying a coordinate gene expression, 2) KEGG canonical pathways (C2
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  and each gene set tested for enrichment as a row. The gene set collection shown corresponds to the 329 Hallmark gene set collection from MSigDB[39]. Over-represented gene sets are shown in red, while 330 under-represented gene sets are shown in blue. Out of the 11 datasets, GSE38870 stood as an outlier 331 for both over and under-represented gene sets. For the rest of the 10 datasets, most of them showed 332 an enrichment of the quiescent state for the TNFA_SIGNALING_VIA_NFKB pathway (9 datasets), 333 while 8 datasets are enriched in UV_RESPONSE_DN, IL6_JAK_STAT3_SIGNALING, 334 APICAL_SURFACE and KRAS-SIGNALING_DN pathways. Similarly, the 10 datasets share the same 335 trends of under-represented pathways MYC_TARGETS_V1, E2F_TARGETS, G2M_CHECKPOINT,336and OXYDATIVE_PHOSPORYLATION, which are expected to be absent in the quiescent state. Fig.3373B shows a network representation of the top 3 most common over (TNFA_SIGNALING_VIA_NFKB,338UV_RESPONSE_DN, IL6_JAK_STAT3_SIGNALING) and under-represented gene sets 339 (MYC_TARGETS_V1, E2F_TARGETS, G2M_CHECKPOINT), together with those gene sets which 340 share common genes with them. The size of each node is proportional to the number of genes in the 341 gene set, and the thickness of the edges is proportional to the number of genes shared among the 342 connected gene sets. Gene sets having less than 10% of their genes in common are not shown. Two 343 subnetworks corresponding to 8 under and 15 over-represented gene sets can be clearly 344 distinguished. In Fig.3B, we see that different gene sets have a varying number of genes in common,
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  datasets according to significance and similarity criteria 370 To find the best combination of datasets defining a consistent and sufficiently large quiescent 371 signature, we ranked them according to their significance. First, the dataset should have a minimum 372 number of DEGs. Our Foetal_NICD[E17.5/E14.5] dataset, for instance, had only 250 DEGs (Table

  383down regulated genes was generated(Figs. 4b, c, respectively). In both matrices, the closest pairs of 384 datasets were GSE47177 at 60 hours and GSE47177 at 84 hours (JI = 0.46 and 0.44 for the up and 385 down regulated genes, respectively), followed by the second pair of closest sets Quiescent [high] / 386 D3Activated [high] and Quiescent [low] / D3Activated [low] (JI = 0.39 and 0.33, for up and down 387 regulated genes, respectively). The fact that the first two closest datasets belong to the same study 388 highlights the effect of technical biases. The hierarchical clustering of the Euclidean distance of the 389 Jaccard indexes shows that for up and down regulated genes, the datasets 390 Foetal_NICD[E17.5/E14.5], GSE38870 and GSE81096 had a tendency to not group with the rest of 391 the datasets.392 393Taking into account the dataset significance (based on number of DEGs and presence of some 394 reported quiescent markers) and the low extent of overlap between Foetal_NICD[E17.5/E14.5],
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  and on multiple datasets. Each individual dataset analysis involves the identification of differentially 410 expressed genes, comparison of the expression of selected genes in the quiescent and activated 411 states using heatmaps, exploration of the distribution of the samples according to their variability 412 through Principal Component Analysis, and cluster analysis. The multiple dataset analysis allows the 413 comparison of selected datasets according to the commonly differentially expressed genes. All these 414 analyses are interactive, as they allow the user to select the thresholds of fold change (logFC) and 415 false discovery rate (adj. P-value).

  427 isolation. Notably, quantification of c-Jun, Jun B and Jun D show clearly that at time 0 (+PFA), these 428 genes are not detected in quiescent cells, neither at the mRNA level (right panel), nor at the protein 429 level (left panel) (Fig 7a). As expected, these genes were upregulated using conventional protocols 430 that take several hours to isolated MuSCs by FACS, followed by a rapid downregulation (Fig. 7a, b), 431 before being upregulated again as MuSCs engage in the cell cycle (data not shown).

  and pipeline, as well as the Sherpa interface that we describe here, allow 436 multiscale comparisons across divergent datasets that are heterogeneous in platform and biological 437 condition. Notably, this pipeline allowed the examination of 11 datasets, including 3 novel 438 transcriptomes from our work and allowed the identification of a variety of gene sets that appear in 439 common with the majority of the datasets. To perform this analysis, it was necessary to normalise 440 datasets that are heterogeneous due to experimental, biological and technical variations. These 441 varying conditions lead us to perform a combinatorial assessment of the individual datasets according 442 to their significance and similarity criteria.

  the first comprehensive catalogue of gene expression data of myogenic cells across 502 distinct states and conditions, providing a global perspective on quiescence. An extensive comparison 503 of the transcriptomic profiles of mouse skeletal muscle stem cells in quiescent and activated states 504 resulting from nine datasets revealed common features among the different studies from other 505 features which are more specific to the individual datasets. In spite of heterogeneities across 506 platforms, we were able to identify genes that were consistently up-and down-regulated among the 507 different datasets. In doing so, we developed an interactive pipeline called Sherpa (SHiny ExploRation 508 tool for transcriPtomic Analysis) that allows statistically valid analyses and systematic comparisons509which cannot be performed directly on the datasets. Sherpa's utility relies also on the fact that it can 510 be easily applied to other transcriptomic settings besides skeletal muscle stem cells, generated under 511
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  Irreversible exit from the cell cycle and senescence are hallmarks of geriatric satellite cells (more than 28 months old mice)[START_REF] Sousa-Victor | Geriatric muscle stem cells switch reversible quiescence into senescence[END_REF]. In the quiescent state, geriatric MuSCs express p16 INK4a , which causes the loss of the G0

reversible quiescence state. Upon injury, p16 INK4a causes de-phosphorylation of retinoblastoma protein (Rb) and repression of E2F target genes, accelerating the entry in full senescence. Proteostasis is also perturbed in geriatric cells

(García-Prat et al., 2016) 

and drives once again cells to senescence (further discussed in Chapter 3.5.2). 1.6.2. Ageing environment: insights from whole muscle grafts and parabiosis

Table I . Skeletal muscle fibre types and properties

 I 

(Adapted from Westerblad, 2010)

.

Table II . Preferred metabolic pathways during development.

 II 

  5 min, washed once with PBS 1X, and blocked with 20% goat serum (GS, Gibco) for 1 hour at RT. Cells were incubated in PBS 1X/2% goat serum with primary antibodies (Pax7, mouse monoclonal 1/20, DSHB; Myogenin, rabbit polyclonal, #sc-576, Santa Cruz, 1/200) for 3 hr at RT or ON at 4 °C. Cells were washed with PBS 1X three times and incubated for 1 hr with Alexa-conjugated

secondary antibodies (1/500; Life Technologies) and washed in PBS 1X. EdU staining was chemically revealed with the Click-iT kit. After three washes with PBS 1X, cells were incubated with Hoechst 33342 (1/10000; Life Technologies).

Table 1

 1 Dilution of primary antibodies for cell surface staining of quiescent mouse muscle stem cells

	Antibody	Clone	Conjugated dye Dilution Isotype	Source
	CD45	30-F11	PE-Cy7	1/400	Rat IgG2b, κ	eBioscience
	CD31	MEC 13.3	PE	1/50	Rat IgG2a, κ	BD Pharmingen
	Sca-1	D7	PE-Cy7	1/100	Rat IgG2a, κ	eBioscience
	CD34	RAM34	eFluor 450	1/20	Rat IgG2a, κ	eBioscience
	α7-Integrin	α7-Integrin	Alexa 647	1/1000 Rat IgG2b	AbLab

Table 2

 2 Representative number of Pax7-nGFP + cells extracted with collagenase D/trypsin from TgPax7-nGFP mouse muscles from different anatomical locations. These values are indicative of the relative cell numbers; actual numbers can be higher

	Pax7-nGFP + sorted cells/muscle

Table 3

 3 Comparison of the number of cells collected following collagenase D/trypsin or collagenase A/dispase II digestion. For a given muscle (here, quadriceps), the number of Pax7-nGFP + cells collected with the two sets of enzymes is similar. However, supplementary steps required for antibody staining of cell surface receptors and FACS diminish greatly the number of cells collected

				Number of
		Number of Pax7-nGFP +	Number of Pax7-nGFP +	CD34 + /Itg7 + cells/1
		cells/quadriceps	cells/1 leg (hind limb)	leg (hind limb)
	Collagenase D/trypsin	32,000	170,000	n.d.
	FACS on GFP expression			
	Collagenase A/dispase II	35,000	n.d.	n.d.
	FACS on GFP expression			
	Collagenase A/dispase II	n.d.	n.d.	60,000
	+ FACS on cell surface			
	markers			

  Table 1 details the sample distribution.

  ). Finally, the nine datasets 303 examined in this study date from 2007 to 2016. During this period, microarray technologies evolved 304 and the different chips available may introduce yet another source of variation among the compared

	305	
	306	datasets. This experimental heterogeneity required critical data processing to ensure statistically
		meaningful assumptions driving biological interpretations and gene signatures.

days after death, and this is not changing significantly with time, as later time-points
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(A) Scheme of experimental design. Mice were injured with notexin in the TA muscle and injected intra-peritoneally with NaCl, thioridazine or etomoxir (n=4/group) every day for 10 days (T1) or for 14 days and analysed at day 28 after injury (T2).

(B) Representative immunostaining on sections for embryonic myosin heavy chain (eMyHC; orange) and laminin (magenta). Quantification of eMyHC positive fibres on total fibres on sections.

(C) Representative immunostaining on sections for Pax7 (red) and EdU (cyan) at T1 (D10). Quantification of Pax7 positive cells per mm 2 on sections.

(D) Frequency of double positive Pax7 + EdU + cells on total Pax7 + cells on sections at T1 (D10).

(E) Representative immunostaining on sections for myogenin (red) and laminin (cyan).

Quantification of Myog positive cells per mm 2 on sections at T1 (D10).

(F) Myogenin expression levels (2 -ΔΔCT ) relative to levels of reference (RPL13a) transcripts normalised to NaCl control.

(G) Representative FACS profile and gating strategy. Histograms show the frequency of positive cells calculated on the total number of events acquired. Biochemistry and molecular or cell biology studies on specific organs require the isolation of highly purified cell types to assess stem cell properties and their role in growth and regeneration. 

51

Empirical examination of fixed and isolated MuSCs showed that these genes were absent in vivo, but 52 activated during procedural isolation of cells.

53

Conclusions: Through the systematic comparison and individual analysis of diverse transcriptomic

54

profiles using Sherpa, we identified genes that were consistently differentially expressed among the 55 different datasets and common underlying biological processes key to the quiescence state of cells.

56

Our findings provide impetus to define and distinguish transcripts associated with true in vivo

57

quiescence from those that are first responding genes due to disruption of the stem cell niche. 

281

Three new sets of microarrays of quiescent versus activated satellite cell are reported here (see Table 282 1). The first one is part of a developmental and postnatal series that was reported previously [16] 283 differentiation, followed by premature quiescence at late foetal stages (E175) [16]. Here, E17.5

291

(quiescent) and E14. Genomes [14] and 3) Reactome canonical pathways from the curated and peer reviewed pathway 758 database [15]. To test for the enrichment of these gene sets, the competitive gene set test CAMERA 759 [16] was used. 806 807 808 
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